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ABSTRACT: We present a versatile grid reactor setup for transmission electron microscopy (TEM),
which allows to track catalytic conversion on TEM amounts of sample. It is based on the concept of
decoupling catalytic gas-phase reactions from the structural analysis of identical particles. The system
has superior properties in terms of image resolution and long-term measurements compared to
conventional in situ TEM analysis. It allows for monitoring catalytic conversions on a TEM grid by
proton-transfer reaction mass spectrometry and then characterize it by TEM. In addition, identical
location imaging benefits from a secure transfer of the sample between TEM and the reactor system by
vacuum transfer holders. Using Pt and Cu/ZnO/Al2O3 as an example we show that structural changes of
identical particles or areas of a Pt foil before and after reactive experiments can be tracked. During
catalytic testing the samples are exposed to homogeneous reaction conditions. The concept minimizes
electron-sample and electron-atmosphere interactions and can prospectively be considered as

complementary tool to in situ TEM analysis.
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INTRODUCTION.

Heterogeneous catalysis is considered to be one of the most promising technologies for prospective
energy storage.[1-2] To tailor catalyst systems for such specific applications the evolution of the active
phases under a given chemical potential and their impact on catalytic conversion has to be understood.
A pre-requisite for harvesting details on relevant structural dynamics is the investigation of catalytic
systems at relevant reaction conditions (i.e. gaseous environment, temperature, pressure), which also
includes the detection of catalytic conversion.[3] These requirements can be met by spectroscopic and
electron microscopic techniques.[4-8] Gas-phase induced changes can for instance be tracked by in situ
spectroscopic analysis, such as infra-red (IR), Raman or X-ray photoelectron spectroscopy (XPS).[9-11]
In combination with theoretical modelling, these techniques can deliver integral information of
compositional alterations, surface species and oxidation states.[12-13] Those analytical methods,
however, average over the whole sample and, thus, local alterations and/or important defects, and

surface states may be overlooked.

Local geometric and electronic information can be obtained by ex situ and in situ transmission electron
microscopy (TEM).[14-19] In ex situ TEM experiments, samples are analyzed after removal from the
catalytic reactor using the optimal TEM resolution and are compared with the structure of as-
synthesized samples. This ex situ approach neglects the position of the investigated catalyst particles in
the reactor, whose surface structures may be biased by location-dependent modifications of the gas

composition and/or temperature gradients.[20-21] Due to these inhomogeneities, extrapolation of the



observed local surface structure to the whole catalyst system may not reflect the state of the complete
catalyst batch inside the reactor. In addition, during exposure to ambient air, hydration phenomena may

occur that alter the structure of the surface.

The concept of in situ TEM is long-rooted in electron microscopic science.[22-24] Currently, two kinds
of in situ TEM set-ups are commonly used: (1) environmental and (2) gas-cell holders.[7, 16, 19, 25-26]
In the former set-up, gas is introduced directly into the octagon region of the TEM. Owing to electron
scattering events at the gaseous atmosphere and vacuum requirements for a TEM to work the pressure
of the gas is limited to approximately 10 mbar. For the latter set-up, the sample is sandwiched between
two microelectromechanical system (MEMS) chips, which are equipped with electron transparent
windows. Those systems can be applied in a broad fields of research, which ranges from heterogeneous
catalysis, electrocatalysis, to biochemistry, inorganic chemistry and engineering.[7, 27-32] In situ TEM
delivers valuable insights into sample-gas and sample-liquid interactions, or mechanical stabilities. Gas
cell holders can be operated at ambient pressure. However, data interpretation of in situ experiments

may be limited by lower resolution and electron-matter interactions.

