Journal of Physics: Condensed Matter

ACCEPTED MANUSCRIPT

In situ and operando electron microscopy in heterogeneous catalysis —
Insights into multi-scale chemical dynamics

To cite this article before publication: See Wee Chee et al 2021 J. Phys.: Condens. Matter in press https://doi.org/10.1088/1361-648X/abddfd

Manuscript version: Accepted Manuscript

Accepted Manuscript is “the version of the article accepted for publication including all changes made as a result of the peer review process,
and which may also include the addition to the article by IOP Publishing of a header, an article ID, a cover sheet and/or an ‘Accepted
Manuscript’ watermark, but excluding any other editing, typesetting or other changes made by IOP Publishing and/or its licensors”

This Accepted Manuscript is © 2020 IOP Publishing Ltd.

During the embargo period (the 12 month period from the publication of the Version of Record of this article), the Accepted Manuscript is fully
protected by copyright and cannot be reused or reposted elsewhere.

As the Version of Record of this article is going to be / has been published on a subscription basis, this Accepted Manuscript is available for reuse
under a CC BY-NC-ND 3.0 licence after the 12 month embargo period.

After the embargo period, everyone is permitted to use copy and redistribute this article for non-commercial purposes only, provided that they
adhere to all the terms of the licence https://creativecommons.org/licences/by-nc-nd/3.0

Although reasonable endeavours have been taken to obtain all necessary permissions from third parties to include their copyrighted content
within this article, their full citation and copyright line may not be present in this Accepted Manuscript version. Before using any content from this
article, please refer to the Version of Record on IOPscience once published for full citation and copyright details, as permissions will likely be
required. All third party content is fully copyright protected, unless specifically stated otherwise in the figure caption in the Version of Record.

View the article online for updates and enhancements.

This content was downloaded from IP address 141.14.139.44 on 22/02/2021 at 11:04


https://doi.org/10.1088/1361-648X/abddfd
https://creativecommons.org/licences/by-nc-nd/3.0
https://doi.org/10.1088/1361-648X/abddfd

Page 1 of 58

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - JPCM-117295.R2

In situ and Operando Electron Microscopy in Heterogeneous Catalysis — Insights into Multi-Scale

Chemical Dynamics
See Wee Chee*,' Thomas Lunkenbein,? Robert Schlogl*® and Beatriz Roldan Cuenya!

! Department of Interface Science, Fritz Haber Institute of the Max Planck Society, 14195 Berlin,

Germany

2 Department of Inorganic Chemistry, Fritz Haber Institute of the Max Planck Sociéty, 14195 Berlin;
Germany

% Department of Heterogeneous Reactions, Max Planck Institute for Chemical Energy Conversion,

45413 Miilheim an der Ruhr, Germany .
* e-mail: swchee@fhi-berlin.mpg.de
Abstract

This review features state-of-the-art in situ and operandQ electron, microscopy (EM) studies of
heterogeneous catalysts in gas and liquid environments during.reaction. Heterogeneous catalysts are
important materials for the efficient production of chemicals/fuels.on an industrial scale and for energy
conversion applications. They also play a centrakrole in various/emerging technologies that are needed
to ensure a sustainable future for our society. Currently; the rational design of catalysts has largely been
hampered by our lack of insight into the working, structures that exist during reaction and their
associated properties. However, elucidating the working state of catalysts is not trivial, because catalysts
are metastable functional materials that adapt dynamically to a specific reaction condition. The
structural or morphological alterations induced by chemical reactions can also vary locally. A complete
description of their morphologies requires that'the microscopic studies undertaken span several length
scales. EMs, especially transmission electron microscopes, are powerful tools for studying the structure
of catalysts at the nanoscale because of their high spatial resolution, relatively high temporal resolution,
and complementary capabilities for chemical analysis. Furthermore, recent advances have enabled the
direct observation of catalysts under realistic environmental conditions using specialized reaction cells.
Here, we will critically discuss the importance of spatially-resolved operando measurements and the
available experimental setups that enable (1) correlated studies where EM observations are
complemented by/separate measurements of reaction Kinetics or spectroscopic analysis of chemical
species during reaction or (2) real-time studies where the dynamics of catalysts are followed with EM
and the catalytic performance is extracted directly from the reaction cell that is within the EM column
or chamber. Examples of current research in this field will be presented. Challenges in the experimental
application of these techniques and our perspectives on the field’s future directions will also be

discussed.
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1. Introduction

Heterogeneous catalysis is a key technology in industry because it enables the efficient
synthesis of many base chemicals and fuels as well as their subsequent transformation into valde-added
products needed by our modern society [1]. Catalysis also plays an important role in several.energy.
conversion technologies that will allow us to better utilize renewable energy sources [2,3]. To date,
several of these sustainable energy applications still face significant challenges thatdimit theireconomic
viability, partly due to the lack of suitable catalysts. The underlying principle of heterogeneous catalysis
is that the interaction between the catalyst surface and the reactants reduces the activation barrier for
the reaction, thereby accelerating the reaction. To improve on the performange of these catalysts, we
generally look to alter their structural complexity through, e.g. nanostructuring, alloying, or by
depositing the active component on suitable support materials, in order to derive asynergetic coupling
between the reactions that can take place on the different materials [4-21]. An empirical search through
different materials remains our primary approach towards catalyst discovery, but it is a time-consuming
process. This approach also prevents the establishment of fundamentalstructure-property relationships
that are needed to tailor the catalysts towards a structure where the activity, selectivity and stability are
balanced in an optimal manner. Despite an increasingly sephisticated toolkit of synthesis methods at
our disposal [12-16], it is still not possible to directly derive novely low-cost, effective and long-term

stable catalysts through rational design due to the lack of such knowledge [17-20].

Generating the understanding needed to rationally design optimized catalyst structures is not
straightforward because it implies that¢we knew. the, working structure of a catalyst and how this
structure relates to the catalyst’s activity, seleetivity and stability [18,19]. The need to address the
working structure of a catalyst underreaction or working conditions is far from trivial and has given
rise to the development of what is commonly known as in situ and operando methods [21], where
specialized reaction cells are added{) conventional characterization instrumentation to enable studies
of catalytic materials during reaction. Note that operando studies are a more narrowly defined subset
of in situ studies where micrascopy,/spectroscopy or diffraction data of a sample collected under
reaction conditions are coupled with simultaneous measurements of its catalytic performance (e.g.

reaction rate measurements) te provide insights into the catalysts’ activity and selectivity [22,23].

There has been rapid growth in the field of in situ and operando electron microscopy (EM) in
recent years' [24] due to the commercialization of environmental microscopes [25,26] and
microfabricated environmental cells [27-30] that can be assembled within an electron microscope’s
sample stage/holder, Figure 1(a). In particular, modern in situ holders now include external connections
to gas feed systems, fluid pumps, mass spectrometers, potentiostats and temperature control systems,
unlacking the possibility of performing operando measurements. We emphasize here that for studies to
be considered operando, the experiments must include direct measurement of the catalytic properties

of the observed structures. This idea is exemplified in Figure 1(b)-(c) with results from Vendelbo et al.
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[31] where oscillatory dynamics in Pt nanoparticles (NPs) are correlated with the fluctuations in gaseous

product conversion measured with online mass spectrometry.

In this review, we will focus on how in situ and operando EM can be used to study chemical
dynamics in catalysis over multiple length scales and to establish novel structure-property relationships.
We aim to differentiate this review from other reviews on in situ EM by centering the discussion more
on research in which EM is combined with measurements of the catalytic function omcorrelatedwith
other techniques. The interested reader is referred to other existing reviews for a broader discussion of
in situ EM [24,32-34]. We will also cover experimental setups for both, scanning.electron microscopy
(SEM) and transmission electron microscopy (TEM). In particular, we will highlight several examples
of current research at the Fritz Haber Institute (FHI). In situ studies looking at the.synthesis of NPs for
catalytic applications [35,36] or the growth of nanostructures [37,38], includingthose mediated by
metal catalysts will not be featured here. Besides a critical discussion on,the importance of spatially-
resolved operando experiments and their implementation, we alsopresent examples of: (1) correlated
studies where similar reaction cells are implemented across different instruments to combine quasi in
situ or in situ EM observations with other techniques that provide a measure of the catalytic function or
analysis of the chemical changes during reaction and (2) real-timti studies where the performance is
measured directly from the reaction cell within the EM /chamber or column. In our opinion, both
correlative and operando studies are needed to obtain a complete and comprehensive picture of the
structural and chemical evolution of heterogeneous catalysts during reaction and the associated changes

in activity and selectivity, which can span overseveral length scales.

