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Abstract

During the last decade, modern micro-electro-mechanical systems (MEMS) technology has been used to create cells that can
act as catalytic nanoreactors and fit into the sample holders of transmission electron microscopes. These nanoreactors can
maintain atmospheric or higher pressures inside the cells as they seal gases or liquids from the vacuum of the TEM column
and can reach temperatures exceeding 1000 °C. This has led to a paradigm shift in electron microscopy, which facilitates the
local characterization of structural and morphological changes of solid catalysts under working conditions. In this review,
we outline the development of state-of-the-art nanoreactor setups that are commercially available and are currently applied
to study catalytic reactions in situ or operando in gaseous or liquid environments. We also discuss challenges that are associ-
ated with the use of environmental cells. In catalysis studies, one of the major challenge is the interpretation of the results
while considering the discrepancies in kinetics between MEMS based gas cells and fixed bed reactors, the interactions of
the electron beam with the sample, as well as support effects. Finally, we critically analyze the general role of MEMS based

nanoreactors in electron microscopy and catalysis communities and present possible future directions.
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1 Introduction

Micro-electro-mechanical systems (MEMS) refer to devices
that have characteristic dimensions in the micrometer
regime. They combine electrical and mechanical compo-
nents on a single chip and are fabricated by integrated circuit
batch-processing technologies. In recent years the level of
miniaturization and integration of MEMS technology has
been used to scale down laboratory systems such as sensors
or heaters to length-scales that are compatible with electron
microscopes and allows for their integration. This has ena-
bled a new era of in situ (scanning) transmission electron
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microscopy ((S)TEM), which is a reference technique for
the spatially-resolved structural and chemical analysis of
solids [1-4].

These novel lab-on-a-chip systems enable /ive imaging
of structural and morphological changes of solids from the
microscale down to the atomic scale under various external
stimuli, such as heat, mechanical stress or electrical bias,
which can be also combined with gaseous or liquid environ-
ments [5, 6]. These functions are embarked on small chips
that fit into the tips of TEM sample holders. Using off-the-
shelf holders combined with MEMS-based nanoreactors,
any standard (S)TEM instrument can now be transformed
into an in situ setup for the investigation of catalytic materi-
als in realistic working conditions. Gases and liquids can
run through these devices, in which pressures surmounting
1000 mbar can be achieved. As opposed to designing the
entire instrument around the desired in situ experiment, as
it has been done with differentially pumped environmen-
tal TEM (ETEM) setups, a simple holder exchange is suf-
ficient to switch between different in situ experiments. As
such, MEMS-based technology has crucially enhanced the
experimental flexibility, performance and accessibility of
in situ TEM systems. These advances have contributed to a
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significant growth of scientific contributions in the field of
in situ TEM for catalysis, as evidenced by the large number
of review articles that have been published recently [7-14].
A chronological summary of the combined MEMS and
in situ TEM developments can be found in Fig. 1.

Besides their prominent use for in situ TEM measure-
ments, MEMS devices are part of a variety of different
applications ranging from neuroscience [15] to biosensors
[16] and scientific instrumentation [17]. MEMS technology
has also been utilized for the design of miniature catalytic
systems [18] such as proton exchange membrane fuel cells

Fig. 1 Chronology of major

(PEMEFCs) [19], methanol reformers [20] and sensors [21].
Examples of such systems can be found in Fig. 2. We believe
that the contributions of MEMS to the entire field of hetero-
geneous catalysis warrant a review of their own.

Here, we specifically focus on the contributions of
MEMS-based nanoreactors to the TEM investigation of
heterogeneous catalysts in a reactive environment. These
nanoreactors have been used to probe the chemical dynam-
ics of heterogeneous catalysts in real time, either in situ i.e.
in a controlled environment such as a solution or reaction
gas mixture, or operando, when the catalytic conversion is
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Fig.2 Examples of applications of MEMS based devices in hetero-
geneous catalysis. a Photomicrograph of a packed bed miniaturized
reactor with an active carbon catalyst. The inlet openings are 30 pm
wide and 300 pm deep. b Microfabricated catalyst packing manu-
factured by deep reaction ion-edging (DRIE). c—e Illustration of a
MEMS-based microreactor for a H,O, monopropellant micropropul-

additionally measured alongside TEM observations [22-26].
The operando approach can help establish detailed local
structure—property relationships. Such insights will ena-
ble novel rational catalyst design strategies that are more
advanced compared to current catalyst development work-
flows which usually consist of ex situ characterization and
empirical optimization. Rational design will result in more
efficient catalysts. Insights into the live operation of catalytic
materials is also relevant to industry, as over 90% of com-
mercially available chemicals interact, at least in one produc-
tion step with the surface of a heterogeneous catalyst [27].
Furthermore, liquid cells have also enabled seminal in situ
works, especially in the investigation of electrocatalysis [28,
29] and the synthesis of nanomaterials [30, 31].

In this paper, we will review the evolution of MEMS-
based TEM instrumentation for gas and liquid phase (elec-
tro)catalysis. In addition, we will critically discuss existing
challenges of such in situ TEM experiments. As in situ TEM
applications have already been the subject of several reviews
[7-14], we will focus on the design and materials of MEMS
themselves. We discuss the relevance of the kinetics in gas
cells, with regard to the discrepancies between these nanore-
actors and fixed bed reactors (FBR). An analysis of the role
of the SiN, windows is also proposed, which ranges from
its role as a catalyst support in some in situ experiments, to
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sion system. ¢ SEM micrograph that shows scaffolds of sample pillars
obtained from DRIE etching. The pillars are 20 pm wide and 5 um
high. d Schematic diagram of the reactor geometry. e Imaging of
H,0, decomposition through a single row of catalytic pillars. Repro-
duced with permissions from [32-34]

their impact on the quality of TEM observations. Finally, we
present suggestions for the future of MEMS based systems
for the spatially-resolved study of heterogeneous catalysts.

2 Early Contributions of MEMS to TEM
Instrumentation

The most emblematic use of MEMS devices for the char-
acterization of materials can be found in their debut with
in situ measurements of the mechanical properties of materi-
als used in the fabrication of MEMS devices, such as silicon.
Pioneering work in the second half of the 1990s and early
2000s [35-37] focused on the on-chip fabrication of actua-
tors capable of nanometer-scale movements by applying
controlled forces in the order of millinewton (mN). Such
systems could be operated inside the chamber of a scan-
ning electron microscope (SEM). These integrated actuators
were further developed and scaled down to fit into the tip
of a typical TEM holder. This enabled the investigation of
mechanical properties of nano-objects such as thin films [38,
39], nanowires [40] and single carbon nanotubes [41, 42].
Other devices reached nanonewton (nN) sensitivity, which
was sufficiently low to perform atomic force microscopy
(AFM) inside the TEM column and further illustrates the
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polyvalence of MEMS devices [43] for the characterization
of materials. This AFM device followed earlier achieve-
ments [44, 45], such as the development of a scanning
tunneling microscope (STM) embarked on a MEMS chip
designed to fit in a TEM. This concept was introduced as
early as 1995 [46].

