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Abstract

Dynamic restructuring of silver catalysts during the industrial conversion of methanol
to formaldehyde leads to surface faceting and pinhole formation. Subsequent sintering
under reaction conditions, followed by increased pressure drop and decreased catalyst
activity requires catalyst bed replacement after several months of operation. This
necessitates a comprehensive understanding of the bulk catalyst restructuring under
exposure to different gas environments. In this work, Ag restructuring was studied at
elevated temperatures under different reactive and inert gas environments. Bubble
formation within catalysts of 5-8 um thickness was visualized in real-time using in situ
X-ray ptychography. Stepwise heating up to 650 °C in combination with imaging was
used to determine the effect of temperature on silver restructuring. Dynamic changes
within the catalyst were further quantified in terms of relative changes in mass on
selected regions at a constant temperature of 500 °C. Quantitative assessment of
dynamic changes in the catalyst resulting from bubble growth and movement revealed
the influence of temperature, time, and gas environment on the degree of restructuring.
Post-mortem scanning electron microscopy with energy-dispersive X-ray spectroscopy
mapping confirmed the redistribution of material as a consequence of bubble rupture
and collapse. The formation of pores and cavities under different gas environments
was additionally confirmed using a fixed bed reactor, and subsequent examination
using focused-ion beam milling, providing detailed analysis of the surface structure.
This study demonstrates the unique advantage of correlative hard X-ray and electron
microscopy for quantitative morphological studies of industrial catalysts.
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1. Introduction

The industrial catalytic conversion of methanol to formaldehyde is important due to the
broad usage of formaldehyde in various sectors such as automotive, pharmaceuticals,
construction, and cosmetics.’? High-temperature methanol conversion over
unsupported, polycrystalline silver (Ag) at temperatures around 600-720 °C and under
atmospheric pressures accounts for around 50% of industrial formaldehyde
production.’? Under reaction conditions, the Ag catalyst experiences surface faceting,
formation of dynamic pinhole-like surface pores, and subsequent sintering. This results
in increased pressure drop over time, leading to a decrease in catalyst activity and
replacement of the catalyst bed typically after 6-12 months of industrial operation.'#
Despite the morphological issues accompanying the Ag catalyst, its non-toxic nature,
high catalytic activity, and low costs have led to its widespread usage.

The overall catalytic reaction process over Ag involves a feed mixture of methanol
vapor, steam, and air. Two different reaction pathways have been proposed for the
conversion of methanol to formaldehyde: 1) endothermic dehydrogenation (Eq. (1)),
and 2) exothermic partial oxidation (Eqg. (2)). An overview of the proposed reaction
network has been discussed using Eq. (1)-(9).% It has been well-established that the
presence of oxygen is essential for both formaldehyde production routes (Eq. (1)-(2)),
either as adsorbed O, species or in gas phase, respectively.®¢-8 Oxygen also plays a
key role in facilitating side reactions such as Eq. (3) and Eq. (5)-(8). Primary non-
selective industrial byproducts in the reactor off-gas include H,, H,O and CO, (Eq. 1-
9).1%9 Hence, to mitigate the formation of carbon byproducts and improve the
selectivity of formaldehyde, it is essential to minimize side-reactions. This refers both
to homogeneous gas phase reactions, as well as surface oxygen routes to CO,
formation, both of which may be relevant.

CH30H(9)&>)CH20(g) + Hpgy AH = +84% D
CH30H (4 +%02—>CH20(9) + H;0(y) 4AH = —159ﬂ 2)
mol
CH30H 4 + ;02%602(9) + 2H;0(4) AH = —676ﬂ 3)
mol
CH30H —~CO0 g + 2Hyyy AH = +91£ 4)
mol
CH30(g) + 0,-C03(y) + H0(yy AH =-519 ﬁ (5)
mol
CH304) + %02—>C02(9) + Hpgy 4H =271 ﬂ (6)
mol
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During the methanol conversion process, the nature of active sites and the changes in
Ag morphology are still debated. Formation of facets and etch pits are prevalent at
temperatures above the Tammann temperature (370 °C), accompanied by the high
mobility of Ag. Continuous opening and closing of surface pores have been observed
under reaction conditions. This resultant pinhole formation was found to correlate with
formaldehyde productions.’® Comprehending catalyst restructuring during Eq. (1)-(9)
is therefore crucial for understanding catalyst behavior and properties under reaction
conditions. Environmental scanning electron microscopy (ESEM) of the catalyst
surface under different gas environments, such as O,, water vapor, and methanol,
showed the initiation of surface pinholes in the form of hill-like nodules near defect
sites.’0-12 Additionally, catalyst restructuring and formaldehyde formation has been
directly linked to the formation of interstitial O species (denoted by Og) influenced by
the presence of surface defects and edge structures.5>'2-'4 A similar influence of
interstitial O species is also observed during industrial ethylene epoxidation, another
reaction that occurs on the Ag catalyst.’® The interstitial O species result in formation
of Ag(111)-terminated islands, which further promote strongly chemisorbed O species
(denoted by Oy) in the catalyst.’>® This interaction of Ag with O, results in the
formation of Ag' sites. It has been proposed that the stabilization of molecular oxygen
on these Agd' sites yields Ag' and Ag"' species. Methanol conversion has been
suggested to occur on such modified Ag sites using in situ Raman microscopy.'’ It has
been hypothesized that reactions between subsurface hydroxyl species or reactions
between Og species and H, can form water in the bulk Ag. Accumulation of this water
generates hydrostatic pressure inside gas-filled bubbles within the catalyst.'®19
Eruption of these gas bubbles and subsequent hydrostatic pressure release at the
surface is assumed to result in formation of dynamic surface pinholes. The lack of
subsurface hydroxyl species observed using spectroscopy and microscopy with
Raman effect suggested subsequent removal of water upon surface explosion.1218
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While the morphological changes in Ag have been intensively studied in the literature
using surface studies, the relationship between the bulk catalyst restructuring and the
different gas environments during methanol conversion has not been thoroughly
investigated. Recent reactor studies and post-mortem scanning electron microscopy
(SEM) characterization revealed the influence of high reaction temperatures on the Ag
morphology, with different extents of faceting and pinhole formation under oxygen-
containing atmospheres.5 However, electron microscopy still may not represent the
bulk catalyst changes since it is primarily restricted to the surface (SEM) or requires
preparation of nm scale subvolumes (e.g. for transmission electron microscopy