1. On the importance of spatially-resolved operando experiments

Catalysts are metastable'functional.materials that constantly produce and consume active sites
at the micro- and nanoscale undersreaction conditions [39]. The fluctuating surface chemistry alters the
surface reactivity, whichiin turn changes the catalyst activity and selectivity in the manner of a feedback
loop. This dynamic consumption and formation of active phases underlie their chemical dynamics. The
typical length and time scales of dynamical processes that can take place during catalytic reactions are
illustrated in Figure 2(a).(from [19]). We highlight here that chemical dynamics can have different
contributions and can involve both, reversible dynamics and irreversible transformations (that can cause
deactivation) [40]. €hemical dynamics occur locally and can vary in both space and time. Their different
contributions depend on the gradient of chemical potential along the interface between the catalyst and

its entire environment [41].

The term “chemical potential” was first suggested by Bancroft, a PhD student of Ostwald, who was
searching for an expression to clearly distinguish between electric potential and the intrinsic potential

previously described by Gibbs [42]. The chemical potential p of a component i reflects the partial molar
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Gibbs free energy (1) of matter in a multi-component system with fixed parameters [42,43] and can be,

= (29)

V;T'p:nj,pH; ni:tnj

for instance, expressed as follows:

where G reflects the Gibbs free energy, n; and n; the number of components i and j,2V and'T represent
the electric potential and temperature, respectively, and p denotes the pressure. Such.a multi-component
system can be, for instance, found in catalytic plug-flow reactors for gas phase reactions (Figure 2(b))
or the standardized electrocatalytic cells for liquid phase reactions. The-value of i/that has to be
considered for different chemical potentials p(V,T,p,pH,n;) equals the number'of elements present in
the solid (e.g. phases or defects) and in the reaction environment (e.g. liquid or gas phase), including

impurities [44].

In general, the surface can be considered equilibratedwith the bulk after thermal pre-treatment
and is then linked to its Gibbs free energy [45]. Although equilibrated in energy, the surface and bulk
of a catalyst can differ in structure and composition [42]. Tt is common to find local compositional and
structural gradients as we transit from the surface into the bulk, rendering a macroscopically
homogeneous sample heterogeneous on the nanoscale [46]. Further changes in the surface free energy
depend on the chemical potential gradient of the individual components in the reaction environment,
which can be stimulated by external parameters,such as electric potential or temperature, partial
pressures or pH. Changes in these parameters.induce a potential gradient between the reaction
environment and the solid, leading tothe solid adapting its surface states (e.g. morphology, composition,
phase) until equilibrium is attainedagain. Weexplain this idea using the example of a gas phase reaction.
The activation period of a catalyst\i.e. when the temperature, partial pressures or system pressure
change, resembles a non-equilibrated system and the surface re-structures according to the chemical
potential gradient to compensate for the potential differences. Hence, the catalyst tries to attain a new
equilibrium morphology.that can be metastable under the prescribed conditions, or in some cases, enter
an oscillatory state where the catalyst alternates between two metastable structures [47,48]. We also
highlight here that-recent work using both SEM [49] and TEM [31] has demonstrated the possibility of

visualizing such oscillatory dynamics.

Hence, the working structure of a catalyst can be very different from its as-prepared state
(Figure 3(a)-(b)) [20,50]. It is worth mentioning that some surface states are only stable under working
conditions [51,52] and can be localized at microscopic and atomic scales [53]. In addition, our
understanding of such heterogeneities is complicated by the diverse synthesis and activation protocols
used by different research groups, as well as variations in the structure/composition of the catalysts and

local gradients in the chemical environment [46,54-56]. Here, we further differentiate between intrinsic
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structural factors that are controlled by how the catalytic materials (or “pre-catalysts”) are prepared and
extrinsic reaction-induced factors that originate from the introduction of the reaction environment or

heterogeneities in the reaction system (Figure 4).

Catalyst synthesis and pre-treatments methods dictate the intrinsic structure of a catalyst (Figure
4, left), which in turn influence distributions and concentrations of bulk and surface defects:[46,56,57],
dopants [58-60], surface strain [61], surface atomic enrichments [62], exposed latticesplanes [63=65]
and d-band shifts [66,67]. In the case of supported catalysts, we also need to consider metal-support
interfaces [68—70], metal-support interactions [71-76], local curvature effects [77] and confinement
effects within porous/hollow materials such as zeolites [78,79] and carbon nanotubes [80]. Small
changes in any of these parameters can affect the overall catalytic performance. As a whole, the
discrepancy between the complex structure of a real catalyst and the more comm&ly studied idealized

model systems can be summed up as a “materials gap” [81-83].

Changes caused by the reaction environment (Figure 4, right). include surface reconstruction
[84-87], surface segregation [88-90], selective oxidation of one component of the catalyst [91,92],
metal dissolution [87,93-95], sintering [96-100], agglomeration [87], catalyst deactivation
[41,87,96,101,102] and (frustrated) phase transitions [40,41]. In'addition, the structural rearrangement
can be a multiscale phenomenon [19,39]. The inhomogeneous environment of a catalytic reactor can
lead to varying heats of reaction in different parts.of the reactor [103] and non-uniform mass transport
processes, which in turn creates temperature [104] and chemical potential [105-107] gradients. These
gradients can affect the morphology of the catalytic particles over several length scales. There may also
be variations in electron transfer between the surface and the bulk of a catalyst, which lead to band
bending [108]. The difficulty in obtaining the complete description of a catalytic system can even be
compounded by factors such as impurities in'the gas feed [44,109]. Some of these myriad effects are
pressure dependent and have led tothe.term of “pressure gap” [82,110-112] in gas phase studies to
capture the differences between<model catalysts studied using ultra-high vacuum characterization

techniques versus that of catalysts under actual reaction conditions .

Here, we use the fixed bed of a standard plug-flow reactor to exemplify the impact of these
inhomogeneities, Figure 2(b). Along the gas-flow direction, the fixed bed can be considered as
infinitesimal slabs (Figure 2(c), inset: white rectangles). As the gas flows through different layers, an
endo- or exothermic reaction can take place that changes the local gas composition in each slab, which
in turn, alters the docal catalytic structures and brings about a feedback cycle that affects the catalytic
reactivity [207,113]. The analyzer, on the other hand, reports a catalytic conversion that is integrated
over the different localized reaction conditions within the fixed-bed. An assumption of catalyst
homogeneity forms the basis of most ex situ studies, where the before and after reaction structures of

arbitrarily selected catalysts are compared. Such ex situ analysis may lead to controversial conclusions



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - JPCM-117295.R2

because the catalyst morphologies can vary depending on which part of a bulk sample they are extracted
from. Furthermore, the structures and oxidation states that form during reaction may be unstable and
not detectable in samples analyzed outside the reaction environment (i.e. ex situ), which lead/o an
incorrect interpretation of the active structure or chemical species. Additional examples of such.artifacts
include drying or residual electrolyte artifacts for electrocatalysts that work in liquid environments,
unstable oxides that are not present in the absence of the applied potential, and surface re-oxidation/n
the absence of a reducing reaction environment. Moreover, it is difficult to determine whether the
catalysis-induced structural changes observed ex situ are beneficial or detrimental to the catalytic
conversion. Decoupling the different effects that may be present is challengingwithout detailed insight

into the structural evolution of these catalysts under working conditions.

~
While the structural pluralism between pristine and working catalytic structures was not

included in Ostwald’s definition of a catalytic process [114], he was aware that.there is a “dependence
of this [acceleration and retardation] of a chemical reaction ondthe nature and concentration of the
catalysts, the temperature, the presence of other substances, ete.”»A reliable comparison of catalytic
results and mechanisms requires not only the investigatiomyof structural and compositional identical
materials and identical operation conditions [115] in gas/(i.e. reactagt gas composition/purity, pressure
and temperature) and liquid (i.e. reactant concentrations, hydrodynamic conditions and applied potential)
environments. In recent years, a plethora of different.operandoitechniques have been developed for this
purpose. Vibrational spectroscopy can be used to.tracksadsorbed surface species such as spectator
species (species that form at the surface but aremnot directly involved in the catalytic conversion), redox
transitions, or changes in bond characteristics. X-ray diffraction can deliver phase information of the
crystalline parts of the sample, whereas X-ray spectroscopy tracks the evolution of electronic surface
states or changes in the interatomicdistances,and coordination number of bulk constituents [50,54,116—
124]. Although these operando me@rements have delivered valuable information and correlations on
how the surface and bulk states evolve-during the catalytic reaction, they still average over bulk and
surface characteristics of the samples,/thereby limiting the insight into the spatial distribution, spatial
interactions between individual catalysts or catalyst components and the spatiotemporal evolution on

the microscopic and‘nanoscapic scales.