Alongside these novel characterization capabilities pow-
ered by micromechanical functions, MEMS fabrication tech-
nology has also been used to miniaturize electrical systems
in order to apply biases to individual nanostructures. The
first example of such an application was the design of an
on-chip nanocalorimeter [47] which could be mounted onto
a TEM holder after calorimetric measurements had been
conducted outside the microscope. This study can be also
considered as the re-introduction of electron-transparent sili-
con nitride (SiN,) windows as specimen supports, which was
initially proposed in 1962 [48]. To date, such SiN, windows
[49, 50] are still the cornerstones of MEMS-based in situ
TEM technology. Later on, this microcalorimetric setup
was augmented into a complete in situ experiment using
external electrical contacts that run through the holder to the
chip, which allows the efficient operation of MEMS-based
systems inside the column of the TEM. This device can be
considered the first modern in situ TEM holder [51].

Subsequently, MEMS-based microheaters [52, 53] were
developed that showed superior performances compared to
classical TEM heating stages [54]. Classical TEM heating
holders suffer from high spatial drift and lack the ability
for rapid heating and cooling. A design addressing these
disadvantages was put forward by Allard et al. [53], who
demonstrated the ability to cycle from room temperature
(RT) to 1000 °C in 1 ms. The drift stayed sufficiently low to
find areas of interest and to achieve sub-Angstrom resolution
after thermal relaxation. In this design, the SiN, membrane

OO
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Fig.3 Design of a modern MEMS based in situ TEM gas cell. a
Side view of the assembly of the «sandwich» design. Example from
DENSsolutions. b MEMS chips from Protochips. ¢ View of the SiN,
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is the heating surface and is in direct contact with the sam-
ple. Its small surface area makes fast heating and cooling
rates possible. Finally, the membrane is patterned with holes
and overlaid with a holey carbon film to ensure the back-
ground for TEM observations is comparable to a typical
holey carbon coated TEM grid.

3 GasCells

Similar high performance MEMS-based heating chips were
soon used in a closed-cell (also referred to as “gas cells” or
“nanoreactors”) design [55]. These designs were inspired
by earlier pioneering works from Giorgio et al. [56] and
Konishi et al. [57] who used electron transparent carbon
windows. An illustration of a modern in situ TEM gas cell
can be found in Fig. 3. In this closed cell array the specimen
and its gaseous environment are isolated from the vacuum
of the TEM column. In two seminal papers, Creemer et al.
[58, 59] first proposed such a nanoreactor. It consists of two
facing silicon chips, each with a central hole of 1 mm? and
is covered by a 1.2 pm thick membrane of SiN, that has a
smaller central area with a thickness of 10 nm. The opposing
membranes form the top and bottom of a shallow gas-flow
channel (Fig. 3b). The minimum height of the channel is
4 pm, determined by disc-shaped spacers integrated in one
of the membranes. Both ends of the channel are connected
through the holder to microfluidic tubings, which allows the
flow of pressurized gases. The pressure inside the cell is
controlled by inlet and outlet pressure controllers and needle
valves. The authors highlighted that SiN, windows should
be amorphous to avoid added electron diffraction contrast
[60], which would be detrimental to TEM observations. This

Electron beam

supported
catalyst

membrane covering a hole in the SiC ceramic. d Schematic view of
a gas MEMS nanoreactor in operation. Reproduced with permissions
from [26, 85] and [86]
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nanoreactor marked a clear turn in approach for environmen-
tal TEM study [26].

Aperture-based ETEMs [54, 61-66], where differential
pumping systems are used to confine gasses near the sam-
ple, can offer better resolutions and contrasts as they do not
deal with the additional scattering brought on by the silicon
nitride windows. This makes differentially pumped ETEM
superior for the imaging of light element materials, such as
graphene [67] or light organic molecules [68]. A review of
atomically resolved in situ studies powered by differentially
pumped ETEM investigations has recently been published
by Boyes et al. [65]. However, these microscopes only work
at low operating pressures, in the 10°~10° Pa range [67],
corresponding to a gas path length of 7 mm. At higher pres-
sures, the background scattering will be too high to achieve
satisfactory TEM observations. It is worth noting here that
the scattering cross-section does not depend only on pres-
sure, but on accelerating voltage and on the atomic number
of the gas as well [67, 69].

Differentially pumped ETEM experiments come with
several drawbacks. Besides the question of cost, as they
require a wholly dedicated instrument—whereas any elec-
tron microscopy laboratory can potentially equip itself with
a nanoreactor holder—differentially pumped ETEM setups
do not allow for the control of the gas flow, as they use
a large quantity of gas around the sample. Controlling the
inlet gas flow is crucial to quantitative TEM catalysis experi-
ments as it will impact the kinetics of the reaction of interest,
as we discuss further on. Furthermore, closed-cell designs
can withstand atmospheric pressure, effectively bridging
the existing “pressure gap” between differentially pumped
ETEM experiments and industrial reactors. This is criti-
cal to the relevance of in situ results to real applications in
catalysis research. The properties of nanomaterials depend
strongly on their structure and morphology [70-73], which
are themselves dependent on experimental conditions [74,
75]. In the gas phase, activity depends on partial pressures,
which in turn affect the Gibbs free energy of the system and
can lead to different dynamical behavior of the catalysts. To
date, it is still unclear how the structural response of nano-
materials at lower pressures relates to their dynamic behav-
ior at ambient pressure conditions. Finally, STEM operation
in ETEMs is limited, as the differential pumping apertures
below the specimen shadows most of the high-angle annular
dark-field (HAADF) detector. Thus, heavy elements can be
imaged with superior contrast inside MEMS-based nanore-
actors, which is pivotal to the study of metallic heterogene-
ous catalysts.

Allard et al. [55] reported atomic column resolution in
Rh nanoparticles using 30 nm thick windows. It is a consid-
erable improvement over the 0.2 nm Cu(200) lattice spac-
ing resolution obtained with the initial gas cell design from
Creemer et al. [58], which in addition used windows only

10 nm thick. De Jonge et al. [76] demonstrated in another
similar MEMS-based design a 0.4 nm STEM resolution
through 50 nm thick SiN, windows and a 360 um thick gas
layer. Atomic resolution STEM imaging was also demon-
strated for Pd [77, 78] and Pt;Co [79] nanoparticles depos-
ited on 30 nm thick windows. These examples show that
high resolution imaging is achievable with MEMS-based
nanoreactors.