To link the advantages of ex situ with in situ TEM analysis, the quasi in situ approach was
developed.[33-34] Quasi in situ TEM is defined as the repeated exposure of the same specific sample to
relevant as well as homogeneous reaction conditions outside the TEM and characterization in the
TEM.[35] The concept of quasi in situ TEM has already been exploited, for instance, in the
electrochemical degradation of Pt/C systems and in corrosion studies of AA2024-T3 alloys.[35-36]
Changes of the particles were monitored by identical location imaging (ILI).[36-37] In addition, a
controlled environment TEM holder has been recently introduced, which allows for sample transfer

between different analytical tools under the same environment.[34]



Here, we present a quasi in Situ setup as general tool to study catalytic gas-phase reactions on a TEM
grid under relevant and homogeneous conditions. The reactor setup decouples catalysis and analysis.
The system operates at elevated temperatures and allows the detection of catalytic conversion. A
sophisticated transfer procedure is established to transport the TEM grid without exposure to ambient
air. The proof of working principle is demonstrated here with CO oxidation over different Pt compounds

and the reductive activation of Cu/ZnO/Al20Os3 catalyst for methanol synthesis.

MATERIALS AND METHODS.

Figure 1a shows a photograph of the quasi in situ TEM grid reactor. It is composed of three CF-16 parts
that are sealed by inert Au coated Cu gaskets and can be operated at ambient pressure. The reactor was
passivated either by silylation (Silkotec) or Au coating. Technical drawings of the top part of the TEM
grid reactor at different orientations are presented in Figure 1b. The middle CF-16 flange exhibits a
sealable feed-through for one thermocouple (type K). The thermocouple is mounted in an electrically
conductive Si-infiltrated SiC (Si/SiC) sample holder and touches the bottom of the TEM grid (Figure
Ic). The TEM grid is fixed in the cavity of the Si/SiC sample holder by Au coated Cu clamp rings
(Figure 1¢). The Si/SiC sample holder is screwed on an Au coated stainless steel holder, which is placed
on top of a CF-16 fused-silica window (MDC Vacuum Ltd.). The fused-silica window exhibits high
transparency for red and infrared (IR) light (Figure 1c). Passive heating of the TEM grid is
accomplished by the Si/SiC holder, which is exposed to an IR laser light (A=800 nm, Limo) from the
bottom. The laser light ensures temperatures up to 500°C. Owing to the small sample quantity (<60 pg)
and high power of the laser a fast heating and rapid cooling (quenching) can be realized. As shown in
Figure la the gas in- and outlet are composed of Swagelok tubes and nuts (1/8”, 1/16”). The reactor is
connected via Swagelok quick connectors of the QM series to the gas feeding line. Figure 2 depicts a

schematic drawing of the TEM grid reactor in which the gas flow is indicated. Additional Reynolds
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number calculations (Figure S1, assumptions: flow=20 ml/min; p=1bar; T=25°C; 200°C, medium: air)
imply a laminar gas flow to the sample. This indicates homogeneous reaction conditions over the entire

sample.

@ 1.6 x 160

Figure 1. The quasi in situ TEM grid reactor. (a) Photograph of the TEM grid reactor. (b) Technical
drawing of the side view of the gas in- and outlet of the top part of the TEM grid reactor. Dimensions
are given in mm. (c) Detailed photographs of the bottom and center flanges of the TEM grid reactor: (1)
Au coated CF-16 flange with fused silica window, (2) Au coated Cu gasket, (3) Si/SiC crucible with
cavity for a TEM grid and slot for the thermocouple (white arrow) mounted on an annular Au coated

stainless steel holding device, which is placed on top of the fused silica window sample, (4) modified



center CF-16 flange, (5) feedthrough for thermocouple, (6) thermocouple, and (7) clamp ring for fixing

the TEM grid in the Si/SiC crucible.

At the outlet, a proton-transfer mass spectrometer (PTR-MS, Ionicon) is placed to detect the conversion
of the catalytic reaction. TEM images were recorded on a Cs corrected FEI Titan 80-300 at an
acceleration voltage of 300kV and on a double corrected JEOL ARM 200F at an acceleration voltage of
200 kV. GATAN vacuum transfer holders (single tilt 648 and VTST4006) were used for sample
transfer. Energy dispersive X-ray (EDX) spectrometry was recorded on a Philipps CM FEG 200

equipped with a Genesis 4000 EDX detector.