3


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cy00770k

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 26 August 2024. Downloaded on 8/27/2024 8:23:00 AM.

(cc)

Catalysis Science & Technology Page 4 of 26

(TEM)). In situ electron microscopy, such as ESEM, investigates surface restructuring:s 7iie
under model reaction conditions, and cannot reveal the full structural changes
experienced by the bulk of the catalyst.’18 In contrast, the high-penetration depth of
X-rays offers the advantage of spatially-resolved non-invasive studies of technical
samples, which can be readily combined with in situ exposures. This fosters an in-
depth investigation of physicochemical changes without being restricted to the
surface.?02" Recent efforts in this context have led to the development of in situ X-ray
microscopy cells for use at synchrotron radiation sources, many of which use micro-
electromechanical systems (MEMS) based TEM chips,?=2% to perform experiments
under industrially relevant conditions. Of currently available X-ray imaging methods, X-
ray ptychography (also known as scanning coherent diffraction imaging) has
consistently shown potential for high-resolution physicochemical studies of extended
samples, even with in situ measurements.2627 X-ray ptychography is sensitive to the
local electron density of the sample,?® allowing for imaging of materials with enhanced
contrast, which is particularly useful in studying porous systems.29:30

In this study, we utilize in situ 2D X-ray ptychography and correlative post-mortem
electron microscopy to study the restructuring of Ag catalysts treated under various
model gas environments. /n situ morphological changes in the Ag catalyst were
observed under industrially relevant conditions (ambient pressure and elevated
temperatures up to 650 °C) using a MEMS-based nanoreactor (Figure 1). A spatially-
resolved study was facilitated using correlative in situ hard X-ray ptychography as a
function of time and temperature to probe the initiation and progress of catalyst
restructuring. Post-mortem SEM with energy-dispersive X-ray spectroscopy (EDX)
mapping was employed to understand the observed redistribution of material after
exposure of catalysts to reaction environments. Here, real-time study of Ag catalysts
at technically relevant length scales, supported by visual and quantitative
determination of these dynamic changes in the catalyst under a controlled environment
was possible exclusively due to X-ray microscopy with synchrotron radiation.
Additional catalyst studies in a laboratory-scale tubular reactor were performed to
correlate the Ag restructuring observed in the nanoreactor to a regular reaction
environment, thereby excluding other factors such as X-ray beam-induced changes or
limited and unrepresentative sample volumes. This approach complements
established methods, such as electron microscopy, and can be further extended to
monitor industrial catalysts under reaction conditions.
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Figure 1: In situ nanoreactor a) implemented for use at synchrotron radiation sources,
showing b) heating spiral (left) and zoomed-in view of the sample mounting region
(right). ¢) Ptychographic projections (grayscale) of a fresh sample (top) mounted on a
MEMS-based TEM chip, and a treated sample (bottom) illustrate changes in Ag
catalyst morphology after exposure to elevated temperatures under different gas
environments at atmospheric pressure in the nanoreactor.
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All samples used in this study were supplied by K. A. Rasmussen AS (Hamar, Norway).
High purity (>99.99%) crystalline Ag particles with diameters in the range of 0.15 to
0.30 mm were used for in situ X-ray ptychography studies. Three irregularly shaped
specimens studied at the P06 beamline, PETRA lll, were prepared using a Helios G4
focused ion beam scanning electron microscope (FIB-SEM, Thermo Fisher Scientific,
US). A particle edge with thickness < 5 ym was fastened to the lift-out needle, and
subsequently mounted covering the circular silicon nitride window (as shown in Figure
1b,c) of the MEMS chips (DENSSolutions B.V., Delft, Netherlands) by the ion-beam-
induced deposition of Pt. For the experiment at the NanoMAX beamline, MAX IV
Laboratory, FIB milling using a Ga-ion source Nova NanoLab 600 DualBeam FIB/SEM
(Thermo Fisher Scientific, US), and subsequent lift-out using an Omniprobe
micromanipulator, was performed to mount specimens. A selected region of interest
was cut out of the Ag particle edge. The Ag specimens were then transferred and
fastened to the MEMS chips. With this technique, two irregularly-shaped specimens of
5-8 um were prepared. A cuboid-shaped lamella was also prepared by milling a
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taken not to expose the bulk specimen to the FIB so that the original morphology and
structure of the Ag particles were retained.