Among these techniques, EM is unique as it is the only method that can probe the structure of
catalysts on the micro- and nanescale with very high spatial (nanometers down to atoms) and relatively
high temporal resolution (typically in the order of milliseconds). In addition, the interaction of the
electron beam with the sample generates spectroscopic signatures that can be used for complementary
chemical analysis. This combination of high spatial resolution and spectroscopic capabilities make EMs
ideal for studying the structure of nanoscale catalysts, especially those that consist of metal NPs [125-
128]. For instance, TEM images are often the only way to establish local structures in these materials

(examples in Figure 3), especially in the case of single-atom catalysts [129]. Therefore, EMs are
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indispensable tools for catalyst characterization, even without considering their potential for in situ or

operando studies.

2. Electron microscopy of heterogeneous catalysts

There is a long history in the materials science community related to using electrons to visualize
the morphology and structure of materials. Unless mentioned explicitly, EM in this review. refersto
methods where electrons of several kilovolts interact directly with the sample, i.e.'seanning electron
microscopy (SEM) and transmission electron microscopy (TEM), and where these electron beams are
used to probe and to form an image or diffraction pattern of the sample. Wesbriefly mention two other
electron-based imaging techniques, low energy electron microscopy (LEEM); which produces images
with decelerated electrons and photoemission electron microscopy»(PEEM)  which utilizes the
photoelectric effect. Both methods are surface sensitive and allow for imaging catalytic surface
reactions on the mesoscale. PEEM is also sensitive to work function changes, which has been used to
capture how local reaction kinetics vary with the orientation of the grains in polycrystalline materials

[130,131].
L 4

In a SEM, the electron beam is focused to a spot and scanned over the sample surface. The
image is then formed by collecting the electrons that come off the sample with different detectors in the
microscope chamber. SEM is usually a surface imaging technique. The most common signal collected
is that of secondary electrons emitted from regionsiclose to the surface, which are used to form an image
of the sample’s surface topography. The emission of secondary electrons is also sensitive to work
function changes of the surface, similar,to PEEM. Concurrently, other signals from the sample can be
collected, which include the information obtained from backscattered electrons (image and diffraction),

transmitted electrons if the sampletisithin enough, and characteristic X-rays.

In general, TEMs form.images with electrons that have been transmitted through the sample.
Hence, for useful imaging and spectroscopy conditions, the typical sample thicknesses are below a few
hundred nanometers/The TEM can also be operated in two modes: the parallel beam illumination TEM
mode and the focused,probe scanning TEM (STEM) mode. The images in the TEM mode are composed
of amplitude and/or phase contrast, whereas in STEM mode it is possible to obtain images with solely
Z-contrast. By virtue of the short effective wavelengths of the accelerated electrons and the ability to
form fine electron.probes, EMs generally have spatial resolution in the nanometer range or below. In
particular, aberration-corrected TEMs can attain sub-angstrom spatial resolution [132,133]. Readers are

referred to the various textbooks available for details about these instruments [134,135].

3. Enabling real-time SEM and TEM analysis for heterogeneous catalysis
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In general, EMs require the sample to be placed in a high vacuum environment. There are two
common approaches for introducing a reactive environment into SEM chambers and TEM columns
[24,136,137] and both concepts can be traced back to the early days of EM developments [138<140].
The first approach involves installing differentially pumped apertures into the electron gun column and
adding more vacuum pumping capacity to enable operation at elevated pressures, typically at about tens
of millibars. With differentially pumped EMs, the sample is usually heated or biasedthrough-additional
attachments, such as a bulk resistive heater, a laser, or holders/stages with added electrical contacts.
Although these environmental SEMs (ESEMs) and TEMs (ETEMs) are usually used.to study gaseous
reactions, it is also possible to image water droplets or thin water films that are condensed,on a cooled

stage or sample holder [141-144].

~
The second approach involves the use of closed or windowed cells that are sealed against the

vacuum of the microscope to encapsulate the gas or liquid environment. In this.case, the encapsulating
material needs to be thin enough for electrons to pass through. Currently, the most widespread materials
for these cells are silicon nitride membranes [27], followed by graphene[145]. Although there have
been earlier implementations of closed cells using other materials [136,146,147], the highly scalable
production of silicon nitride membrane window frames,@lso known. as “chips”, using microfabrication
technology has enabled the release of commercial systems and facilitated the field’s growth [24]. Figure
5 shows some of the capabilities we have at the FHI, which.combine both, home-built and commercial

solutions.

Before we delve into the details of the different approaches, we emphasize that the importance
of operando TEM studies lies in resolving localimorphological and structural changes in individual
particles (Figure 2(c) inset: shape of the particles) and metastable phases that form during reaction at
high spatial resolution and correlating themto'the overall catalytic activity. This information allows us
to understand how model structures-evolve under working conditions and may provide insight for
extrapolation to real catalyst'systems. In general, either differentially pumped ETEMS or in situ TEM
holders can be used to follow catalysts during gas phase reactions, whereas in situ holders are
overwhelmingly employed.in liquid phase studies. In terms of spatial resolution in a gas environment,
both approaches allow for lattice resolution (or better) imaging, [28,148,149] butthe ETEM is generally
expected to deliver betterresolution and sensitivity [148]. On the other hand, the in situ holders can be
easily modified to include measurements of catalytic function with a flow cell design and/or with
potentiometry. Itis:also more straightforward to incorporate closed cell systems into the setups of other
operando techniques. Due to these reasons, we place more emphasis on the closed cell approach with
individual sections dedicated to studies of catalysts in gases and liquids. ESEMS/ETEMs are dealt with
morebriefly below and the interested reader is referred to existing reviews such as Refs. [150-153] for
a more complete treatment. The catalytic reactions that have been studied with these methods and

referenced in this review are summarized in Table 1.
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Environmental SEM

For SEM, it is quite common to find commercial ESEMs that allow for the introduction of gases
at pressures of tens of millibars and home-built examples of closed-cell setups for/the static
encapsulation of samples in liquids or electrochemical studies. Despite the lack of widespread adoption
of ESEM for operando studies of catalysts, the surface sensitivity of secondary electrons.has intriguing
potential for studying catalyzed reactions. Research from our institute has demonstrated the use of
ESEM for following the growth of 2-dimensional materials, such as graphene [154-156] and boron
nitride [157], and the changes in surface coverages of adsorbed gas molecules on metal foils [158]
during reaction. In particular, we highlight a study [158] where the initiation-and peragation of reaction
fronts and the spillover of activated species were observed in real-time with.this approach, Figure 8(a)-
(b). Catalysis-induced work function changes of the surface [158] and»phase transitions [49,159],
including surface reconstructions, can also be investigated on a mesoscopic scale and compared to
individual nanoparticle imaging in TEM and be correlated to/the catalytic conversion. In addition, the
larger chamber volume of the SEM offers several possibilities for adding complementary measurement
capabilities and integrating correlative techniques, which can enabLe enhanced interpretative depth in
terms of visual, spectroscopic or diffractometric information from the same sample. Hence, we have

also been exploring different home-built designs forstudying catalysts under reaction conditions.

One implementation is described,in [159], where we incorporated a quartz tube reactor into the
chamber of an ESEM with a modified vacuum system for studying catalytic gas-phase reactions
(schematic in Figure 5(b)). The quartz tube reactor,was machined with holes for the electron beam to
pass through and for secondary electronsto escape from. The samples are heated with a laser. Catalytic
conversion is measured online with a quadrupole mass spectrometer connected to the outlet of the tube
that is mounted inside the SEM‘chamber: Oxophilic metal surfaces tend to oxidize immediately, making
it challenging to investigate the reactions that take place on these metal surfaces. Using our setup [159],
we were able to stabilize oxophilie, metallic Ni surfaces in the absence of hydrogen (see Figure 8(c)-
(e)). The combination of mass spectrometry data and real time imaging allows us to extract valuable
information on the structure-activity relationships of heterogeneous catalysts and disentangle the
reversible and ifreversiblercontributions to their chemical dynamics. It was found that reversible oxide-
metal phase transitions act as-an initiator for the catalytic production of synthesis gas from CO- and
CHa. In addition, surface transformations seem to influence the shape of the surface oxides. In the long-
term, the surface transformations were found to shift the product stoichiometries from that indicative of

a partial oxidation of methane (CO:H; > 1) towards dry reforming of methane (CO:H; = 1).