Alternative nanoreactor designs, which are not MEMS-
based, have been proposed by Kawasaki et al. [80] and Yagu-
chi et al. [69]. Creemer et al. [81] introduced the monolithic
cell, departing from the sandwich design the same authors
have pioneered. Mehraeen et al. [82] proposed localized
laser heating as an alternative to the microheater of exist-
ing in situ MEMS chips, with the aim to selectively heat
the specimen and minimize heat conduction inside the cell.
Overall the sandwich design with two MEMS chips, includ-
ing one chip that integrates the microheater, was popularized
and made into the commercial products that are currently
offered by Hummingbird, DENSsolutions, and Protochips.
The accessibility of gas cell TEM holders has made them
increasingly ubiquitous for the characterization of heteroge-
neous catalysts [9, 25]. The technique has garnered attention
from all sub-fields of catalysis [8, 9, 26].

Custom designs have also been published and although
they are similar to commercial systems, some of them can
be operated at higher pressures than the nominal atmos-
pheric conditions of standard systems [81, 83, 84]. This is
discussed in the next section.

4 Gas Cells—Towards Higher Operating
Pressures

Although MEMS-based nanoreactors already improve the
achievable operating pressure by almost two orders of mag-
nitude compared to differentially pumped ETEM setups,
even higher pressures are required to study certain catalytic
processes under realistic operating conditions. Ethylene oxi-
dation and ammonia synthesis for instance are done above
50 bars which is out of reach of typical nanoreactors [87].
As a result quasi in situ workflows have been proposed
to bridge that pressure gap [88, 89]. A quasi in situ experi-
ment goes as follows: (i) an area of interest is selected on
a TEM grid for identical location imaging before the cata-
lytic reaction. (ii) the grid is transferred under controlled
atmosphere to a dedicated high pressure reactor where
catalytic conversion can be measured by mass spectrom-
etry [88]. (iii) It can then be transferred back to the TEM
with the same protocol, and the location previously chosen
can then be investigated for morphological and structural
changes induced by catalysis. Detrimental interactions
between the electron beam, the reactant species, and the
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catalyst sample can therefore be avoided. However, quasi
in situ protocols (i) do not directly capture the dynamics
of the catalytic process, (ii) do not allow for a direct cor-
relation of catalytic conversion measurements with TEM
observations as they are acquired separately and (iii)
involve the characterization of catalysts in vacuum rather
than in realistic operating conditions, which can influence
a catalysts’ structure [74].

Researchers have proposed novel MEMS-based designs
that have been reported to reach pressures exceeding 1 bar
at high temperatures. These designs have improved on the
mechanical properties of SiN, windows by tuning their
geometries or have featured monolithic cells, which are
fabricated on a single chip. In the first case, it was shown
that lowering the lateral dimensions of windows and elimi-
nating sharp corners led to more robust cells. For instance,
it has been demonstrated that small circular 15 nm windows
could sustain up to 4 bars, although the authors do not report
any operation above 240 °C [83, 90]. This is significant as
thermal expansion further stresses the electron transparent
windows [91], hence operation at low temperatures does not
guarantee stability at higher temperatures. Thinner windows
could surprisingly also offer superior mechanical properties
to sustain pressures differences compared to thicker ones.
This difference was attributed to a lower number of critical
defects, which can act as predetermined breaking points at
smaller volumes. All MEMS-based designs, including the
current commercial ones, adopted smaller circular windows

Fig.4 Illustration of the mono- a
lithic high-pressure cell. a Sche-
matic of the monolithic cell.

All functionality is integrated
on a single chip, as opposed to
the popular «sandwich» design
that uses two chips. SiN, pillars
separate the top and bottom

of the channel. This design

can withstand pressures above
10 bars. b Photograph of two
complete nanoreactors under
different angles. ¢ Optical image
of the central membrane of the
nanoreactor featuring a number
of aligned SiN, transparent win-
dows that are 2 to 5 um thick.
The inset shows the glowing of
the chip at 800 °C. d Stress dis-
tribution within the central SiN,
membrane. Reproduced with
permissions from [81] and [90]

channel
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aligned
windows -

etched in a larger central SiN, membrane, as illustrated in
Fig. 4c.

In the case of monolithic cells, microreactors are entirely
fabricated from batch processing techniques on a single chip,
rather than from the assembly of two chips. In the original
paper [81], the cell features pillars that hold together the
top and bottom SiN, membranes, thereby increasing their
strength and rigidity and allowing reliable operation up to 14
bars at 800 °C. A similar design later demonstrated opera-
tional stability at 10 bars and 650 °C [84]. It is worth noting
that sample preparation could be limiting with monolithic
cells. Since the inside of the cell cannot readily be accessed,
samples can only be introduced dispersed in a solution
through the microfluidics inlet.

It is worth noting that at such high operating pressures
the electron beam travels through a significantly denser gas
atmosphere than under atmospheric conditions. This can be
expressed in terms of a much longer gas path length [69, 81].
This would result in a higher scattering background for (S)
TEM imaging, which would be detrimental to the signal-to-
noise-ratio (SNR) and limit imaging resolution. More beam-
induced chemistry is also to be expected, in the form of a
higher amount of radiolysis products as discussed later on
in the section on liquid cells. To our knowledge, these high
pressure designs have to date not been used to investigate
catalytic processes at pressures above 1 bar. We emphasize
that proofs of concepts are available. However, they are
likely to stay on that stage baring commercialization.
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5 Gas Cells for Correlated X-ray Studies

Furthermore, the application of MEMS-based gas cells
for the study of active heterogeneous catalysts has been
extended to other microscopy techniques, such as scanning
transmission X-ray microscopy (STXM) [92]. For instance,
De Smit et al. [93] have carried out in situ STXM measure-
ments using the original gas cell design from Creemer et al.
[58, 59] the same year it was published. Correlative in situ
X-ray absorption fluorescence spectroscopy (XAFS) and
STEM analysis [94] were also performed in the same com-
mercially available nanoreactors. This is extremely promis-
ing as these techniques are complementary since they probe
different length scales. Another study combined STEM,
electron energy loss spectroscopy (EELS) and STXM meas-
urements on Co/Ti0O, Fischer-Tropsch synthesis catalysts
[95]. Thanks to the polyvalence of MEMS-based environ-
mental cells for in situ microscopy investigations, multiple
in situ approaches can be correlated, as illustrated in Fig. 5.

6 Gas Cells—On the Relevance of In Situ
Results

MEMS-based gas cells have been used to study a number of
catalytic reactions. In general, applications focus on the mor-
phological and structural evolution of catalysts under reac-
tive conditions that mimic gas compositions, pressure and
temperatures relevant to the water gas shift [96], ethylene
hydrogenation [94], CO, reduction [97] and CO oxidation

a Nanoreactor

adapter Gas inlets/outlets

Zone plate
lens

Order-sorting

Nanoreactors

Piezoelectric (x, y, z) stage

Fig.5 In situ STXM or EXAFS and TEM analysis can be correlated
using the same gas cells. a Experimental set-up adapting a commer-
cial TEM nanoreactor for in situ STXM acquisition. b Schematic of
a gas cell for correlated in situ EXAFS and STEM acquisition. In the

Nanoreactor
windows
and heater

[23, 24, 98-101] reactions. Nanoreactors have also been
used to investigate the catalyzed growth of materials such
as carbon nanostructures [102, 103] and the occurrence of
strong metal-support interactions (SMSI) [77, 104]. Exam-
ples of in situ TEM results acquired with gas cell TEM
holders are shown in Fig. 6, which illustrates the formation
and removal of an SMSI induced overlayer on Pt and Pd
nanoparticles deposited on TiO, supports under different
reaction conditions.