250 pm thick Pt foils (99.9999) were purchased from Goodfellow. A round, self-supporting sample with
3 mm diameter, which matches the diameter of the TEM grid holder, was stamped out the foil before
catalytic testing. The center of the foil was thinned by mechanical grinding to obtain electron
transparent parts. Pt nanoparticles were prepared by vapor deposition onto silica coated Si3sN4 windows
(15 nm, Norcada). Cu/ZnO/Al203 catalysts were synthesized as reported previously.[38] If applicable
prior to TEM imaging the Pt samples were plasma cleaned in Oz or O2-Ar plasma up to 30s. In addition,
the Pt samples and the reactor were pre-treated before the catalytic reaction in a N2 flow at reaction
temperature until the PTR-TOF signal was stabilized at the background level in order to identify and

remove possible contamination.
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Figure 2. Schematic drawing of the interior of the assembled TEM grid reactor and indicated gas flow
directions. The gas flows over the sample (green arrow), reacts and migrates to the sides (cyan arrows),
moves to the top and can penetrate the chamber through the holes (blue arrows). A larger tube that hosts

the smaller inlet tube allows the gas to leave the reactor (inset).

RESULTS.
Conversion Detection

For catalytic reactions, which happen on a TEM grid, very low conversions can be expected. To
overcome this detection limitation a PTR-MS is used. The PTR-MS is very sensitive and allows the
detection of volatile species in the low parts per trillion (pptv) regime.[39-40] The absence of electron
ionization is the key for its selectivity. Ionization is usually accompanied by a high-energy impact on
the analyte, which subsequently leads to undesired fragmentation that lowers the sensitivity. In PTR-
MS, the ionization is initiated by energetic soft proton transfer from in situ generated hydronium cations

to the analyte. A prerequisite for the detection of the volatile molecule is usually a higher proton affinity
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(PA) of the analyte compared to water (PA=7.2 eV). However, if gases have to be detected that have a
lower proton affinity than water, for instance CO2 (PA=5.6 eV), an additional energy of 1.6 eV can be
applied to shift the reaction towards protonated CO2 (CO2H"). The energetic boost can be obtained by
fine tuning the voltages at the end of the drift tube.[41] Note, the PA of CO (PA=6.2 V) is higher than

the one for COa.

Temperature Calibration and Wall Reactivity

The temperature of the TEM grid reactor was calibrated by thermal decomposition of carbonates (Figure
3a). Lead carbonate (PbCO3) was used as carbonate source. PbCO3; decomposes in three distinct steps at
temperatures below 400°C to PbO.[42] These three steps which arise at 248°C, 293°C, and 343°C can
also be observed in thermogravimetric reference measurements (TGA, Ar atmosphere, Figure 3a, top)
and their corresponding 1% derivative (Figure 3a, middle). During the thermal decomposition of PbCO3
using the TEM grid reactor setup the CO: traces of the PTR-MS (Figure 3a, bottom) a shoulder at lower
temperatures and two sharp peaks at 310°C and 360°C, which can be correlated to the 1% derivative of
the TGA signal. The differences in the peak shape can be attributed to the different reaction geometries
of the TGA setup and the TEM grid reactor. The shift to higher temperatures in the PTR-MS CO2 traces
may be attributed to the cooling of the low amount of sample by a relatively high flow of N2 and/or an

increased response time of the PTR-MS as a consequence of a large reactor-MS distance.
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Figure 3. (a) Temperature calibration of the TEM grid reactor: TGA signal (top), 1st derivative of the

TGA signal (middle) and PTR-MS signal (bottom) as obtained from the thermal decomposition of

PbCOs in inert atmosphere recorded with a heating rate of 10°C/min. (b) EDX measurements of Pd@Si

wavers, which were placed in the TEM grid reactor during CO oxidation: (top) before and (bottom)

after inertization. The Cu signal can be attributed to the TEM holder.