We also took advantage of the larger chamber size to adapt a design from our operando X-ray

photoeelectron spectroscopy synchrotron setup for correlated liquid-phase studies [160-162] (Figure 8(f))



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - JPCM-117295.R2

and are exploring the use of a commercial closed cell system (Figure 5(c)) with integrated flow and

regular reference/counter electrodes [163] for operando electrochemical studies.

Environmental TEM

ETEMs allow the direct injection of the gas into the TEM column and obsefvations of catalysts
under pressurized conditions around tens of millibars. Figure 6 shows examples of recent ETEM waork
capturing the structure of catalyst materials under different gas environments to<illustrate the spatial
resolution that we can attain in such studies. Two studies where the authors report the,imaging of
adsorbed molecules on a catalyst’s surface are further highlighted in Figure 7.

~
While the lower pressure in the reaction chamber of an ETEM«<and the absence of the

encapsulating membranes allows for higher contrast images of the catalyst surfaces, the large dead
volume of the system relative to the amount of catalyst makes more complicated to detect conversion
[164-166] and, thus, to perform operando studies. The experimental concerns in such studies also
include sample-impurity interaction that stems from contaminants (e.g. hydrocarbons from the vacuum
system) present within the column of the ETEM, sample holder, and.gaskets (e.g. Viton O-rings), which
can change the appearance of the sample surface. Furthermore, the.reduced pressure leads to different
chemical potentials (eg. 1) that in turn induce different surface structures. As discussed above, the
different surface structures will present different reactivities and so, it can be challenging to obtain

robust structure-activity correlations from ETEM . studies in the absence of conversion detection.

So far, two approaches have been developed to mitigate this issue. The first one uses electron
energy-loss spectroscopy [164,165] to measure the local gas composition, and the second one increases
the amount of catalyst available using a packed pellet [166] to enable measurements of the products by
mass spectrometry. There have alsosbeenefforts to model the thermal and gas flow patterns in the
ETEM [167] to obtain better extrapolation of the reactor conditions to that of a plug-flow reactor.
Although it is possible to integrateradditional capabilities such as light sources [168], complementary
vibrational/optical spectroscopy:[169] and secondary ion mass spectrometry [170] into an ETEM, they
require specialized.modifications to the microscope column that are complicated to do in a typical

laboratory setting.

In situ TEM holders for gas- and liquid-phase studies

In situ"TEM holders with closed fluid cells are now quite common, with off-the-shelf units
being,offered by several manufacturers. In current implementations, a pair of chips is stacked together
and sealed with o-rings [29] that are installed within the holder, allowing for imaging in gases at

atmospheric pressures and in liquid environments. In addition, the “chips” can be patterned during

10
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microfabrication to include MEMS-based heaters, electrodes and other capabilities. Hence, these in situ
holders increasingly sophisticated with built-in channels for gas or liquid flow and electrical wiring for

applying different stimuli, such as sample heating or biasing.
Operando TEM for studying gas-phase reactions

In terms of gas pressure, the closed cell setups can be operated at variablg,pressuressbetween
near ambient to atmospheric or higher pressures [28]. Current commercial in situ TEM holders for gas-
phase studies are generally rated for 1 bar operating pressure and are equipped with gas lines that can
be connected to a manifold and electrical connections for heating. The samples-are usually. heated with
MEMS-based thin film heaters [28,171] and less commonly, with a laser [172]. The microfabricated
heaters have advantages in terms of their ability to rapidly change temperature-and a relatively low
thermal footprint, which greatly reduces the time needed for thermal stabilization.

We can also measure the conversion of gaseous products.from the catalysts deposited inside
these cells by connecting the outlet stream from the reaction cells,to a mass spectrometer for analysis
of the gases, as demonstrated by Vendelbo et al. [31] (Figure 1(c)). Furthermore, nanocalorimetry
measurements from the MEMS heaters can be used to follow:the heat transfer during the reaction. The
detection of reaction products is largely limited by twa parameters,’the quantity of products generated
and the internal dead-volume of the setup (i.e. volume of the.tubes connecting the reaction cell and the
mass spectrometer). In general, a relatively small amount of catalyst is sufficient to generate changes
in the gas composition and cause a response.in the mass spectrometer [31,41,51]. The dead volume
creates a delay between the onset of the reaction and the time where the products are detected, which
must be calibrated prior to the experiment. To minimize the diffusive spread of gaseous species during
their passage through the gas lines, the length of the tubes connecting the holder and the mass
spectrometer should be as short as possible; We also need to be aware of possible sticking of certain

N
gas molecules to the internal walls of such tubes and choose the appropriate tubing material.

To achieve perfoermanceimprovements over existing manufacturer-designed setups for the
detection of gaseous products, we have implemented our own home-built gas setup, Figure 5(a) [100].
The setup features operation pressures between 20 mbar and 1000 mbar and is able to precisely control
gas flows to ratesasiiowas 2al/min. The low flows ensure that the entire gas stream (without bypassing)
can be forwarded/into{the analysis system without reaching the saturation pressure of the mass
spectrometer.” In addition, the analysis system is further characterized by a low base pressure (<10®
mbar), where the mass spectrometer is sensitive enough to detect small changes in conversion from the

little'amount of catalyst that is usually deposited on the MEMS chips.

The/behavior we observe in these holders may roughly mimic a “single slab” in a plug-flow
reactor (Figure 2(b)), but care has to be taken in correlating the results to the “real world”. There are

significant differences in the reactor geometry between this “slab” and samples in an actual thermal
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catalysis reactor, which can lead to deviations in the local chemical potential of the catalysts and their
resultant chemical dynamics. First, the catalyst particles are only deposited on one side of the cell.
Hence, for NPs deposited in these um-thick reaction cells, most of the gas flows over the activedayer,
whereas in plug flow reactors, fixed beds are used that allow the entire gas phase to interact.with the
surface of the entire catalytic ensemble [31,41]. Second, NPs are typically supported directly on the
electron-transparent silicon nitride surface, which is not a typical support material and may .be
compositionally inhomogeneous at the local scale [173,174]. Such differences can lead to variationsin
the local metal-support interactions. Also, unlike NP catalysts on conventional supports, these'NPs are
thermally decoupled from each other, which can limit heat transfer and dead to different onset
temperatures (Figure 2(c), inset) [41]. Thus, the results from these operando. experiments can only be
considered as representative of a “local activity” of the catalytic ensemble. Inprinciple, we should be
able to correlate the observations from these closed cells to a defined, position within the fixed-bed
(Figure 2(c), arrows) if the kinetics are comparable and establish the positionef the observed structures
and their function within the complex catalytic activity space of a bulk system. How to realize such
direct extrapolation of the catalytic data measured from these closed cells to the catalytic data of real

reactor systems, nevertheless, remains an open question.
Operando TEM for studying liquid-phase reactions

As described earlier, the closed cells used for liquid-phase TEM investigations can be patterned
with thin film electrodes to enable electrochemical studies [27] (Figure 1(a)). These cells are, in general,
fabricated in the form of a standard three-electrode setup where there is a working electrode, a reference
electrode and a counter electrode. The electrolytenis usually introduced into the reaction cell from the
outside through integrated microfluidic tubing [175]. The most common applications of electrochemical
liquid cell TEM include studying the electro-deposition of metals [27,176] and the dynamics in battery
materials [177-180]. Lattice resolution.imaging has been reported for liquid cell studies, but it is
unlikely that this resolution can be achieved for electrochemical studies because such imaging
conditions entail high electron fluxes exceeding 1000 e/(A%-s) and liquid films thinner than 100 nm
[181]. Even without considering.the implications of electron beam-induced effects at high fluxes, it is
difficult to rationalize how these very thin liquid films can be considered representative of realistic
electrochemicaliconditions=The same applies to in situ EM studies where imaging through a gas bubble
is suggested in order to improve the imaging conditions. Therefore, we will need to work with liquid
layers that are in the-order of a few hundred nanometers or more, which limit the resolution to a few
nanometers [181,182]. Nevertheless, liquid cell TEM is expected to play a major role in improving our
understanding of the behavior of electrocatalysts under working conditions [183,184], because we can
directly study the morphological evolution and stability of the catalysts under different electrochemical

conditions (for example, see Ref. [87] and [95]).