It should be noted that in all of these works, with the
exception of a few operando CO oxidation studies [23, 24,
100, 105, 106], catalytic activity is assumed but has not been
demonstrated, i.e. catalytic conversion has not been proven
in parallel to TEM observations. These CO oxidation studies
achieved the simultaneous acquisition of conversion rates
and TEM measurements. This is done using a mass spec-
trometer (MS) connected to the gas outlet of the in situ TEM
holder [106] that allows a direct correlation of structure and
reactivity and facilitates insights into local structure—func-
tion relationships [23, 24, 100, 105, 106]. Conversion can
also be tracked via EELS analysis of the gas composition
as demonstrated by Crozier et al. [107, 108]. With these
independent measurements of catalytic activity, those stud-
ies have established that the structural changes they observe
are directly linked to different activity regimes [24], and
not merely a result of the thermal treatment. This shows
that state-of-the-art gas cell TEM holders, when combined
with online product analysis, can help elucidate fundamen-
tal structural and morphological aspects relevant to cata-
Iytic processes. Independent conversion measurements are

b e-Beam

Micro x-rays

intillator
with

omultiplier
tube

EXAFS experiment, all types of nanoparticles are probed, while in
the STEM experiment only particles larger than~ 1 nm are detectable.
Reproduced with permissions from [93] and [94]
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Fig.6 Examples of applications of MEMS based gas cells for in situ
TEM studies of heterogeneous catalysts. a—j Evolution and dynamic
structural changes of the overlayer in SMSI of Pt NP@TiO,. a, b
A Pt NP exposed to H, at 600 °C. ¢ Subsequent change to O,. d, e
Further switches between reducing and oxidizing atmosphere. f-j
Interpretation of the phenomena revealed by in situ TEM, XRD and

necessary for robust data interpretation as unsubstantiated
claims could be made from in situ data alone.

Examples that highlight the importance of conversion
detection can be found in some in situ TEM studies of plat-
inum nanoparticles (Pt NPs), where it was demonstrated

@ Springer

XPS. Insets for c—e show a magnified image of the observed overlayer
structure. The scale bars are 5 nm. k-m Formation and disappear-
ance on an overlayer on Pd NPs@TiO, under different gas mixtures,
depending on the oxygen chemical potential u,. Adapted from [104]
and [77]

that Pt NPs undergo different surface reconstructions
under oxidizing or reducing atmospheres [99, 101]. Other
studies showed that the particle size distribution changes
after thermal treatments, under different gas mixtures that
induced either sintering or etching processes [109, 110].



Topics in Catalysis (2020) 63:1623-1643

1631

Although it is claimed in these works that those evolutions
result from catalytic reactions, they can only be attrib-
uted to thermal treatments in a controlled atmosphere in
the absence of conversion measurements. Another study
proposed to reverse the loss of activity caused by sin-
tering at high temperature using nitrogen-doped carbon
shells on Pd, Au and Pt NPs [111]. However, the morpho-
logical investigation was conducted in an Ar atmosphere
rather than under realistic reaction conditions. Chang-
ing operating conditions such as the gas composition,
the partial pressures, the sample composition itself, or
the electron dose used can have an impact on the appear-
ance of nanoparticles. Claims made from data acquired
under conditions that differ from realistic ones will thus
be controversial.

Conversion detection during in situ TEM experiments is
of paramount importance, especially given the vastly differ-
ent kinetics that exist between MEMS-based gas cells and
fixed bed reactors (FBRs) used in real application. Once
again, catalytic activity in gas cells cannot be assumed.
Comparing the catalytic activity measured in both operando
TEM and FBR setups may allow one to judge on whether
or not in situ TEM data can safely be attributed to a certain
activity regime. A detailed description of the differences
between FBR and MEMS-based gas cells is presented in
the following:

(1) Inlet gas flow Although the inlet gas flow of gas cell
TEM holders can be adjusted from 5 mL/min to 1
pL/min [106], the gas flow is extremely fast rela-
tive to flows in FBRs due to the small volume of the
nanoreactor. As a result the residence time of the
gas mixture in the nanoreactor is in the millisecond
regime [106], which is three orders of magnitude
lower than typical values of FBRs. This is indicative
of significantly different mass transport conditions.
There is much more convection in MEMS based gas
cells compared to FBRs.

(i) Catalyst bed geometry MEMS-based gas cells use a
flat bed of catalyst particles that are loaded directly
on the SiN, window. The coverage is sparse, as parti-
cle have to be clearly separated for TEM observation.
The total amount of catalyst does not exceed 1 pg
[106] and gases mostly diffuse over the catalyst bed
rather than through it. Studies of other MEMS-based
microreactors that feature similar beds of catalyst
particles along the reactor walls found that catalytic
processes were dominated by mass diffusion, owing
to the inability of the reactant stream to adequately
wet the catalyst bed [34]. In FBRs reactants migrate
with lower speeds through a cylindrical, densely
packed bed of supported catalysts. This makes com-
paring the kinetics of both systems difficult.

(iii) Heat transfer Given that the particle coverage is
sparse, there is no conductive heat transfer from
one particle to another. Conduction is essential for
faster kinetics in FBRs, as the heat of exothermic
reactions can quickly thermalize the entire catalyst
bed and, thus, maintain its operating temperature.
Similar operation in gas cells would require the pre-
heating of gases before flowing them in. This cannot
be achieved in current commercially available gas
cell TEM holders. In these nanoreactors cold gases
flow fast over the deposited catalyst particles and
cool them through convection. It then comes as no
surprise that in operando CO oxidation studies [23,
24] the onset temperatures for conversion have been
found to be higher than expected. Vendelbo et al. [91]
used EELS measurements to show that the stagnant
gas in their gas cell was on average 26 °C colder than
the temperature indicated by the microheater. Moreo-
ver, with a high gas flow through the nanoreactor
there is a temperature gradient along the gas channel
[59]. A review of methods for temperature calibra-
tion in in situ experiments was recently published by
Gaulandris et al. [112]. Such temperature gradients
could cause the reaction of interest to proceed with
uneven kinetics across the catalyst bed [113]. Since
MS data is averaged over the whole bed, this could
then lead to biased conclusions. Variations in local
kinetics have been already revealed at the microscale
by photoelectron electron microscopy (PEEM) [114,
115]. We would like to emphasize that new methods
are required to reproduce this work at the nanoscale.