In situ catalyst studies using X-ray ptychography

X-ray ptychography was performed on the samples mounted on MEMS-based TEM
chips. Two different X-ray ptychography experiments were performed for in situ studies
(protocol details in Table 1): 1) at the nanoprobe endstation PtyNAMi of the P06
beamline of PETRA Il (Deutsches-Elektronen Synchrotron DESY, Hamburg,
Germany) at an incident photon energy of 10.3 keV using an EIGER X 4M detector
(DECTRIS AG, Baden, Switzerland),?'-33 and 2) at the diffraction endstation of the
NanoMAX beamline3+3% at the MAX IV Laboratory (Lund University, Lund, Sweden),36
at an incident photon energy of 10 keV using an EIGER2 X 4M detector (DECTRIS
AG, Baden, Switzerland).3” Beamline-respective X-ray scanning parameters were
used to record high-resolution ptychographic projections with a scan duration of 4-5
mins per projection (see ESI, section 3).

The commercially available Climate nanoreactor (DENSSolutions B.V., Delft,
Netherlands, compatible with JEOL electron microscopes) was adapted through an in-
house developed beamline interface for facilitating experiments at synchrotron
radiation sources (ESI, section 1-2). This nanoreactor was used to study the mounted
Ag catalyst samples under exposure to different temperatures and various gas
mixtures comprising O,, H, and He (Table 1). All experiments were carried out at
atmospheric pressure. A total gas flow rate of 0.5 ml/min was maintained in the
nanoreactor setup for all conditions using mass flow controllers (Bronkhorst High-Tech
B.V., Ruurlo, Netherlands) integrated into the in-house gas dosing system. The sample
is heated using the commercial heating control unit equipped with a closed-loop
feedback control to adjust for the differences in temperature that might occur during
the experiment or due to the gas flow. Temperature simulations of a similar setup have
been shown previously in literature.?®> The Ag samples were step-wise heated up to
650 °C at the P06 beamline (to study catalyst restructuring), and up to 500 °C at the
NanoMAX beamline (to study the dynamic behavior of catalysts at elevated
temperatures), using the heating control unit with ptychographic projections recorded
at each temperature setpoint (see ESI, Fig. S14-S15 for temperature cycles of all
samples measured at both beamlines).


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cy00770k

Page 7 of 26 Catalysis Science & Technology

View Article Online
DOI: 10.1039/D4CY00770K

Table 1: Experiment protocol during in situ X-ray ptychography experiments.

Catalyst Sequential gas flow composition Maximum Catalyst Sample
behavior (vol %) temp. (°C) shape ID***
Restructuring He 650 Irreqular PHe
study )
Air* 650 Irregular PA1,
(P0G (enclosed) PA2
beamline)
Air Air - 500 Irregular MA1
(enclosed) (enclosed)
Dynamic )
study He/Air** Oy/He = Oy/Hy/He = 500 Lamella MA2
(NanoMAX 11.6/88.4 11.6/3.8/84.6
beamline) He OfHyHe=  HyHe = 500 Imegular  MHe

11.6/3.8/84.6 3.8/94.2

* Two similar samples were tested under enclosed ambient air conditions.

** |nitial gas flow of pure He. The top chip membrane was found to be broken at the end of the
temperature cycle resulting in unknown gas mixture of He/Air.

*** Samples are named according to synchrotron P: PETRA IIl, M: MAX IV, followed by the first
environment they were exposed to.

Tubular reactor setup

750 mg of electrolytic Ag particles (0.25-0.50 mm) were placed in a quartz reactor
(inner diameter: 11 mm). A thermocouple was placed in a quartz duct through the
center of the catalytic bed. The gas atmosphere was introduced at ambient
temperature, adjusting the flows to maintain approximately 80 ms contact time. The
furnace was heated to and kept at 650 °C for 48 h. The catalyst was then cooled to
ambient temperature.538 The respective treatments have been outlined in Table 2.
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Table 2: Samples treated under different gas atmospheres and their corresponding
measured catalyst bed temperatures.

Sample Atmosphere Average bed temperature at T, (°C)
Fresh - -

Air 21% O, in N, 650"

H, Oxidation 2% Hj, 6% O, in N, 623

H, 2% Hyin N, 597

N, 100% N, 608

He 100% He 607

* Heat-treated in a calcination setup
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Post-mortem electron microscopy

High-resolution field emission secondary electron SEM images of specimens after the
in situ catalytic studies performed at 650 °C were acquired using the Everhart-Thornley
detector on the Nova Nano SEM 450 (Thermo Fisher Scientific, US) at the DESY
NanoLab. SEM-EDX elemental mapping was performed using an X-Max 150 EDS
silicon drift detector (Oxford Instruments, UK). For samples treated up to 500 °C at the
NanoMAX beamline, a post-mortem SEM study was performed using a FlexSEM 1000
VP-SEM (HITACHI Ltd., Japan). The SEM-EDX mapping for these samples was
performed using the XFlash 6-30 (Bruker, US) at the MAX IV Laboratory. Post-mortem
analysis of specimens treated in the quartz reactor was performed using a Helios G4
FIB-SEM (Thermo Fisher Scientific, Netherlands) for cross-sectioning and imaging of
the particles. During the cross-sectioning, a Pt protection layer was deposited on the
top surface, before the milling was carried out, using an ion beam acceleration voltage
of 30 kV and a current of 2.4 nA. SE SEM images were acquired using an acceleration
voltage of 5 kV.