12

Page 12 of 58



Page 13 of 58

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - JPCM-117295.R2

However, there are a few technical hurdles that still need to be overcome for more versatile
TEM studies of electrocatalysts. First, the design for the electrochemical cells needs to be optimized.
There are limited options available from the manufacturers in terms of the materials that can be‘selected
as three electrodes and the exact electrode geometry. For example, an integrated standard reference,
such as Ag-AgCl, will be preferred as compared to the thin film pseudo-Pt electrodes mostly available
for studying electrocatalytic processes. It is known that the thin film pseudo-reference electrodes,
typically made of Pt, have limited stability and reproducibility. Offsets between these pseudo-reference
electrodes and standard reference electrodes under the same solution conditions‘have been reported
[185-187]. With regards to the working electrode support, a range of materials will also be beneficial
for studying support effects [11]. Second, better approaches are needed to depesit the catalysts on the
liquid cells. Currently, catalysts are commonly deposited directly on the workingelectrode through drop
casting, but this process lacks control because it is challenging to deposit the catalysts only on the
micrometer-sized electrode and to manage the loading density. Moreover, adhesion of the deposited
electrocatalysts to the electrode is not guaranteed. If the electrocatalystloading is too low or it does not
adhere well, the contribution of the catalysts to the overall electrochemical signal will be too small and
it will be difficult to differentiate the catalyst signal froms.the background signal from the electrode
support itself. Third, due to the very small liquid volumes of theSe cells, bubble formation poses a
constant challenge for gas-evolving reactions, where the nucleation of a gas bubble will drive out most
of the electrolyte from the reaction cell, greatly altering the chemical environment. The limited
electrolyte volumes can also lead to concentration gradients'in the electrolyte and result in local changes

in the pH, or mass-transport-limited behaviorthat is'not seen in benchtop studies.

Another practical concern that.is especially relevant to liquid-phase imaging is contamination
of the fluid stream due to the use of chemically reactive electrolytes that might negatively interact with
the different components of the in sit\u holders, i.e. chips, o-rings, holder materials and tubing. Control
experiments should be perfarmed<to establish that the observed behavior is not an artifact of such
contamination or cross-contamination/from different electrolytes between the experiments. To avoid
damaging the holders, tests involving the holder materials should also be carried out whenever corrosive

electrolytes are used (see [188] for a description of such tests).

Lastly,the only methods for measuring reaction kinetics with electrochemical liquid cell TEM
are potentiometry/or amperometry, but these electrochemical measurements do not provide direct
insight into the reaction products. Analysis of the reaction products in the outlet liquid stream is
important.for determining the selectivity in the case of multiple-product reactions such as the CO;
electrochemical reduction reaction (CO;RR) [11,189]. However, this is a non-trivial challenge with
current electrochemical cell designs. There is only a small amount of catalyst on a patterned working
electrode, which is much smaller than the heated area in a gas-phase setup, resulting in minute amounts

of reaction products. This is an area where novel cell designs or developments should be explored.
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4. General challenges in in situ/operando EM studies of catalytic reactions

Here, we discuss three general challenges in operando EM studies and the best practices:to

mitigate them.
Mitigating electron beam-induced effects

First, the artifacts that can be introduced by the highly energetic electrons,are the key:concern
for in situ/operando EM studies. We emphasize here that all the techniques that employ energetic probes
(electrons, lasers, X-rays etc.) come with the likelihood of radiation-induced damage [190]. However,
only with EM one can directly visualize these beam-induced effects at high spatial,resolution and so,
use different control experiments to identify such effects. In this sense, it should be standard practice to
confirm that the observed phenomena are not artifacts of the electron beam,irfadiation or of the small

volume of reactants encapsulated within the microfabricated cells.

The mechanisms behind these beam-induced effects'also vary between gases and liquids. For
gases, it has been reported that the electron beam can generate ionized species and radicals [191] that
can be stabilized in the case of hydrocarbons by inductive and mesomeric effects, respectively [192].
For liquids, the primary effects are mainly driven by radiolytic products generated by the passage of
electrons through the liquid [193,194]. In addition, the electron beam may shift the outcome of the
electrochemical measurements [185,186]=lt.has been proposed that radiolytic product scavengers can
be used to mitigate the effects of the electron beam [195] or that these effects can be exploited as a form
of chemical perturbation if they cambe rationalized through modeling of the radiation chemistry [192].
These strategies are, however, still at'their.early stages. The exact imaging conditions that minimize
beam-induced effects also differ and depend on the materials and reaction media. For metallic NPs in
gases, there is a growing consensus\that the electron flux should be much lower than 200 e/(A%-s)
[31,92,196]. This threshold is.going to be even lower for processes in liquids, where the electron beam

can already induce growth of NPs at the moderate electron fluxes mentioned above [193,197].

Since electron illumination is unavoidable, it is good practice to use the lowest possible electron
flux (or electron dese rate) and confirm the absence of obvious beam-induced effects using comparative
control studies. Otherwise, itwill be difficult to determine if the chemical dynamics observed at catalyst
surfaces withyatomic resolution are induced by the adsorption of reactants and changes of the local
chemical potential or by electron beam damage. Showing only image sequences where the catalysts
havethe same:morphology at different electron fluxes can be misleading if the electron flux used is not
low enough. Nevertheless, a generally accepted workflow to address this issue, as well as consensus
over control experiments needed to confirm largely artifact-free imaging conditions are still lacking.

Here;nwe suggest the following standard protocol for reporting in situ/operando EM results: (i)
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comparisons between areas that were illuminated by the electron beam during the experiment and those
that had not been illuminated by the electron beam, (ii) beam-on and beam-off studies of the catalysts
under reaction conditions, (iii) extended electron beam illumination studies under non<reactive
conditions to ensure catalyst stability under a given electron flux, (iv) systematic studies.to find
threshold values that can be considered safe for each gas composition or liquid electrolyte, (v) the
electron flux must be reported in e/(A?-s) or equivalent units and should be calibrate@ (it is still common
to find papers with the flux reported as the current on the TEM fluorescent screen), and (vi) for
electrochemical liquid cell experiments, it is also recommended that the thickness®f the liquid-layer is

determined and reported.

A side-effect of working at low electron fluxes to minimize beam-induced effects is that it
decreases the signal-to-noise ratio in the images, which then negatively impactsae spatial resolution
[182,198]. Thus, a compromise between the magnification, the acquisition rate-of the images and the
imaging electron flux is needed, which also depends on the radiation tolerance of the sample. Note that
the spatial resolution scales with the electron fluence (or dose) to apowerof -%2 [182]. It means that a
large increase in electron fluence per image is needed to marginally imprave the noise-limited resolution.
Conversely, it also means that we can work within a reasonable range of low electron fluxes without a
significant degradation of the imaging resolution. In addition, more sensitive state-of-the-art cameras,
such as the direct electron detection cameras usedhin cryogenic TEMs to image biological structures

can be utilized to improve the resolution [51].
Statistical significance of operando TEM observations

Second, the acquisition of statistically significant datasets is an inherent issue with high-
resolution EM. High-resolution imaging also means that the images have a small field-of-view and so,
there is usually only one or two particles per image. It cannot be assumed that catalytic structures are
identical over the entire sample (see for example, Figure 3(c)-(e)) and so, datasets containing many
particles need to be acquired [46]. Collecting such datasets can be tedious, especially if the particles
also need to be tilted into the.right orientations. In situ/operando studies add to this challenge because
observations involving multipleparticles showing the same behavior are needed to conclude that the
results are representative. Currently, there is no consensus over the number of observations that need to
be reported, and insitu_studies that use only a few particles to extrapolate the general behavior of

catalysts, while undesirable, are still common.

Ideally, the experiments should be repeated with different reaction cells, while tracking at least
several particles in a few different areas of the sample to ensure reproducibility and statistical
significance. However, datasets that contain multiple particles that are tracked over extended periods of
time are-also difficult to handle. Currently, a single in situ image sequence can already run into several

thousand frames, which is impossible to analyze and interpret by hand. Hence, automated approaches
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are necessary to make sense of such datasets. Advanced computer vision and analysis approaches for

facilitating such analysis is an emerging field which will be addressed further in Section 7.
Correlating a catalyst’s structure with its properties

Third, it is not straightforward to correlate these local observations with their function because
in catalysis, the metrics for performance are usually obtained from ensemble-averaging methods. These
measurements describe the global behavior of catalysts, while assuming that the catalysts are
homogeneous, or that the reaction environment is homogeneous across the entiressample areay which
may be invalid assumptions [130]. Hence, finding a robust way to bridge the few-particle.observations
from EM with information obtained from other techniques is crucial, but this‘aspect of the field is still
generally under-developed. It is also not straightforward to derive important information about catalytic
processes, such as the dynamics of these surface adsorbates (especially,inliquid) from electron imaging
or electron interaction-based spectroscopic methods in the TEM, despite studies reporting the imaging
of CO [199] and H,O [200] molecules adsorbed on catalyst surfaces,with ETEM (Figure 7). Hence,
multi-modal approaches that complement TEM with methods that.can better probe these surface
processes, such as SEM, PEEM, infrared or Raman spectroscopy, is a current frontier in the field. Using
identical reaction setups [201] to bridge the length-scales in.a correlated manner can also help link the

limited statistics in EM studies with ensemble-averaging measurements.