Overall, operando experiments are uniquely suited to
investigate the structural and morphological evolution of
model catalytic systems (such as phase changes and sur-
face reconstruction) and their correlation to certain activity
regimes. Fundamental processes such as sintering, nuclea-
tion and growth are further examples of phenomena that
can be accessed with such experiments. However, reaching
robust quantitative conclusions from operando work is chal-
lenging. It requires extreme care in assessing the discrepan-
cies between model and real systems, as kinetics in gas cells
differ from that of industrial reactors.

7 Liquid Cells

MEMS-based nanoreactors for liquid phase reactions were
developed alongside closed gas cell technology [116-118].
The advent of liquid phase nanoreactors has provided a
platform to study working electrocatalysts inside the TEM
column and answer questions on the local structure and
morphology of materials relevant to energy conversion [9,
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Fig.7 Design of a modern MEMS based in situ TEM liquid cell. a
Schematic illustration of the Protochips Poseidon 500 liquid cell sys-
tem depicting the assembly of the MEMS within the tip of the in situ

28]. Liquid cells, like gas cells, use SiN, membranes strong
enough to seal the liquid from the vacuum of the TEM col-
umn, yet thin enough (<50 nm) to be transparent to the
electron beam [119].

In this section, we will briefly outline the development
of MEMS-based liquid cells, from early proposals to state-
of-the-art systems. We then focus on the applications of lig-
uid cells to the operando study of electrocatalysts. In situ
electrochemical experiments inside the TEM have provided
spatially-resolved insight into fuel cell catalysts [120] as
well as into the growth mechanisms of catalytically active
nanomaterials [121, 122]. Finally, we discuss the current
challenges that come with liquid cell experiments, with a
focus on the interactions of the electron beam with the elec-
trolyte [123]. These interactions have been used intention-
ally to induce the nucleation and growth of nanoparticles
[124]. It is worth noting here that the liquid phase is akin to
a condensed gas phase. As a result considerations for elec-
tron beam-electrolyte interactions are to a lesser extent also
relevant to gas phase reactions as well.

Liquid cells featuring SiN, windows were pioneered for
SEM [125] investigations in 2004 and TEM [116] investi-
gations in 2003. These early designs already featured the
capability to conduct electrochemical experiments, as dem-
onstrated with the galvanostatic in situ deposition of Cu
clusters. An image resolution of 5 nm with a liquid thick-
ness of 1 um was achieved. A concept based on a “sand-
wich” of two MEMS chips [121] (rather than encapsulating
the solution in one chip [116]) was later introduced. In this
study, the liquid enclosure is thinned down to 200 nm by an
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TEM holder. b SEM images of the MEMS chips used in the liquid
cell. Reproduced with permissions from [29]

indium spacer and allows for nanometer image resolution
inside the TEM [121]. A microfluidic flow system [126—128]
was then proposed, similar to the one described for MEMS-
based TEM gas cells. This allows for the introduction and
removal of solutions during experiments and facilitates cell
assembly, as the cell can now be filled in situ. In addition,
a SU-8 resist spacer was introduced. It is still present in
today’s state-of-the-art systems. With this modern cell,
the authors demonstrated the possibility to track Au NPs
in biological cells in a 10 pm thick liquid chamber with
4 nm resolution by HAADF-STEM imaging [126]. It fur-
ther shows that the high Z contrast of the HAADF detector
can be used to image across thick layers of low-Z materials
such as water. It is worth noting that the pressure difference
of one atmosphere between the inside of the liquid cell and
the vacuum of the TEM column leads to significant bulging
of the SiN, windows [129]. Thus the cell can be 2 to 3 pm
thicker in its center.

The operando capabilities of liquid phase TEM cells were
further improved by patterning the MEMS chips. Up to ten
Pt microelectrodes which can measure and apply currents
down to the pA regime were integrated [130, 131]. This
enables the detection of the electrochemical response of sin-
gle nano-objects. Multiple stimuli can be applied within the
same experiments with these electrodes, including heating,
biasing and galvanostatic control. Today, Protochips, DENS
solutions and Hummingbird offer commercial liquid cell
TEM holders and MEMS chips for quantitative operando
electrochemistry with pA sensitivity. A schematic illustra-
tion of a modern in situ TEM liquid Protochips holder and
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SEM micrographs of the corresponding MEMS chips can be
found in Fig. 7. These TEM holders have made liquid phase
(S)TEM experiments an accessible characterization tool for
functional materials. However, liquid cells are more difficult
to assemble than their gas counterparts as they use spacers
that are an order of magnitude thinner.

These thin liquid layers are necessary to minimize the
background scattering for (S)TEM imaging and to reach
higher SNR and resolutions. The state-of-the-art image reso-
lution in aqueous medium is in the range of a few nanom-
eters. Lattice resolution imaging has also been demonstrated
for the in situ growth of Pt NPs [132] in a 400 nm thick
cell with 50 nm thick SiN, windows. High resolution imag-
ing was reported as well on the same system for a 100 nm
thick cell with 10 nm thick windows [30]. A monolithic cell
design similar to that of MEMS-based gas cells has been
also proposed. It features shallow wells of fixed dimensions
which can sustain liquid pressures above one atmosphere
[133]. The authors demonstrated 0.24 nm image resolution
and showed the ability to measure the O-K edge of iron
oxide NPs in an aqueous medium. However, such thin cells
are unlikely to be replicated for operando electrochemical
investigations, as confining electrolytes introduce significant
ohmic drops [134] that have a considerable impact on elec-
trochemical measurements. Quantitative operando electro-
chemical measurements in liquid-phase TEM cells require
cells that are micrometers thick. Commercial solutions
opt for a compromise between sufficient SNR of the TEM
images and the relevance of the electrochemical measure-
ments. The technique nevertheless provides a unique oppor-
tunity to study the morphological dynamics of electrocata-
lytic processes down to the nanometer scale. Examples of
successful applications are listed in the next section.

8 Liquid Cells—Applications

Liquid cell TEM experiments have been applied to study
a range of different catalytic systems, including fuel cells
[9]. These in situ investigations complement the quasi in

"\,
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Fig.8 Application of MEMS based in situ TEM liquid phase cells

on heterogeneous catalysts. In situ facets evolution of a growing Pt
nanocube triggered by the interaction of the electron beam with the

situ workflows described earlier, which have also been pro-
posed for liquid-phase studies [135, 136]. Liquid cell elec-
trochemistry has been used for instance for the in situ study
of the oxygen reduction reaction (ORR) using Pt-Fe [120],
Pt—Pd [137] and Pt-Ni alloy NPs [138]. These studies have
demonstrated a potential stability window, the possibility to
quantify dissolution rates as a function of time and applied
potential, and have shed insight on the corrosion mecha-
nisms of carbon supports. Such insight is hardly accessible
via ex situ methods, as it can only be gathered in real time.