3. Results and Discussion
3.1. In situ X-ray ptychography to study structural changes

To investigate the catalyst restructuring as a function of treatment time, specimens
measured at PETRA IIl under He (PHe), and under synthetic air (PA1, PA2) were
examined via X-ray ptychography during each temperature cycle (Table 1). This
comprised stepwise heating up to 650 °C, a constant temperature condition of 650 °C,
and subsequent cooling to room temperature. Supporting videos for all samples show
accompanying changes under experimental conditions (see ESI videos). The
ptychographic projections were first visually assessed to determine the onset of bubble
formation (Figure 2). Catalyst restructuring was found to occur at 200 °C under
ambient air. Since this was mostly in regions closer to the deposited P4, it is difficult to
conclude whether this portrays changes in Ag structure or in the carbon content (which
can vary between 20-70 at.%3°) of the deposited Pt under oxidizing conditions.
However, bubble growth and propagation were vividly observed at ca. 250 °C for PA1
and PA2 (Figure 2b-c), followed by accelerated growth at elevated temperatures.
Surprisingly, catalyst restructuring was found to occur in PHe under non-reactive He
environment. This is presumably due to the dissolution of He and diffusion through the
Ag metal. Previous studies have shown that He can penetrate as small clusters into
the interstitial sites of the Ag lattice.*? Increase in temperature of the Ag metal results
in a higher diffusion constant of He.*' This increased He diffusivity could result in a
higher concentration of He in solid solution in Ag during the experiment. Consequently,
larger gas bubbles were observed in the Ag specimens as a function of temperature
(Figure 2a). A delayed onset of restructuring was observed under He environment
compared to oxidizing environment (Figure 2). The deposited Pt region of PHe was
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not in the imaged field of view, hence only the direction of propagation of suchggs:s e
bubbles was noted for PHe. However, an increase in temperature above 350 °C
resulted in accelerated bubble formation within PHe, again at notably higher

temperature than under oxidizing conditions.

Surface pinholes were previously observed in literature at temperatures above 400 °C
and near defect sites, with the initial formation of hill-like nodules on the catalyst
surface.®-12 While in situ ESEM studies had earlier shown widespread formation of
surface pinholes around 600 °C, in situ X-ray ptychography provides a deeper
understanding of rapid bubble formation and coalescence occurring well below 400 °C
by providing depth information on the entire catalyst cross-section. Further
temperature increase showed an increase in porosity in all samples (PA1, PA2, and
PHe), resulting in catalysts which were completely filled with bubbles upon heating
from 500 °C to 550 °C. The formation of larger bubbles resulting from the rapid
development, movement, and coalescence of tiny bubbles was observed. This shows
that the high mobility of Ag above the Tammann temperature facilitates the propagation
of gas bubbles, thereby contributing to the redistribution of material. This phenomenon
is clearly not limited to the catalyst surface.

T=25°C T =200°C T=550°C T=650°C T =650°C

(at start of cycle) (at end of cycle)

PHe .'f '1'.“ n ‘va e Er;g]se shift
'; - 0.10
/ 4 ‘ e -0.92
. {'/
1 -1.95
' -2.97

I I I
-4.00

.
I ‘7_ i Y

c) PA2

rrre®
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Figure 2: In situ X-ray ptychography projections of a) PHe, b) PA1, and c) PA2 as a
function of applied temperature for T= 25, 200, 550, and 650 °C (showing start and
end of the constant temperature cycle) under their respective gas environment. The
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scale bars = 2.4 ym.

It is important to note that the surface pinholes and the gas bubbles at 650 °C are
comparable in size to the prepared specimen. The resultant hollow catalyst is then
susceptible to structural collapse due to the sintering of Ag at such high temperatures.
A constant temperature condition was maintained at 650 °C for approximately 2 hours
to understand the influence of treatment time on the Ag catalyst. All samples showed
signs of severe structural collapse (Figure 2 and SEM images in ESI, Fig. S7). The
key influence of temperature revealed here on the structural collapse can be attributed
to the synergistic effect of increased porosity and sintering of Ag catalyst, which is
known to occur at such high temperatures of 600-700 °C." The movement of these
bubbles in the catalyst material, visualized as a function of temperature in Figure 2
and ESI, Section 4.1, reveals rapid material transfer within the catalyst. This is
accompanied by the movement of material away from the scanning area due to surface
explosion of bubbles and redistribution of material to different parts of the sample
holder at temperatures above 550 °C (also, SEM images of ESI, Fig. S7).

The observed restructuring of Ag was then quantitatively assessed to relate the
movement of bubbles to the catalyst structure as a function of temperature. To study
the influence of time and temperature as key control parameters, the sample region
overlapping with the circular silicon nitride window was selected as the region of
interest (ROI) for all chips (ESI, Fig. S12) to obtain a uniform background. The relative
change in mass, measured as the change in integrated phase shift from X-ray
ptychography projections in the selected ROls, was then monitored as a function of
time and temperature (Figure 3a-c).