Catalytic Test Reaction

CO oxidation was chosen as a catalytic test reaction since this reaction requires very clean and inert
reactors. This is of particular importance due to the low amount of catalysts, which is usually deposited
on the TEM grid. The presence of hydrocarbons, dust impurities and/or reactive walls can increase the
CO: signal. In addition, CO forms volatile carbonyl species with Ni (Mond Process)[43] and Fe
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(Carbonyl Iron) even at room temperature.[44] These volatile carbonyls decompose at temperatures
above 200°C[45-46] at the sample as evidenced by the blue interference pattern and the energy
dispersive X-ray spectra, which are presented in Figure 3b, top. To avoid the formation and deposition
of volatile Ni and/or Fe carbonyls a carbonyl trap filled with SiC particles was placed in front of the
reactor and heated to 250°C. After the carbonyl trap Cu tubes were used and all reactive stainless steel
parts, including the thermocouple, inside the reactor were coated with a macroscopic Au layer, which is
inactive in the CO oxidation.[47] After this passivation step, no Ni and/or Fe species were identified on

the sample as indicated by EDX measurements (Figure 3b, bottom).

Catalytic Oscillations

Figure 4a shows PTR-MS CO and CO: traces of a polycrystalline Pt foil (diameter: 3mm), which was
exposed to CO oxidation conditions (CO:02=1:5) in the TEM grid reactor. The reaction of CO and O:
over Pt foils has a long history in heterogeneous catalysis research[48] and was tracked in the
temperature regime up to 450°C using heating and cooling rates of 10 and 2°C/min, respectively. Above
250°C the formation of CO2 was detected, while the CO signal decreased. The relatively high onset
temperature might be attributed to the low sensitivity of the PTR-MS for CO2 (approx. 100 ppm). In
addition, a high weight hourly space velocity can reduce the conversion which may also contribute to
the higher onset temperature. In fact, higher onset temperatures are not surprising for TEM amounts of
sample and have also been reported previously for TEM nanoreactors.[7] During fast heating
(10°C/min) weak oscillations were observed in the temperature regime between 290°C and 310°C
(Figure 4b). Upon slow cooling (2°C/min) strong oscillations were detected in the temperature interval
between 320°C and 290°C (Figure 4c). The periodicity and the amplitude of the oscillations increase
with a decrease of the temperature which is in line with previous results.[49-50] As opposed to previous

measurements[51], an exponential correlation of the oscillation periodicity and temperature was found
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(Figure 4d). The higher oscillations temperature compared to previous studies on polycrystalline Pt foils
may stem from the relatively high CO partial pressure. The increase in the CO partial pressure shifts the
oscillatory region to higher temperatures.[50] Such oscillations are common for platinoids in CO
oxidation and may originate at pressures above 1 mbar from an interchanging between metallic and
oxidic surfaces states.[52] CO exhibits high adsorption energies for metal surfaces, which generates
smoothed surfaces states. After conversion of CO to CO2, the CO partial pressure decreases and the
excess oxygen initiates the formation of rough oxidic surfaces. This may enhance the reaction velocity.
Roughening, however, energetically favors metallic surfaces, which are less active. The decrease of the
reaction rate ensures an accumulation of CO on smoothed surfaces. This model[52] theoretically
predicted a strong temperature dependency of the oscillations, with higher temperatures leading to much
shorter periods. Corresponding TEM images of the Pt foil of identical locations before and after CO

oxidation demonstrate the changes in the morphology of the surface and are presented in Figure S2.
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Figure 4: CO Oxidation of a Pt foil in the TEM grid reactor: (a) PTR-MS traces of CO and CO2; (b)
magnified excerpt of the heating curve taken from the cyan region in (a); (c) close up of the yellow
region from the cooling curve; (d) oscillation period versus cooling temperature. Conditions: N2: 13.62

ml/min, O2: 1.15 ml/min, CO: 0.23 ml/min, heating rate: 10°C/min, cooling rate: 2°C/min.