Next, we describe two more EM approaches that.can be used to complement the in situ studies

to mitigate some of the above described challenges.
Quiasi in situ approach

In the quasi in situ method, the reactor side of the system is modified to allow for investigations
involving samples on a TEM grid. Here, the secure transfer of the sample between the microreactor and
the TEM is accomplished without eﬁosure to ambient air through the loading of a grid onto a vacuum
transfer holder within a glovebox filled with an inert atmosphere [202]. Due to the minute amount of
catalyst particles that can be.deposited on a TEM grid, a highly sensitive proton transfer reaction mass
spectrometer should be connectedto the microreactor in order to monitor the catalytic conversion during
the reaction. State<of-the-art proton transfer reaction mass spectrometers can exhibit sensitivities below
10 parts per trillion (ppt). This approach decouples the catalytic reaction from the imaging and ensures
the highest attainable resolution of the SEM or TEM, since the resolution is not diminished by imaging
through a gas or a liquid [182,198]. It also offers the advantage of well-controlled reaction conditions
that can bexmade closer to actual reaction conditions, which is particularly important for high-pressure
reactions that.exceed a few bars of pressure. In general, quasi in situ imaging excludes the artifacts due
to the interaction of the electron-beam with the reaction environment and can indicate the presence of

reaction-induced atomic-scale changes in beam-sensitive materials. However, it does not provide
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continuous capture of the reaction-induced chemical dynamics or immediate insights into the formation

of metastable states during the reaction.

Identical location imaging where the TEM grid is removed from the electrolyte at different
points of the reaction and rinsed to remove electrolyte from the grid prior to loading into the TEM is
also quite often used for studies of electrocatalysts [203-207]. However, there are pitfalls to this
approach. The rinsing step may damage the fragile support film of the grid and lead to,sample loss. It
can also be complicated to use identical location imaging to study oxophilic samples, even ifthe transfer
is performed in a glovebox, as rinsing with water may already be enough to alter the surface structures.
Furthermore, it does not address the issue of drying artifacts that can occur during the vacuum transfer
of these hydrated interfaces. Finally, it might not reflect the active state of t@ catalyst since the

measurements are not conducted under an applied electrical potential.
Correlated microscopy and spectroscopy

In correlative studies, in situ platforms are deployed. across< different characterization
instruments to provide complementary insights into thesreaction ‘medium-solid interaction. It is
increasingly common to find a combination of TEM andsSynchrotron X-ray techniques, such as X-ray
absorption spectroscopy [52,201,208-210], diffraction [210,211] znd imaging [212], being used to
follow gas phase reactions. There are also examples of TEM combined with optical spectroscopy
[52,86,201,209,213]. For electrocatalytic studies, the usual way to derive catalytic function is through
potentiometry or amperometry measurements.[214]..Despite the relatively widespread examples of
electrochemical setups for performing operando studies using synchrotron X-rays [189,215], infrared
spectroscopy [189,216] and Raman spectroscopy [189,217], there are only few instances where these
techniques are combined with identicalylocation [206,207] or in situ EM [162,218] to study
electrocatalysts. It should be feasibleito do so since closed cells similar to those used in the TEM holders
have already been implemented in a\X-ray absorption spectroscopy setup to follow the insertion and
removal dynamics in lithium-ion'battery materials during cycling [219]. Correlated studies can provide
the critical insight needed torbridge local and ensemble-averaging measurements. For example, Li et al.
[208] showed that the combination of operando X-ray spectroscopy and TEM are needed to adequately

characterize the changes in the size of Pt NP catalysts during ethylene hydrogenation.

We also mention ‘here that most of these correlated studies do not use a common in
situ/operando platferm across the different techniques and the catalytic function is commonly inferred
from measurements of the same samples obtained from separate bulk-scale reaction cells (except
[201,209]). Intsome cases, the comparisons may also be made using different samples, such as
nanoparticles versus bulk single crystals. In our opinion, such comparisons can be misleading because
there may be a variation in the catalyst behavior due to the sample geometry, environment or reaction

conditions, especially when techniques with different operating regimes (e.g. the working pressure or
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electrolyte volume) are used. We expect the development of unified platforms that can translate across
different techniques (such as [201,209]) to become more important because they simplify data
interpretation by ensuring a consistent sample geometry and environment between the different

techniques and mitigate possible discrepancies that arise from sample inhomogeneities.

5. Research examples: Heterogeneous catalysts in gaseous environments

So far, a few gas-phase thermal catalysis reactions have been studied by operando TEM (see
Table 1) with the most common being CO oxidation. The adsorption and oxidation of.CO molecules
are often viewed as a prototypical probe reaction for heterogeneous catalysis because of its relative
simplicity and the immediate role of CO in more complex reactions [220]. Hence,ms also a benchmark
reaction for validating different experimental techniques. As highlighted earlierdn Figure 1, work by
Vendelbo et al. [31] showing that we can track the structural oscillations in Pt NPs during CO oxidation
was an important demonstration of the potential of holder-based€losed cellsfor operando studies. More
significantly, fluctuations in gaseous products and heat released/absorbed during reaction can be
matched to the structural variations. Since then, the standard catalysts for CO oxidation, Pt [41,51,86],
Pd [51] and Rh [51], have been examined by different'groups in ter?ns of the correlation between their
morphological and structural features and their catalytic activity. Figure 9 show images obtained from
our research looking at (a)-(b) the morphological‘evolution of Pt NPs during repeated thermal cycling
under reaction conditions and (c) comparingsthe behaviors of different noble metal NPs under the same

reaction conditions.

Pt NPs can exhibit subtle re-structuring at relatively low temperatures [86] and structural
oscillations at intermediate temperatures [31]. Reference [41] disentangled the different contributions
of chemical dynamics that couldrbe assigned to the different activity regimes. After the initiation of the
reaction, where the partial pressures of reactants and products change significantly as the amount of
produced CO; increasesywith increasing temperature, morphological transformations prevail. These
morphological transformations.lead to the stabilization of low index facets over temperature cycling.
Subsequent cycling ‘experiments revealed that this thermodynamic transformation leads to the loss of
activity. At steady conversion, i.e. when the partial pressures remain constant, structural bulk changes
can be observed inthe electron diffraction pattern, which may be due to reactant diffusion into the bulk.

These changes canbe-interpreted as a frustrated phase transition that maintains the catalytic activity.

Incontrast, Pd NPs exhibit a different behavior during CO oxidation (Figure 9 (c), 1* row) ,
where the formation of low-index facets is not due to a thermodynamic stabilization [51]. The addition
of CQinto the gas stream at 200-300 °C drives the re-structuring of the Pd NPs into to a low-index facet
dominated structure that is essentially inactive due to the lack of undercoordinated sites on the NP

surface. The Pd NPs then change from the faceted structure to a rounded structure when they are heated
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to 400°C (which is above their ignition temperature). This structural transition also corresponds to the
production of CO.. More importantly, the low-index facets re-form, and the NPs again became inactive
when they are cooled below their ignition temperature, indicating reversible morphological and
catalytic behavior. Under similar conditions, Pt NPs show subtle restructuring consistent with that
described in Figure 9(b), whereas Rh NPs reduce from an oxide form to a metallic form. These
transformations are not reversed with decreasing temperature. The difference between Pt and:Pd NPs
illustrates the impact catalyst re-structuring can have on their relative catalytic activity at low
temperature, since Pt NPs retain their activity below the ignition temperature, but'Pd. NPs are‘inactive
at the same temperatures. The observation of reversible morphological dynamics in Pd:NPs clearly

illustrates the importance of investigating the catalyst structure under reaction conditions.