For the quantitative mass change study, the following three events were studied:

1) The catalyst restructuring indicating a resultant initial mass change or ‘Dy,
2) 50% of the maximum attainable catalyst restructuring or ‘Ds’,
3) The maximum attainable catalyst restructuring at 650 °C or ‘D1qg’-

The restructuring extents, D; and Dsg, under ambient air conditions (PA2) were attained
at temperatures at least 50 °C below that under He (PHe), indicating more extensive
restructuring in the presence of O,. Although Do by definition indicates the maximum
structural change experienced by three samples at 650 °C (Figure 3d), the relative
time required to achieve this is significantly different (Figure 3e). Overall, the maximum
restructuring was achieved relatively faster and at a lower temperature in air compared
to He. The difference in relative mass observed at 650 °C between samples treated
under similar gas environments (PA1 and PA2) can be attributed to the potential
influence of the initial material thickness (which was not uniform for each sample) or
the minor differences in heating ramp rate.

10
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The observed first derivative plot shows a concave-up profile for all samples (ESI, Fig.
$14-S15). The steeper derivative curve for PA2 shows a faster restructuring rate
compared to PA1. This difference in the rate of movement of material can be attributed
to different catalyst thicknesses, heterogeneity in the initial distribution of defects, or
varying morphology between the two specimens. The inflection point for all samples
coincides around the D5, with a diminishing rate of change after the inflection point. A
comparatively gradual mass change in PHe was observed where a change in slope
after the inflection point reflects delayed catalyst restructuring, and hence the longer
time required to reach D4q9. Therefore, although the morphological changes are more
aggressive at higher temperatures, the plateaued catalyst restructuring is reflective of
the limited scope for mass change due to the absence of sufficient catalyst material to
further restructure after reaching 650 °C.

(cc)

Post-mortem SEM-EDX maps (ESI, section 5) showed the presence of Ag
redistributed as fragments/large chunks from surface explosions of bubbles and the
homogeneous layers of Ag debris in all directions around the specimens. The constant

11


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cy00770k

Catalysis Science & Technology Page 12 of 26

unidirectional gas flow did not seem to influence the direction of redeposition, of-Ag:s e
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material on the MEMS-based chips, implying a high pressure event during bubble
rupture. This also correlates to the formation of Ag debris on the catalyst surface
previously visualized in literature.'? The SEM-EDX maps revealed the distribution of Pt
over the entire catalyst surface (ESI, Fig. $17-S20). The ion-beam induced deposition
of Pt was originally carried out at one selected point on the chip to fasten the sample,
which contradicts this observed post-mortem Pt distribution on the catalyst. Previous
studies have shown that the deposited Pt undergoes noticeable changes in structure
under high temperatures,?* due to the organometallic ligands present in the compound.
This might also contribute to the changes observed in the sample region adjacent to
the deposited Pt already at 200 °C, a temperature lower than those reported in
literature.

SEM EDX maps showed Ga distribution across the entire sample, even though Ga
exposure occurred only on one edge of the Ag particle, unlike the FIB-milled lamella.
Literature studies have shown that the FIB-milling is often accompanied by the Ga
implantation on the substrate and its redeposition during material sputtering. 3°
Additionally, the ion-beam induced deposition of Pt at 30 kV also results in Ga
implantation in the exposed sample region, with an estimated composition of
Pt/C/Ga/O = 45/45/5/5 at.%.3%42 However, the high mobility of the Ag under operating
conditions resulted in a redistribution of the Pt and Ga within the entire bulk catalyst.
Since Pt can be reactive under H,/O,, catalytic activity data (not included here)
measured from samples prepared and mounted via FIB must be considered with
caution.

The formation of dynamic surface pinholes, as known from literature, was confirmed
here to result from the movement of bubbles within the catalyst material and their
eventual explosion at the catalyst surface (see ESI video). The observed onset of
bubble formation at regions closer to the deposited Pt can be attributed to increased
FIB-induced sample damage, Pt deposition, and likely Ga implantation into the
specimens, thereby introducing additional defects or activation promoters to the
catalyst structure. Despite the notable difference in the delayed onset of catalyst
restructuring under He environment compared to oxidizing environment, the effect of
temperature was found to be a dominating factor under all gas environments. It is
important to note that the formation of gas bubbles in Ag catalysts might be crucial to
industrial formaldehyde production. The constant formation, mobility, and explosion of
bubbles allow constant material movement and evolution of active adsorbed sub-
surface O, species, facilitating reaction between adsorbed O, species and methanol.

3.2. Insitu X-ray ptychography to study dynamic bubble formation and growth

It was established above that an increase in temperature beyond 500 °C has a
dramatic effect on bubble formation and Ag restructuring. Hence, the dynamic behavior
of the catalysts was studied while avoiding significant catalyst restructuring. This was
done by monitoring bubble formation and growth in the specimens measured at MAX
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IV under He (MHe), and under synthetic air (MA1 and MA2) during temperatyre ramgs:; o«
up to a maximum of 500 °C, with exposure of each sample to a series of different gas
environments (Table 1). Resultant mass change was quantified to estimate of effect of
different environments on catalyst restructuring (Figure 4 and ESI, section 4.2). The
difference in catalyst restructuring was again visualized as a function of treatment time,

as shown in supporting videos for samples MHe, MA1, and MA2 (see ESI videos).