The oxygen evolution reaction (OER) was also inves-
tigated using operando electrochemistry in MEMS-based
liquid cells [139]. Ortiz Peiia et al. [140] directly observed
the gradual amorphization of Co;0, NPs during water oxi-
dation, showing that a-Co;0, is the active phase for the elec-
trocatalytic OER over cobalt oxide catalysts. The growth
of catalytic nanomaterials has also garnered significant
attention. Most studies take advantage of the strong elec-
tron beam-electrolyte interactions, which are used to reduce
the metallic cations inside the precursor solution and trig-
gers precipitation [30, 31, 141, 142]. This is illustrated in
Fig. 8. In these works, the dose rate controls the concentra-
tion of the reducing agents and thus the rate of reduction. As
a result it determines the rate of mass transfer towards the
growing crystals, allowing fine tuning of the growth condi-
tions [143]. Using this approach, Li et al. [132] uncovered
a distinct growth mechanism for iron hydroxide NPs. The
authors describe a mechanism where particle pairs continu-
ously rotate until a perfect lattice match is obtained, which
initiates the atom-by-atom addition.

Electron spectroscopy techniques have been also used
to study catalysts in liquid cells. Although core-loss EELS
measurements remain challenging within micrometer-thick
liquid layers, low-loss EELS [134, 144] and electron disper-
sive X-ray spectroscopy (EDS) [145] have seen promising
proofs of concept. The former is effective in probing changes
of the electronic structure of catalysts and important to cal-
culate effective thicknesses through the t/A method [129,
133, 146]. EDS on the other hand allows for the simultane-
ous mapping of multiple elements at the nanoscale in liquids.

precursor solution (viewed along the [100] axis). Reproduced with
permissions from [30]
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Resolutions as low as 10 nm have been demonstrated [145].
Images with higher resolution are achievable and have been
demonstrated in extremely thin cells that consist of liquids
that are confined within 2D materials, such as graphene or
boron nitride heterostructures [147, 148]. Those are, how-
ever, outside the scope of the present review.

9 Liquid Cells—Challenges

Although state-of-the-art setups come with the promise of
quantitative electrochemical measurements and nanometer
resolution, the reality is more nuanced. Both TEM and elec-
trochemistry measurements are still mostly limited by the
interaction of the electron beam with the liquid medium.
Irradiation induces radiolysis in the electrolyte, which pro-
duces molecular and radical products such as atomic hydro-
gen and oxygen species, as well as solvated electrons [123,
149]. The steady-state concentration of radiolysis products
was calculated by Schneider et al. (Fig. 9b). From this we
can estimate the concentration of radiolysis products that
were present in the experiment conducted by Liao et al.
which is illustrated in Fig. 8. Their reported beam den-
sity is 5% 10° A/m? or about 1.2x 10" Gy/s (according to
the approximation from De Jonge et al. [118]) and gives
[H] ~ 107°M and[OH | ~ 1073M. Such high concentrations
of radicals are significant to the reactions of interest and
they cannot be neglected. In some cases, in particular when
hydrocarbon species are involved, radicals can be stabilized
by inductive effects or the formation of resonance structures
[150]. This increases the lifetime of the radicals, which are
then more likely to react with the electrolyte or the catalyst
surface. It will also affect ongoing electrochemical meas-
urements such as cyclic voltammetry and can complicate
the interpretation of the results. Unocic et al. [29] show for
example that current profiles are offset by a few nA, if the
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Fig.9 Illustrations of phenomena to consider for in situ TEM liquid
cells studies and examples of applications on heterogeneous catalysts.
a ANSYS Maxwell static 3D electromagnetic finite element simula-
tion of the electric field distribution in the in situ ec-liquid. b Cal-
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electron beam is either on or off. This is significant given
that the electrochemical response of individual nano-objects
that are imaged can be in the order of pA, but could be dis-
missed when looking at larger systems.

Furthermore, Schneider et al. [123] showed that the
steady state concentrations of radiolysis products varies
greatly depending on the initial pH value of the electrolyte.
These products will in turn modify the pH value and trig-
ger, for instance, otherwise stable colloidal suspensions to
aggregate under the beam [124, 143, 151]. Redox potentials
also strongly depend on the pH and may be locally affected
through this mechanism. This could induce different chemi-
cal dynamics in individual irradiated NPs. Moreover, NPs
have been observed to either get etched or to grow under the
electron beam. The extent of this phenomenon depends on
the relative proportion of oxidizing or reducing radiolysis
products [123].

It has been proposed that beam effects can be dismissed
entirely if an appropriately low dose, inferior to the elec-
trolyte damage threshold, is used [134, 144]. However, it is
worth noting that this dose threshold is an order of magni-
tude higher for the carbonate solvent used in this study than
for water. It is challenging in liquid-phase TEM experiments
to keep the electron dose rate below the threshold value for
complete water decomposition, which produces H, bubbles
[152] and is detrimental to TEM imaging and mass transport
in the cell. In a recent in situ study focusing on photocata-
lytic water splitting over TiO,[153], a direct causal link is
proposed between the observation of H, bubbles and the cat-
alytic activity. This conclusion was only possible after beam
effects were dismissed thanks to rigorous control experi-
ments. If bubble formation cannot be avoided, a flow cell can
be beneficial since it accelerates the removal of irradiation
products compared to a stagnant cell. It is worth noting here
that additional mass and heat transfer is to be expected in
flow cells, thus helping mitigate the formation of gradients
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medium. Reproduced with permissions from [123, 134]
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that might appear under irradiation. In addition, the flow
could affect the motion of NPs in tracking experiments.
The factors affecting the apparent diffusion of NPs in in situ
TEM experiments were analyzed by Yesibolati et al. [129].

Lastly, the geometry of electrodes has to be considered
as well in operando electrochemical measurements. Both
the concentric [120, 154] and linear [134] electrode geom-
etries available in commercial MEMS based systems do not
create homogeneous electric fields, as illustrated in Fig. 9a.
During the electrochemical reduction of metal cations, the
nucleation or growth rates of NPs could be locally higher at
the local maxima of the electric fields, or “hot spots”. This,
alongside irradiation effects, should be carefully considered
if reliable assessments of reaction products are to be made.
Low-dose methodologies [153, 155, 156] can be used to
reduce beam effects to a minimum.

10 On SiN, Windows and Support
Interactions

Although several methodology and instrumentation papers
have been published on in situ MEMS-based cells [106,
157], only a few have specifically discussed the role of
SiN, windows, which are the cornerstones of MEMS-based
nanoreactors. In this section, we discuss why SiN, materi-
als are best for this application, their corrosion under par-
ticular operating conditions, and their role as catalyst sup-
ports when catalyst particles are directly deposited on SiN,
windows.