~
Lastly, we will briefly mention in situ research that looks at other reactions or more complex

NP catalyst structures. Bremmer et al. [221] studied Co NPs under Fischer=Tropseh synthesis conditions
and visualized the formation of graphitic shells on the NPs due to the,Boudouardreaction. More recently,
Wang et al. [222] reported the reverse of this reaction, where graphite etching was initiated by exciting
localized surface plasmons in Al NPs and the formation of CO was confirmed using mass spectrometry.
In terms of more complex catalysts, Tan et al. [92] compared the m’orphological changes that occur in
bimetallic Ni-Pt NPs synthesized in phase-segregated and random alloy geometries under reductive,
oxidative and mixed-gas environments. These studies show:that the initial design of the catalysts
influences their pathway of morphological evolution. The phase-segregated NPs evolve into a core-
shell structure with internal voids, whereas the.random alloy NPs phase separated into NiO and Pt
regions. Another recent paper identified reversible changes in the surface structure of bimetallic Ni-Au
NPs during CO, hydrogenation [52].:These studies, however, cannot be considered operando, as the
changes of such multi-component structures:were not directly correlated with the catalytic conversion.
We emphasize two key aspects thaQre required for such correlation. The first is a precise calibration
of the mass spectrometer responses The-second is decoupling the impact of the individual components
in the alloy NPs from the/smeasured online conversion data. Such investigations are likely to be non-
trivial endeavors because they.will entail systematic comparative studies where a series of tailored and

well-controlled sample families are followed in order to establish observable trends in their behavior.

6. Research examples: electrocatalysts in liquids

Research looking at electrocatalysts using liquid cell TEM has mainly focused on the oxygen
evolution reaction (OER) and oxygen reduction reaction (ORR) (see examples in Figure 10 and Table
1),'and following the stability of NP catalysts under applied potential or during potential cycling. These
studies encompassed monometallic [223], bimetallic [95,224,225], and oxide [187] NPs. Figure 10(a)

depictsia STEM image sequence following octahedral Pt—Ni alloy catalysts supported on carbon during
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electrochemical cycling [95], which illustrates the structural information that we can obtain from such
dynamical studies and how they can provide insight into time-resolved pathways of catalyst/support re-
structuring and degradation. We also highlight another study [223] tracking the behavior of Pt €atalysts
inside commercial inks that are used in polymer electrolyte membrane fuel cells and their evolution

under extended cycling (Figure 10(b)).

Another liquid phase catalytic reaction where in situ TEM can provide meaningful insight is
COzRR. The electrocatalytic reduction of CO; to hydrocarbon and alcohol products is a promising
strategy for energy conversion and the generation of chemical feedstocks [226]. However, the reaction
is also complex with multiple reaction pathways and reaction products [189,227,228]. Therefore,
several challenges remain in designing an electrocatalyst that is optimized 'in_terms of activity,
selectivity and stability. So far, there have only been a few studies using identical Ic;ation imaging [229]
or in situ imaging [218,230] to capture the changes in these catalysts during reaction. In Ref. [218], Li
et al. used liquid cell TEM to capture the dynamical aggregationrof Cu nanoparticle ensembles into
larger, disordered nanostructures with enhanced selectivity towards C.+ praducts during the application
of a reductive potential. In Ref. [230], we adopted a different-approach in terms of starting materials in
order to better understand how model electrocatalysts evolve during .this reaction and were able to track
the stability of shape-controlled Cu,O cubes under 'CO;RR relevant conditions. We first directly
synthesized shaped-controlled cubic Cu,O particles onto therworking electrode via electrochemical
deposition using a mixture of 5 mM CuSO. and 5 mM KCI [231] (Figure 11(a)). Next, we switched the
electrolyte to CO.-saturated KHCOj3 using fluid.flow and applied a reductive potential at which CO2RR
can take place (Figure 11(b)). There were two key findings from this work. Regarding the synthesis, we
showed that the formation of cubeswas due to the addition of CI" ions to the CuSO, solutions and that
we can achieve shape-selection by/alternating the applied potential within a narrow potential window
in which the deposited non-cubic Karticles dissolve, but the cubic ones do not. The second finding
relates to the time-resolved imaging of-the morphological changes in the synthesized particles under
CO:RR reaction conditions. These in situ observations show that highly dynamic changes can occur on
the working electrode surface within the first few minutes of applying a reductive potential, which
impacts our understanding of. the actual structures that exist under reaction conditions in laboratory

scale electrochemical setups.

Using electrochemicaly liquid cell TEM to study the stability and degradation of catalytic
structures‘will become more routine and we expect these insights to be useful for informing catalyst
design. Nevertheless, the true promise of the technique still lies more in providing key knowledge for
structure-property correlations with the higher resolution of TEM, which will require the development
of new techniques that also enable simultaneous spectroscopic characterization of the chemical

composition of the catalyst and surface species.
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7. Summary and Future Perspectives

This review describes state-of-the-art in situ and operando EM setups and various research
examples highlighting their potential for investigating gas- and liquid-phase catalytic' reactions,
especially when there is concurrent detection of catalytic conversion and selectivity. While conversion
detection is more straightforward for gas-phase reactions studied in dedicated TEM systems, the
development of novel approaches and cell designs should soon also allow us to overcome the intrinsic
limitations of the current electrocatalytic liquid phase set-ups. Although wedid not discuss studies
involving photocatalytic materials, we mention that there are already efforts aimed at integrating light
sources inside the electron microscope [168] or the TEM holder [232], including.a€ommercial version.
For further progress in the field there is a crucial need to establish comparative studies for a better
control and understanding of the effect of the electron beam, which is the biggest obstacle towards

deriving meaningful insight from these experiments.

We also expect future improvements in electron microscopy instrumentation, such as cameras
and detectors, to continue to drive the growth of this field, especially in terms of enabling the capture
of faster dynamics or rapid tomography to follow the evolving 3—dim’ensional (3D) structure of catalysts
under reactions conditions [233]. As TEM only delivers‘a2-dimensional projection image of a 3D
object, operando tomography would allow us to overcome the limitations concerning the missing 3D
information. Another key area of future development will be having the possibility of tracking fast
changes in the local composition and electronie structure of the materials, which is still difficult with
the current spectroscopy methods that are associated with EM. This area will benefit from more

sensitive spectrometers that allow for a rapid.acquisition of spectra with sufficient signal-to-noise ratios.

In terms of future perspectives involving additional techniques, we consider multi-modal
approaches as a promising area to‘be further explored, since it will enhance the interpretative depth of
the in situ and operando‘measurements. In particular, multi-technique integration using an identical
holder is needed for_correlated studies of the same catalytic material over several length scales.
Including both, local and integrating methods into a single platform will leverage on the capabilities of

different technigues to obtain a comprehensive picture of the catalytic processes.

On the other hand, we should also keep in mind that the multi-modal studies will still only
represent a small slice of the overall working state of a catalytic system. Improving reaction cell designs
so that we ean approach real reactor kinetics is expected to be another core area of development as it

will allow the investigation of dynamic systems under more realistic conditions.

Infaddition to advances in instrumentation and techniques, we envision exciting opportunities

for improving the computational approaches that can be used to process and analyze the in situ EM
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datasets, especially with machine learning [234-236]. As mentioned earlier in Section 4, we need to
work at low electron fluxes to minimize beam-induced artifacts in in situ studies, which translates to
noisy, low contrast images. However, the approaches we commonly use to separate/segment the particle
from the background are still unable to extract all the information encoded within these noisy.images
[173,236]. De-noising and segmentation algorithms that can retrieve high spatial resolution information
from these image sequences will be highly advantageous for moving the field towards “minimum dose”
operando EM studies. Similarly, improving the algorithms used for automated feature identification
and classification across all the images in these large in situ datasets will be necessary for extracting

useful insight from such experiments [237,238].

In conclusion, we have described in this review the potential of operando,electron microscopy
research, its challenges and the future prospects regarding its application as fundz;nental technique for
the understanding of heterogeneous catalysis under realistic reaction conditions’in greater detail. We
expect that these efforts will result in the in-depth insight required.for the rational design of the next

generation of catalysts for a more efficient conversion and utilization of renewable energy.
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Table 1. Summary of the reactions and methods referenced in this paper