Using MHe, due to a wider imaging field of view, a delayed onset of bubble formation
could be confirmed at around 250 °C under the He environment (Figure 4c, cycle 1),
compared to air in MA1 (Figure 4a, cycle 1). Also, significantly fewer gas bubbles were
observed in MHe in the first temperature cycle. Subsequently in a Hy/O, mixture
(O2/H2/He = 11.6/3.8/84.6 vol%) (Figure 4c, cycle 2), bubble formation occurred at 450
°C during the second temperature heating ramp, with rapid catalyst restructuring at
500 °C. In addition to O, modifying the surface, the exothermic formation of water can
lead to localized heat generation which could in principle contribute to the relatively
higher rate of catalyst restructuring. On the other hand, the nanoreactor design
includes a fast feedback control which can compensate for changes in temperature
which may occur due to exothermic processes. During the third MHe temperature
heating ramp (H,/He = 3.8/96.2 vol%) (Figure 4c, cycle 3), fewer bubble formation was
observed around 450 °C, and less rapid bubble growth or propagation. This could
indicate relatively low solubility of H,. The absence of O, limits the possibility of catalyst
restructuring and potential formation of hydroxyl species. For the sample MA2
pretreated in He/Air, larger dimension bubbles were formed already after the first
temperature cycle (Figure 4b, cycle 1). Since the initial gas condition involved pure
He, the broken top chip membrane during the experiment resulted in loss of inert
environment (Table 1). This led to reduced extent of material restructuring compared
to MA1, with relatively fewer but larger gas bubbles. Such large gas bubbles were
prevalent in samples exposed to ambient air (i.e., MA1 Figure 4a, cycle 1) which
showed highly accelerated bubble formation and growth in comparison to inert
environment. The second temperature heating ramp of MA2 under O,/He = 11.6/88.4
vol% showed rapid bubble formation around 450 °C (Figure 4b, cycle 2), resulting in
a highly porous catalyst structure. In contrast, during the third temperature heating
ramp under O,/H,/He = 11.6/3.8/84.6 vol% (Figure 4b, cycle 3), relatively less sample
restructuring was seen, despite the presence of O,. Reduced catalyst restructuring
observed during the third temperature heating ramp, despite a change in gas
environment in both MHe and MAZ2, indicates a potential threshold in catalyst
restructuring at a specific temperature. Hence, the influence of O, on restructuring is
evident, however the effect of H, requires further study. This also indicates catalyst
restructuring to be a temperature- and time-dependent phenomenon. Since the
catalyst restructuring and pinhole/pore formation correlate with formaldehyde
formation, 0 the reaction under adiabatic conditions is likely kinetically controlled.
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Figure 4: In situ X-ray ptychography projections of samples a) MA1, b) MA2, and c)
MHe. The top row for each sample shows the fresh sample. The subsequent rows for
each sample exhibit morphological changes at the start and end of each constant
temperature condition of 500 °C, under their respective environments. The red arrows
indicate bubble formation and the direction of bubble propagation. All scale bars = 2
um.

Quantitative assessment was carried out using selected ROls (ESI, Fig. $13) for all
three samples. Estimation of the Pearson coefficient for bivariate relationships shows
a negative correlation between the mass change and the measurement time for MA1,
MA2, and MHe (Figure 5a-c). It is evident from calculated statistical metrics such as
high absolute r-value and low P-value, with high R-squared values denoting an
excellent linear fit for the initial temperature cycles (ESI, Table S3). Here, a strong
correlation of relative mass change with treatment time within the first/initial constant
temperature conditions for all samples, followed by a weak correlation in the final
constant temperature condition (indicated by decreased absolute r-value) for all three
samples, shows the significant effect of both gas environment and treatment time on
material movement. This is because the material experienced almost complete
restructuring during the first/initial temperature cycles in air. Hence, during the final
temperature cycle, treatment time had less or no influence on the relative mass
changes. No changes in catalyst structure confirm the previous hypothesis that bubble
formation within the Ag catalyst is likely to be time-dependent at a specific temperature.
It is important to note that the relative mass values shown in the plots do not always
begin at 1.0 (Figure 5). This is prominent in MA1 where notable catalyst restructuring
and material movement in air within the selected ROI occurred before the first constant
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temperature condition (see ESI, Fig. S15a for a complete overview of the temperatures: e
steps while heating up to 500 °C and the corresponding change in mass observed at
each temperature). This reflects the change in catalyst structure and corresponding
material redistribution occurring during heating, which precedes the constant-
temperature observations. Hence, the specimens examined at 500 °C are no longer
regarded as in the fresh state, and this again confirms the associated bubble formation
and material movement at lower temperatures, particularly on exposure to oxidizing

environment.
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Figure 5: Relative change in mass in the selected ROls plotted as a function of time to
study the catalyst behavior at a constant temperature of 500 °C for three samples — a)
MA1, b) MA2, and c) MHe. d) Bar chart showing change in mass (ESI, Table S4) during
each temperature cycle (denoted as TC) for all three samples. e) The corresponding
percentage change in mass with respect to the initial mass, showing estimated
percentage decrease in the observed ROI after each period of holding at a constant
temperature. (* denotes the cycle with the first exposure of sample to O,).
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For MAT1, the first temperature ramp in air resulted in significant material restructuririg;: >