Identical Location Imaging (ILI)

The morphological changes accompanying CO oxidation were investigated in further detail (Figure 5)
using Pt nanoparticles. A light-off curve of Pt nanoparticles is presented in Figure 5a. The exposure of
pristine SisN4 TEM grids to CO oxidation conditions evidences no catalytic conversion (Figure 5a,
black curve) in the measured temperature regime, which demonstrates the inertness and cleanliness of
the reactor setup. After the deposition of Pt nanoparticles on the TEM grid an increase of the COz traces

(Figure 5a, green curve), which is accompanied by a decrease of the CO signal (Figure Sa, red curve), is
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detected by the PTR-MS at temperatures above 200°C. After quenching the reaction, identical Pt
nanoparticles were reinvestigated in the TEM. A detailed particle size distribution analysis (Figure 5b)
suggests the transformation of spherical to more anisotropic particles. Figure Sc displays TEM images
recorded at identical locations before (top) and after (bottom) the catalytic reaction. The images
demonstrate the mobility of individual nanoparticles during the prevailing time of the catalytic reaction,

which can be expressed by rotation, migration and reshaping.
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Figure 5. Identical location imaging of Pt nanoparticle in CO Oxidation: (a) PTR-MS traces and (b)
statistical analysis of morphological changes of Pt nanoparticles before (red) and after (blue) CO
oxidation. (c) Identical location imaging of Pt nanoparticles before (top) and after (bottom) CO

oxidation. Colored contours highlight nanoparticles or nanoparticles arrangements that demonstrate
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pronounced structural changes or shifts. Conditions: CO:02:N>=1:5:60, ramp: 10°C/min,

flow: 15 ml/min.

Sample Transfer and High Resolution Imaging

As shown in Figure 6a-c the quasi in situ reshaping of nanoparticles can be tracked even at atomic
resolution. Owing to the small volume of the TEM grid reactor the catalytic reaction can be instantly
quenched at any time by simply switching off the laser. Thus, individual steps of restructuring can be
imaged. The observed minute changes can be assigned to chemical potential induced structural adaption
which can take place already at the early stages of CO oxidation (Figure 5c and 6a-c). In addition, the Pt
nanoparticle highlighted in Figure 6¢ shows a 110 termination. In particular, this surface termination is
prone for chemical potential induced reconstruction during CO oxidation. It has been demonstrated that
after passing a certain threshold of CO consumption the remaining oxygen excess at the surface induces
structural faceting of the termination.[7] As we performed ILI at low conversion and stoichiometric feed
mixture (Figure S3) where still sufficient CO remains in the feed no changes of the 110 termination

were observed.

In addition, often post-catalytic contact to ambient air may cause changes to the samples, which can be
expressed by oxidation, hydration and/or electronic structure alterations. Therefore, a secure transfer
system was established to avoid exposure to ambient air during transport of the sample from the TEM
grid reactor to the TEM and back. The transfer system involves the use of automatic and hermetical
sealed quick connectors mounted at the inlet and outlet of the reactor, the transient storage and transfer
into an Ar-containing inert glove box and the use of vacuum transfer holders.[33] Imaging the
Cu/ZnO/AL203 catalyst for methanol synthesis after reductive activation in hydrogen atmosphere at
ambient pressure may act as an example. During this activation period the Cu** moieties, which are

homogeneously distributed in the solid zincian malachite solution start to form individual, metallic Cu
14



nanoparticles. These in situ generated Cu nanoparticles are supported and, due to the occurrence of
strong metal support interaction (SMSI), embedded by a ZnO overlayer.[18] Cu, however, is very
sensitive to oxygen and immediately oxidizes even at room temperature at low oxygen partial
pressure.[54-55] Figure 6d shows a high resolution TEM image of zincian malachite reduced in the
TEM grid reactor at 350°C. The sample was securely transferred via the outlined transfer system. Fast
Fourier Transform (FFT) analysis evidences the presence of metallic Cu nanoparticle, which is

embedded by an amorphous ZnO layer. The absence of the graphite-like structure of the ZnO overlayer

can be attributed to the higher reduction temperature.