Gas Phase Catalytic Reactions

Reaction Method Paired with References
Carbon Monoxide ETEM [33,166,199]
Oxidation Closed Cell | Online Mass Spectrometry [31,41451,92,100]
Closed Cell | IR Spectroscopy [86,213]
Carbon Dioxide ETEM [81]
Hydrogenation Closed Cell | Synchrotron X-ray Spectroscopy [212]
Closed Cell | Synchrotron X-ray and IR [52]
Spectroscopy
Ethane ETEM 1239]
Dehydrogenation
Ethylene Hydrogenation | Closed Cell | Mass spectrometry, Synchrotron X= | [201,208,209]
ray, IR and Raman’ Spectroscopy
Fischer-Tropsch ESEM Online Mass Spectrometry [159]
Fischer-Tropsch Closed Cell | Online Mass Spectrome.try [221]
Nitrogen Monoxide Closed Cell | Synchrotron X4ray Diffraction [211]
Reduction
Reverse Boudouard Closed Cell | Online Mass Spectrometry [222]
ETEM
Water Gas Shift ETEM [200]
Liquid Phase Catalystic Reactions
Carbon Dioxide Closed Cell [230]
Reduction Closed Cell | Synchrotron X-ray Spectroscopy [162,218]
Oxygen Evolution Closed.Cell | Synchrotron X-ray, Raman [187]
Spectroscopy
Oxygen Reduction Closed Cell [95,223,224]
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Figure 1. Development of closed cell platforms for TEMuin liquids and gases. (a) Schematic of a
microfabricated fluid cell developed by Williamson et al. [27].fog liquid cell transmission electron
microscopy. The samples are encapsulated within a_hermetically sealed setup with thin electron
transparent silicon nitride membrane windows An.current implementations of this concept, the enclosed
environment can be a liquid or a gas at atmospheric pressures. Reprinted with permission from Nature
Springer: Nature Materials, [27], copyright (2003).(b) Image sequence from [31] showing the
restructuring dynamics of a Pt NP catalyzing CO oxidation at 386 °C within a 3% CO, 42% O, and
55% He gas environment. (c) Mass spectrometry data (top) showing an oscillatory behavior in the
partial pressures of O,, CO and CO,, calorimetry data (middle) in terms of heater power and shape
factor of the Pt NP in (b) as a function of time. Reprinted with permission from Nature Springer: Nature
Materials, [31], copyright (2014).
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Figure 2. Length scales in catalytic processes.and a comparison of bulk reaction and TEM closed
cells. (a) Typical length and time scales of dynamic processes that can take place during catalytic
reactions. Reprinted from [19]. © 2017WILEY-VCH Verlag GmbH & Co. KGaA. Weinheim.
Schematics of (b) a plug-flow reactor and (c) closed reaction cell for operando TEM investigations
highlighting the range of length scales/involved: macroscale (mm), microscale (um) and nanoscale
(nm). The inset in (b) denotes a close-up of a catalytic fixed bed with infinitesimal slabs (white
rectangles) along the.gasflow direction. The color of the slabs indicates possible differences in the
appearance of the catalyst within this area that were induced by a varying local chemical potential
(D), temperature (DT), and reactivity (Dr). p denotes the partial pressure of the individual gaseous
species, whichare different for the inlet and outlet. The analyzer, however, measures an integral
quantity averaged.over the entire fixed bed. The purple colored slab in (c) denotes the bed of
nanoparticles-found within the TEM reaction cell. The different length of arrows in (c) emphasizes
that a certain quantity of the flowing gas may not directly interact with the nanoscale samples. The
inset in (¢).shows the differences in local structures of the nanoparticles as well as nanoparticle
isolation. Although it is commonly shown how individual NPs are affected by local changes of the
chemical potential (DW"), temperature (DT"), and reactivity (Dr"), we mention here that the analyzed
gas compositions also reflects an integrated quantity.
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from [46]. (d) Magnified image of a region with the di
of structural motifs with average distances b
standard orthorhombic M1 motif, (2, 3) two
translated motif, (6) shared motif, (7) twinned m
from [46], Copyright 2017 American Chemical So

r methanol synthesis. The
fter 148 days time-on-stream.

ations of the {(Mo)MosO7} units: (1)
gular motifs, (4) mirrored motif, (5)
8) rotated motif. Reprinted with permission
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Figure 5. Examples of in'situ and operando SEM/TEM capabilities we have at the FHI. (a) Dedicated
TEM for in situ experiments together with a commercial gas flow TEM holder and a home-built gas
delivery and mass (Spectrometry system. From [100]. Adapted with permission from Cambridge
University Press. (b) Home-built flow reactor for the ESEM. The catalysts are heated with an IR laser.
Reprinted from J159], Copyright (2020), with permission from Elsevier. (¢) Commercial TEM (left) and
SEM (right) holders. Images courtesy of DENSsolutions (left-top), Protochips (left-bottom) and

Hummingbird'Scientific'(right).
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that can be attained under reac ons. (a) and (b) show images where industrial-type
Cu/ZnO/Al;O3 catalysts for metha esis are exposed to 1 mbar H, at 300°C. From [83].
Reprinted with permission fr. W . igh resolution STEM image showing the M1 phase of a
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to adsorbed water molecules. Scale bars are 2 nm in (i) and 0.5 nm in (ii). From [200]. Reprinted with
permission from AAAS.
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Figure 8. A sampling of ESEM studies looking at the catalyst behavior under reaction conditions.
Comparison of the secondary electron images collected from a platinum foil under NO2 hydrogenation
reaction conditions. Images acquired under (a) pure NO2 at 1 x 102 Pa and (b) 16 mins after H, was
introduced into the gas stream, with T =175 °C; pNO»:pH, = 1:10; total pressure = 1 x 10> Pa.Scale

bars are 200 um. Modified from Ref. [158] Reprinted with permission from Nature Springer:“Nature
Catalysis, [158], copyright (2020). (b) ESEM images recorded under reaction conditionscusingsthe
operando SEM setup described in Figure 5(b) at selected temperatures and times on-stream under gas
flow conditions of 0.3 mMLNmin* Ar; 0.3 mLNmin™* CO,; mLNmin™* CHa. The bright features in (1)
and (4) are indicative of surface Ni oxides. (d) Time series showing the reaction tracesof H,, CO, H;0,
CHa, CO,, and O, image intensities and the simultaneously recorded temperature of the catalyst. The
times corresponding to the images in (c) are indicated. The reaction onset temperature 1S 806 °C.
Reprinted from [159], Copyright (2020), with permission from Elsevier. () Arrhenius plots of the
catalytic production of H, and CO. (c)-(e) are adapted from [159]. (d) (i) Schematic of anvin situ SEM
platform adapted from XPS designs using a 100 nm thick silicon nitride membrane as window [159]. A
comparison of electrochemical SEM observations and XAS measurements obtained from the cell for
copper films deposited on the membranes in CO,-saturated 100 mM KHCOs under (ii)-(iii) open circuit
conditions and (iv)-(v) at -1.8 V versus a Ag/AgCI reference. The images indicate a/reduction in the size
of the deposited copper grains due to the reduction of copper oxide uponthe application of the potential
as indicated by the (vi) difference image and (vii) difference spectra. Reprinted with permission from
[162]. Copyright (2020) American Chemical Society.
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Changes in the partié S O3 (green), CO (blue) and CO, measured using an online mass
spectrometry during repeated, cycling between room temperature and 500 °C under CO oxidation
of 4% CO, 20% O and 76% He. From [100]. Reprinted with permission from
ss. (b) Morphological evolution of Pt NPs during the first three cycles where
the temperat rom room temperature to 500 °C under the same conditions as (a). It
was found th perature of the catalysts shifts upwards with each cycle. The line profiles
atthe bo anges in the radial profiles obtained from the selected area diffraction patterns
pted with permission from [41]. Copyright (2020) American Chemical Society (c)
restructuring observed in Pd, Pt and Rh NPs during CO oxidation in 1 bar of 9%
3% He at different temperatures. The dashed yellow lines in the Pd NP indicate facets
exed to Pd {111}, dashed red lines to Pd {111} and white lines to flat facets that cannot
m the images. The dashed blue lines in Pt NP indicate possible faceting of at the higher
temperatures. Reprinted with permission from Nature Springer: Nature Communications, [51],

(2020).
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Figure 10. Examples of electrochemical studies looking at the stability of electrocatalysts during
electrochemical cycling=.(a) Image sequence describing the dissolution of adventitious Ni during the
activation of Pt-Ni alloy fuel cell'catalysts with electrochemical potential cycling. The arrow highlights
a dissolving Ni particle. From [95]. Published by The Royal Society of Chemistry. (b) (i)-(iiv) Image
sequence (top) showing.the changes in commercial Pt NP catalysts for polymer electrolyte membrane
50 fuel cells under repeated electrochemical cycling, i.e. an accelerated stress test, up to 500 cycles. The
51 histograms at the‘bottom describe the changes in the NP size distribution obtained from different
52 regions that'were tracked during the experiment. Reprinted with permission from [223]. Copyright
53 (2019) American Chemical Society
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Cu20 cubes from solution. Potential wit rrow window where non-cubic particles

dissolve was used. (b) Time-dependent
surface after the application of constant -0.
sequence describes the particle mation, particle
and dendritic structures. The potent
Adapted with permission from Nat

anges in Cu0 cubes on the working electrode
tential in CO2-saturated 100 mM KHCOs. The image
eduction and the formation of new small particles
re measured against a pseudo-Pt reference. Data from [230].
r: Nature Communications, [230], copyright (2020).
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