YO0770K

Open Access Article. Published on 26 August 2024. Downloaded on 8/27/2024 8:23:00 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

at lower temperatures, well below the hold temperature of 500 °C (also see ESI, Fig.
S15a for a detailed overview of the corresponding mass changes). As observed in
Figure 4, MA1 experienced maximum catalyst restructuring and hollow gas bubble
formation in air compared to other samples within the same time frame. Hence, the
temperature cycles resulted in a total mass change of 49.3% in MA1 (Figure 5e). The
changes occurring in MA2 under sequential exposure to He/Air, O,/He = 11.6/88.4
vol%, and O,/H,/He = 11.6/3.8/84.6 vol% show comparatively less change in mass,
with a total reduction of 21.3% after the final constant temperature condition. A net
reduction in mass by 9.3% and 20.2% after the first and second holding time periods,
respectively, under exposure to their respective mixtures. Sample MHe, initially treated
under He in the first temperature cycle followed by O,/H,/He = 11.6/3.8/84.6 vol% and
H./He = 3.8/96.2 vol% in the subsequent cycles, was found to have the lowest total
change in mass by roughly 16.3% (also evident in visual changes noted in Figure 4c).
This is due to the significantly less catalyst restructuring during the first step under He
exposure (a net decrease of 5%), followed by reduced restructuring in the subsequent
steps. The gas environment, temperature, and time are the key factors in the first
temperature cycle. However, the relatively lower mass change in the final temperature
cycle in all samples shows that over a prolonged experiment duration the treatment
time becomes a restricting factor at a specific temperature.

While differences in material behavior were clearly distinguishable under inert vs
oxidizing conditions, the pretreatment of the sample under these gas environments in
the first temperature cycle does not provide conclusive evidence regarding the effect
of gas mixtures of O,, Hy, and He on the bubble evolution rates in the successive
temperature cycles. Millar et al. and Lervold et al. showed that a higher formation of
pinholes was found when O, was introduced to the CH3;OH feed.5:1938 This is supported
by the current study that formation of tiny bubbles and catalyst restructuring is
accelerated in the O,/H, rich environment. In future studies, quantitative assessment
of the influence of various gas environments at different temperatures will benefit from
measurements on samples of identical size and shape, without prior exposure to other
gas conditions. This would allow better control experiments and further quantification
of the dynamic changes resulting from bubble formation and growth. Furthermore, the
employment of faster measurement techniques, such as multi-beam ptychography,43-
45 could improve time resolution and therefore capture the rapid formation of gas
bubbles to accurately study such dynamic effects within the catalyst. Simultaneous
gas-phase analysis of the reaction products could help future studies to accurately
correlate the structural changes within the catalyst to its activity and selectivity.
However, this requires sensitive gas analysis instrumentation due to the small sample
volume mounted inside the nanoreactor and consequently a low product concentration.
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I 1 View Article Onlin
3.3. Ex situ SEM of catalysts treated in a tubular reactor 0L 10,1050 At e

To validate the catalyst restructuring under different gas environments, and free from
the influence of FIB-introduced defects or other measurement conditions, catalyst
testing was performed in a fixed-bed quartz reactor. Ex-situ FIB-SEM studies of the
catalysts (Figure 6) show that varying degrees of morphological changes occurred
after exposure to different atmospheres at elevated temperatures (650 °C). The fresh
Ag particles display a few surface pinholes and some cavities below the surface
(Figure 6a). Overall, the fresh particles are crystalline and heterogeneous with respect
to the size and occurrence of such cavities. For the samples exposed to N, Hy/N,, or
He, changes to the surface relative to the fresh Ag cannot be distinguished on the scale
accessed here. The sample exposed to N, exhibits a small number of sub-surface
pores, similar to the fresh material (Figure 6b). However, when looking at the He
treated sample, a larger number of cavities of varying sizes (mostly @<1 ym) are found
below the surface (Figure 6¢). Exposure to a H, containing atmosphere (H,/N, = 2/98
vol%) did not result in significant changes below the surface (Figure 6d). The two
elongated cavities seen below the surface resemble imperfections that occur in fresh
Ag samples. Hence, neither for N, nor H,/N, can the sub-surface cavities observed
after exposure be unequivocally attributed to an effect of the gases. The outlier to this
is the He exposed sample, which showed substantially more sub-surface cavities due
to apparent He dissolution.#?4! This observation is important for studies where He is
used as a carrier or inert gas, and it is consistent with the bubble formation observed
in specimens tested in the nanoreactor under non-reactive and oxygen-free gas
environments. Both the effect of He on the formation of sub-surface cavities and the
underlying mechanism should be clarified in the future.

After exposure to synthetic air (O2/N, = 21/79 vol%), more pronounced structural
changes were observed. The surface was smoothened, with terraces and pinholes,
and a large amount of sub-surface cavities formed as a result of O, dissolution into Ag
(Figure 6e). The specific cross-section that was milled displayed a relatively large
region without cavities that is pointing out of the surface and likely is a result of so-
called Ag spitting or nodule formation (i.e., relocation of Ag resulting from dissolution
and enhanced mobility). The presence of both H, and O, (H2/O2/N; = 2/6/92 vol%)
resulted in surface smoothing and terracing, as well as a large number of pinholes
visible on the surface (Figure 6f). Below the surface, the catalyst shows a large
number of pores/cavities, some considerably larger (@ ~5 ym) than those observed in
the sample exposed to air. The formation of such large pinholes in bulk Ag is similar to
those observed in the nanoreactor under synthetic air or oxidizing conditions which
explains the eventual structural collapse of 5-8 um sized Ag specimens tested at the
P06 or NanoMAX beamline. While the formation of pinholes in both air and H, oxidation
samples is documented in the literature,>'4 the significant increase in pinholes and
cavity density for the H, oxidation catalyst is interesting in relation to methanol
oxidation. In the presence of adsorbed O, surface and subsurface hydroxyl species
can be formed. This results in hydrostatic pressure build-up inside the Ag catalyst, and
the release of this stress leads to the formation of surface pinholes.'218
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Figure 6: SEM image (top) and FIB-milled cross-sectioned SEM image (bottom) of Ag
catalysts, a) fresh, and after 48 h of heat treatment under different gas environments:
b) Ny, ¢) He, d) Ho/N, = 2/98 vol%, e) synthetic air and f) Ho/O,/N, = 2/6/92 vol%. The
Pt protection layer was deposited on the top surface before FIB milling (pink dashed
line). The pores on the catalyst surface (yellow circles) and the cavities inside the
catalyst exposed after FIB-milling (green circles) have been indicated.