Figure 6. High resolution TEM images of Pt nanoparticles before (a) and after (b,c) CO oxidation
(conditions: CO:02:N2=2:1:60, ramp: 10°C/min, flow: 15 ml/min). (c) Magnified region of the Figure
6b, the Fast Fourier analysis (FFT, inset (c, bottom) was recorded from the blue highlighted Pt
nanoparticle. (d) Inert sample transfer: high resolution TEM image of reduced Cu/ZnO/Al203 activated
in hydrogen atmosphere at 350°C (conditions: H2/N2 =1/19, heating rate: 10°C/min, dwell time: 2 h,

flow: 10 ml/min); red: Cu and yellow: ZnO.

DISCUSSION AND CONCLUSION.

As shown above, the presented TEM grid reactor allows the visual investigation of morphological

changes of identical catalyst particles under quasi in situ conditions, i.e. decoupling the catalytic gas-
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phase reaction and TEM analysis. The system allows the detection of conversion of TEM amounts of
sample and is robust to withstand different conditions and gas mixtures, ranging from reductive to
oxidative. In addition, the different samples, which were investigated, display the broad versatility of
this concept. The possibility to detect oscillation phenomena further indicates the fast response and read

out time of the PTR-MS and shows the capability of our system to track kinetic phenomena.

Compared to usual imaging of random locations of materials that exhibit a statistical uncertainty, quasi
in situ TEM imaging provides direct insight into the studied events. Quasi in situ TEM characterization
features relevant, homogeneous reaction, and well-defined flow conditions for all catalyst particles and
high-resolution TEM imaging. The introduced transfer system (reactor <> glove box <> vacuum transfer
holder <> TEM) allows a secure sample transfer and the avoidance of moisture and air-induced surface
changes. In addition, the impact of the electron beam during the catalytic reaction, which is expressed
by electron-sample and/or electron-gas interactions, can be minimalized by this concept. The
minimization of the electron impact is of particular importance in heterogeneous catalysis. Usually,
solid catalyst systems are highly energetic, metastable materials, which geometrically and/or
electronically transform even by small external energy stimuli. In addition, gases may form reactive
radical species while interacting with the electron beam and may, therefore, contribute to irrelevant
catalytic conversion and/or structural changes. The TEM grid reactor concept may be limited by the
absence of real-time information and may be prone to cooling and transfer artifacts, as well as wall
reactions. As we have shown above, the latter can be avoided by careful passivating the inner parts of
the reactor. Furthermore, the examination of thermal and gas phase induced alterations of nanoparticles

requires suitable TEM supports, which are stable and non-reactive under the applied conditions.

Prospectively, the quasi in situ approach may complement ex situ and in situ TEM analysis in

heterogeneous catalysis linking relevant reaction conditions, high resolution imaging, and detectable
16



conversion with real time imaging. A relevant, overall and visual picture of structural alterations during
heterogeneous catalysis can only be obtained, if quasi in situ and in situ TEM are applied on the same
sample and the same conditions in a comprehensive fashion. Heterogeneous catalyst can be best
compared, when they operate under steady state conditions. Thus, in particular for catalytic systems, for
which the development of the steady state regime is a long-lasting process, the TEM grid reactor setup

will be beneficial. The methanol synthesis over Cu/ZnO/Al2Os3 catalysts may act as example.[17]
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