SiN, materials deposited by low-pressure chemical vapor
deposition (LPCVD) meet a number of criteria for gas cell
TEM windows: (i) their amorphous structure does not con-
tribute any diffraction background to TEM observations. It
is worth mentioning that in our own work SiN, has been
observed to crystallize in situ when temperatures above
800 °C are used under an oxygen-containing atmosphere.
(i) Silicon nitrides are chemically relatively inert, heat
resistant and heat conductive [58, 158]. It should be noted
that SiN, windows can in fact corrode under specific condi-
tions [159, 160], which has to be taken into account for the
planning of in situ experiments. Corrosion studies revealed
that SiN, oxidation is aided by water vapor in an oxygen
atmosphere [160]. In addition, our work has shown the cor-
rosion and breakage of the SiN, window under O, and H,
mixture at high temperature. (iii) The mechanical strength of
SiN, allows the thin windows to sustain the colossal pressure
difference that exists between the closed cell operating at
atmospheric pressure and the high vacuum of the TEM col-
umn, even at thicknesses compatible with electron transpar-
ency. There are few other material candidates that have been
tested for the design of closed cells. Attempts at using alu-
mina windows were of limited use [60]. Amorphous carbon

can be readily attacked by chemicals and does not possess
sufficient mechanical strength. Graphene on the other hand
contributes extremely little scattering background to TEM
measurements, but graphene cells are exceedingly difficult to
produce reproducibly, are of random dimensions, and do not
allow for the application of external stimuli [161]. However,
advanced 2-dimensional (2-D) heterostructures that stack
patterned flakes of boron nitride and graphene have been
proposed to build cells of total thicknesses of 30 nm or thin-
ner in a reliable manner [148]. These 2-D cells could be used
for liquid phase studies that use the electron beam as the
sole external stimulus, but not for experiments that require
heating or flowing of gases and liquids. Recently, the in situ
capability of such 2-D heterostructures has been demon-
strated for the lithiation of a graphene sheet [162], where a
bias was applied to a graphene cell. In the future, such highly
specialized devices might be tailored from 2D materials to
fit the requirements of specific experiments.

SiN, windows often act as catalyst supports, as catalyst
particles can be directly prepared on their surface [23, 24,
105]. The catalytic properties of deposited materials are
affected through support interactions [158]. Thus, an inho-
mogeneous SiN, surface could play a role in the uneven
behavior of NPs under reaction conditions as seen for
instance, in operando investigations of the morphologi-
cal evolution of Pt NPs [24]. Although further studies are
required, it can be hypothesized that some particles show
lesser activity because of different local metal-support
interactions mediated by local inhomogeneities in the SiN,
window surface. Studies of SiN, as a catalyst support have
shown that amorphous SiN, supports are detrimental to the
catalytic performance of Pt catalysts for the partial oxida-
tion of methane, as it forms a SiO, overlayer on the Pt NPs
[163]. Moreover, Pt/a-SiN, catalysts have shown catalytic
activity superior to Pt/MgO reference systems for propane
dehydrogenation which was attributed to the basic nature of
SiN,[158]. Hullman et al. [164] showed that carbon, boron
or titanium doping of the SiN, support can significantly
influence its catalytic properties. Similar support effects
could be present when other metals are used as dopants.

In the course of the development of MEMS-based cells
manufacturers and researchers have also tuned the composi-
tion of SiN, to optimize the internal tensile stress of the win-
dows [165]. This minimizes bulging and allows for higher
pressures in the nanoreactors. It has been shown that higher
silicon contents are desirable for this application [166],
i.e. compositions closer to SiN are preferred compared to
the stoichiometric Si;N,. Silicon atoms can be more eas-
ily oxidized in such silicon-rich compositions and a case
can be made for a likely oxygen or OH termination on the
surface of the windows. Santos Aires et al. [158] performed
X-ray photoelectron spectroscopy (XPS) measurements on
amorphous SiN, particles and found significant amounts of
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surface oxygen. Zaluzec et al. detected small amounts of
both O and Cl incorporated into SiN, films deposited by
LPCVD [167]. Control EELS measurements in an operando
TEM study have also revealed oxygen in SiN, membranes
[133]. Other works reported the presence of a duplex oxide
layer on CVD SiN,. The layer was found to consist of an
outer layer of silica and an inner layer of silicon oxynitride
[168].

It is our opinion that working with catalyst supports
whose metal-support interactions are better understood com-
pared to the support effects of SiN, windows leads to more
robust interpretations of the results and should be preferred.
This can be accomplished by modifying chips through the
same microfabrication techniques that are involved in the
fabrication of MEMS devices. These techniques include
optical and e-beam lithography to pattern chips with thin
film depositions from CVD techniques, such as atomic layer
deposition (ALD). Focused ion beam (FIB) patterning is
another possibility. Using such processes, MEMS chips have
already been modified with oxide layers such as Al,05[169]
that acted as catalyst support in subsequent in situ studies.

11 On Cell Thickness

Another crucial parameter for in situ TEM experiments
using MEMS based gas cells is the overall thickness of the
closed cell. Since the density of gases is almost three orders
of magnitude lower than it is for liquids, the overall thick-
ness of the cell matters most during liquid-phase experi-
ments. The thickness of the cell can be adapted quickly to
specific experimental needs by varying the thickness of
SU-8 spacers. It is worth noting here that the presence of
such organic materials in the cell has the drawback of mak-
ing carbon contamination a major problem at low operating
temperatures in gas cells. Below 200 °C, thick carbon layers
are deposited under the beam and make (S)TEM observation
impossible.

In liquid cells, the electrolyte layer significantly con-
tributes to the additional scattering background measured
in TEM images. Thinner cells are thus desirable, as they
contribute a lower background and lead to a better SNR,
which can result in high resolution images as demonstrated
by Liao et al. with a liquid layer as thin as 100 nm [30]
and 10-nm thick windows. Thinner windows (< 30 nm) are
worthwhile for thin cells, as they significantly reduce the
total scattering from the cell. Although additional bulging
is to be expected compared to thicker windows it can be
considered a good trade-off. In thick cells however, the win-
dows account for a smaller proportion of the total scattering.
Thus, thinner windows will not significantly improve the
SNR. In addition, bulging will increase liquid thickness and
will thus enhance the total scattering, which will outweigh
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the benefits of thinner windows in thick cells. Bulging has
been reported to cause cells with 10-nm thick windows to
increase from 2 to 35 um [59] inside the TEM. Thinner win-
dows are also significantly more prone to fracture than their
thicker counterparts and it is more difficult to fabricate them
reliably. They are therefore currently not offered by com-
mercial manufacturers. For gas cells, it is debatable whether
such thin windows are necessary to HR(S)TEM operation
in the first place, as atomic resolution has also been demon-
strated through 30 nm windows [77]. For liquid cells, there
are theoretical arguments for an ultimate limit in the resolu-
tion achievable in aqueous medium. It was calculated that
Angstrom resolution requires electron beam doses that are
above the radiolysis threshold of water and as such quantita-
tive high resolution TEM is not readily accessible in aqueous
environments with currently available instruments [118].