q, Conclusion

The Ag-catalyzed partial oxidation of methanol experiences catalyst restructuring with
formation of surface pinholes under operating conditions. In this study, dissolution of
gases and induced catalyst restructuring were visualized with depth information using
in situ X-ray ptychography of 5-8 ym thick Ag catalysts. The gas-filled bubbles formed
were eventually found to rupture on the catalyst surface, resulting in dynamic surface
pinholes/pores under different gas environments. Redeposition of material after
surface explosion of these bubbles was observed on various parts of the sample using
post-mortem SEM. The Ag catalyst was found to restructure in non-reactive
environments with the formation of pores or cavities within the bulk catalyst. The
specimen exposed to N, showed very few pores and was similar in appearance to the
fresh catalyst. The relatively higher number of cavities and bubble formation during
heating under He environment revealed the notable phenomenon of He dissolution into
the Ag catalyst. This presence of restructuring under non-reactive gas environments
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likely due to gas dissolution can be influenced and accelerated by the presence:of’s e
contaminants or existing defects in the Ag catalyst. Such defects may be introduced
during the fabrication process, for example. More extensive surface faceting and
catalyst restructuring were observed in the presence of O,/H,. This is explained by the
presence of O,, which is known to increase the surface pinhole formation. The relative
movement of mass quantified using in situ ptychography within selected regions of
interest shows that treatment time and temperature are the key driving factors for gas
dissolution and catalyst restructuring, with different dynamics depending on the
gaseous environment. It worth noting that no noticeable beam damage was observed
during consecutive scans at regular intervals. Increased temperature led to severe
catalyst restructuring due to increased bubble formation and higher Ag mobility.
Furthermore, prolonged treatment time at constant elevated temperature showed time-
dependent catalyst restructuring. This study confirms that the Ag catalyst develops
dynamic pore structures at elevated temperatures and particularly in the presence of
O, or He. Supporting evidence on catalyst restructuring was also obtained using post-
mortem FIB-SEM on catalysts treated in a lab-scale tubular reactor. This study acts as
a benchmark for the identification of crucial experimental parameters influencing the
restructuring of the Ag catalyst, while extending the application of hard X-ray
microscopy under realistic conditions at technically relevant length scales. The current
reactor cell limits the thickness of measured specimens to a few ym, although in
principle sample throughput can be improved by placing multiple samples
simultaneously. Faster scanning techniques can in future be exploited for kinetic
studies on the same catalyst system. The new insights into the formation of surface
pinholes resulting from the dissolution of O, H, and He within the catalyst help deepen
the understanding of the material behavior under realistic conditions while forming the
basis for future multimodal and multiscale morphological, kinetic, and chemical studies.
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Supporting Information

Supporting Information is available online. Videos demonstrating the rapid
restructuring effect for three samples exposed to 650 °C in the nanoreactor setup at
the P06 beamline of PETRA Il are included to facilitate visualization of influence of
temperature under He or ambient air conditions. These are namely: PA1_scan005.avi,
PA2_scan001.avi, and PHe_scan004.avi. Videos demonstrating the gas bubble
formation and growth within three samples exposed to 500 °C under different gas
mixtures in the nanoreactor setup mounted at the NanoMAX beamline of the MAX IV
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Laboratory are included, namely MA1_chip6.avi, MA2_chip9.avi, and MHe__chip8.avi. ¢ >nre
These videos help visualize bubble formation and consequent surface explosion on
the left panel, and bubble propagation using difference maps of adjacent scans on the

right panel of each video for all three samples.

Data availability

Data is available at KITOpen, the open access repository of Karlsruhe Institute of
Technology. The 2D reconstructions of Ag catalysts studied using in situ X-ray
ptychography at PO6 beamline and NanoMAX beamline are available at
https://doi.org/10.35097/ebe9hsrmkpcwqg5fv and
https://doi.org/10.35097/prxrp7rx8rgfhdxu, respectively.
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Data Availability Statement DOI: 10.1038/D4CYO0TTO

Data is available at KITOpen, the open access repository of Karlsruhe Institute of
Technology. The 2D reconstructions of Ag catalysts studied using in situ X-ray
ptychography at PO6 beamline and NanoMAX beamline are available at
https://doi.org/10.35097/ebe9hsrmkpcwq5fv and
https://doi.org/10.35097/prxrp7rx8rgfhdxu, respectively. Further data supporting this
article have been included as part of the Supplementary Information.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cy00770k