The SNR depend on the effective cell thickness including
bulging effects and on the gas density. A thorough discus-
sion of the parameters affecting TEM resolution in gas cells
is provided by Xin et al. [170]. For liquid cells, the depend-
ence of the achievable resolutions and of the contrast on
the electron dose, the dose rate and the cell thickness has
been recently reviewed by De Jonge et al. [118]. Another
phenomenon relevant to in situ TEM measurements is the
so-called top—bottom effect [170]. In TEM, the object of
interest is preferably located at the exit (bottom) surface.
This reduces the elastic blurring of the object’s exit wave.
Since elastic scattering scales with the square root of the
thickness (t'/?), resolution deteriorates noticeably as the gas
path lengths reaches 1 pm [170]. However, for objects that
are on the bottom membrane, the effect only becomes sig-
nificant when the gas path length approaches 40 pm. For
this reason, Protochips [171] for instance sells top and bot-
tom chips of different window thicknesses, in either TEM
or STEM configurations. In TEM mode specimens should
be loaded on the bottom chip, which features in that case a
thinner window. Conversely STEM operation benefits from
specimen being loaded on the top chip, again with a thinner
window, to avoid beam broadening.

12 Conclusion and Perspectives for MEMS
Based TEM Cells

In this review, we have put forward a discussion on the com-
plexity of performing operando and in situ experiments with
MEMS based nanoreactors applied to study heterogeneous
catalysts. Gas and liquid-phase in situ TEM nanoreactors
have emerged over the last decade, combining MEMS cata-
lytic microreactor technology with early closed in situ cell
approaches for the TEM and advances in MEMS microheat-
ers. The commercialization of standardized in situ TEM
cells and holders has now made the study of catalysts at
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atmospheric pressure readily accessible for electron micros-
copy laboratories around the world.

However, there remains great challenges in interpreting
in situ catalysis work conducted inside the TEM. Structural
and morphological evolutions cannot be readily linked to
catalytically relevant events unless activity can be followed
operando with mass spectrometry readings. This is neces-
sary for the study of catalytic reactions. Few groups have
published such operando TEM work so far. In our opinion
there are three possibilities to determine catalytic conver-
sion from MEMS based systems: EELS analysis [107, 172],
online MS measurements [106] or prospectively the deposi-
tion of chemical sensors next to the active species. These
chemical sensors can react with the products and the changes
in the sensors related to electronic or geometric structure
can be detected. Correlating conversion measurements is
especially important given the vast differences that exists
between industrially relevant FBRs and the in situ cells,
which lead to very different kinetics. Generally, independ-
ent measurements of the operating conditions are needed for
robust data interpretation, as chemical dynamics are strongly
dependent on all reaction parameters. It could also be use-
ful to calculate and report the chemical potentials used in
in situ works, so that experiments can be compared on that
basis. This is important since it is extremely challenging to
replicate the operating conditions of another setup.

For example, studies have shown that significant tempera-
ture gradients inside a gas cell can exists and that operating
temperature differs from the nominal one [91]. Similarly,
the operating pressure could be checked operando to assess
whether there are unaccounted pressure drops. Piezoelec-
tric MEMS pressure sensors [173] could be integrated into
existing in situ TEM systems for that purpose. pH sensors
could be built in liquid cell chips for reference experiments
as well, although such technology is not yet readily avail-
able to our knowledge [174]. For reactions such as ammonia
synthesis that operate at pressures above 50 bars, a pressure
gap remains for in situ work. Although alternative high pres-
sure gas cell designs have been proposed, they have to our
knowledge not been used in complete catalysis studies and
have stayed proofs of concept. It is also unclear whether
TEM observations of satisfactory SNR could be acquired
with the higher background that would come with higher
pressures. Thus guasi in situ workflows remain the method
of choice reactions operating at such high pressures.

In liquid cells, electron beam-electrolyte interactions are
paramount to in situ TEM studies and need to be carefully
taken into account. Radiolysis products affect both TEM
observations (bubble formation) and electrochemical meas-
urements, and modify the pH value in aqueous medium.
It can thus be difficult to discern the phenomena of inter-
est from beam-induced phenomena, and rigorous control
experiments are needed. Irradiation can accelerate sintering,

reconstruction, or other chemical reactions in nanocatalyst
systems, both in the gas and liquid phases. The chemistry of
radical species produced by radiolysis with the environment
should be carefully considered. The case of oxygen species
may serve as an example. Each oxygen molecule can react
stepwise with four electrons and form three different radi-
cal compounds that correspond to different redox potentials,
which are presented Table 1. Such species can be chemically
reductive (O,7) or oxidative. This Janus-type behavior of
the reactivity of activated oxygen molecules makes beam-
induced chemistry a complex matter, and data interpretation
of in situ data even more so.

Furthermore, TEM imaging is a very local technique. It
is thus desirable to correlate TEM observations with other
characterization techniques for robust interpretations, as
done in the joint in situ STXM and TEM experiments dis-
cussed earlier in this article. Combining in situ or guasi in
situ TEM results, which generally cover a few nanopatrticles,
with environmental scanning electron microscopy (ESEM)
for instance would allow one to correlate time-resolved
measurements at different length scales. It is also desirable
to conduct operando TEM analyses of catalysts at different
pressures to meet the pressure limitations of all complemen-
tary techniques, such as ESEM or X-ray spectroscopy. Auto-
mated data analysis methods are also needed to translate
visual observables into easy-to-read data representations for
non-electron microscopy experts and foster collaborations.

Ideally, in situ TEM experiments would enable research-
ers to observe individual conversion events at active sites.
However, active sites cannot be imaged with the temporal
resolution of current differentially pumped TEMs, as they
are continuously produced and destroyed on the surface of
heterogeneous catalysts with lifetimes in the picoseconds
[176]. Observing active site is made even more difficult by
the fact that they are randomly distributed over the surface
of particles, owing to the fact that their creation depend on
local chemical potentials. In addition, the ratio of active to
inactive surface sites is low, making a potential detection of
active sites extremely challenging. Moreover, it is question-
able whether active sites could reliably be identified during
operando TEM experiments in the first place, as that would
require electron beam effects and catalytic phenomena to be
completely disentangled. This would be extremely difficult

Table 1 Redox potentials of selected oxygen species derived from the
liquid phase at pH 7 [175]

Reduced species Oxidized spe- Redox potential [V]

cies
O, (superoxide radical) 0, -0.33
0,7 (peroxide anion) 0, +0.281
2 0%~ (oxide anion) 0, +0.815
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given the high electron doses involved in high resolution
TEM imaging, and the fact that the surface of a working
catalyst is metastable, and thus prone to irradiation damage.

All in all, TEM nanoreactors have emerged to be a ubiqui-
tous characterization tool in heterogeneous catalysis. Future
operando work will greatly contribute to shed light on struc-
ture—property relationships and chemical dynamics, which
are helping to take catalyst design towards knowledge-based
tailoring, departing from common empirical approaches.
The initial question of this article, “quo vadis MEMS?” for
catalysis needs to be tackled in an interdisciplinary envi-
ronment involving suppliers, material scientists, electron
microscopists and catalysis researchers. Such a collabo-
ration is necessary to develop the future of MEMS-based
nanoreactors.
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