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Abstract

Supported nanocatalysts exhibit different performance in batch and fixed bed reactors for a
wide range of liquid phase catalytic reactions due to differences in metal leaching. To
investigate this leaching process and its influence on the catalytic performance, a quantitative

3D characterization of the particle size and the particle distribution is important to follow the

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

structural evolution of the active metal catalysts supported on porous materials during the

reaction. In this work, electron tomography has been applied to uncover leaching and
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redeposition of a Pd@CMK3 catalyst during formic acid decomposition in batch and fixed bed

(cc)

reactors. The 3D distribution of Pd NPs on the mesoporous carbon CMK3 has been determined
by a quantitative tomographic analysis and the determined structural changes are correlated
with the observed differences in activity and stability of formic acid decomposition using batch

and fixed bed reactors.

Keywords: Electron tomography, Batch reactor, Fixed bed reactor, Leaching and Redeposition,

Formic acid decomposition
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Hydrogen, as clean and renewable energy carrier with high specific energy density, has been
regarded as one of the most promising energy sources for the future due to the depletion of
fossil fuels and increasing critical environmental issues such as climate change and acid rain
[1,2]. One challenge for the application of hydrogen is its storage due to the nature of hydrogen.
Typically, hydrogen is stored physically as high pressured hydrogen gas [3], liquid hydrogen
[4] or constrained within porous networks, e.g. zeolites [5], porous carbon [6] and metal organic
frameworks [7]. It can also be chemically stored and released via decomposition from
compounds such as water [8], ammonia borane [9] or formic acid [10]. The decomposition of
FA has attracted increasing interest in the field of hydrogen storage due to various advantages,
e.g. it is environmentally benign, has a high volumetric hydrogen content (4.4wt.%), and the
ability to release hydrogen under mild conditions. [11] Equation 1 and 2 show the
thermodynamic properties for the decomposition of FA, where FA decomposition can proceed
either via dehydrogenation to release hydrogen and carbon dioxide or dehydration producing
carbon monoxide and water: [11]

HCOOH—H; + €02 AG’= —32.9 k] mol ~* (D)
HCOOH—H,0 + CO, AG’= —124kJmol™!  (2)

Pd is the most active monometallic transition metals for the decomposition of FA. [12] However,
one major challenge for monometallic Pd catalysts for this catalytic system is deactivation,
which is mainly due to the active sites being blocked by poisoning species (such as CO), [13]
metal particle sintering and leaching [14]. In addition to the weak interaction between active
sites and the support, the leaching behavior depends on the experimental setup. For example, it
has been demonstrated that heterogeneous catalysts exhibit different catalytic performance in
batch and continuous flow reactors for a wide range of catalytic processes such as
hydrogenation, cross coupling, etc., due to differences in metal leaching. [15-17] In a typical

batch reaction, reactants including the catalyst are stirred under optimized conditions to
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accomplish the desired transformation, after which the catalyst can be retrieved for futthei: -2
utilization from the reaction mixture by a filtration step, as shown in Fig. 1(a). For a catalytic
process accompanied by leaching, the concentration of the metal species in solution increases
during the reaction, leading to the possibility of redeposition of the metal species on the solid
support as all reactants, catalyst and products are constrained in a reactor with limited physical
size, leading to a limited decrease of the metal concentration. [18] In a continuous flow process,
the catalyst is commonly placed in a packed-bed reactor (with typical packing materials such
as silicon, glass, stainless steel, ceramics or polymers) and appropriate pumping systems are
used to control the flow of the reaction mixture through the reactor. [19] As the reaction and
separation of the catalyst from the reactants and products take place simultaneously (Fig. 1b),
further separation or filtration steps are not necessary in a fixed bed reactor to recycle the

catalyst. However, the continuous reaction stream might transport the active metal species away

from the support, leading to significant metal leaching from the packed-bed reactor. [17]

I: Reactants

Catalysts

Products j—)

Batch reactor Fixed bed reactor
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Figure 1. Schematic diagram of a typical lab-used batch and fixed bed reactor.

TEM has been extensively used to investigate the leaching/redeposition phenomena of
supported catalysts in batch [20-22] as well as continuous flow [23, 24] mode comparing the
particle size and shape of fresh and used catalysts. However, the typically obtained 2D
information is not sufficient to reveal the details of the leaching process, especially for those

catalysts supported on porous materials. For example, how does the leaching behavior of
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particles in interior pores and on the outside of the support differ and how to gyaluatésthiecs e

A

redeposition of NPs and their preferred redeposition site. A significant number of reports have
shown that the actual location and distribution of the nanoparticles (NPs) in a 3D volume can
be precisely determined using electron tomography. [25-29] In this work, structural changes for
a Pd@CMK3 catalyst during FA decomposition in batch and fixed bed reactors are studied and
correlated with the leaching behavior. CMK3 is a commercially available ordered mesoporous
carbon with a pore size of a few nanometer. Using Pd nanoparticles mainly constrained inside
the pores, we were able to track the overall evolution of their distribution, their particle size,
and the loading after the catalytic reaction by electron tomography. In this way, we build a
structure-performance relationship for the further design of more advanced catalysts.

2. Materials and experimental methods

2.1. Synthesis of Pd@CMK3 Catalyst

Pd@CMK3 was synthesized by incipient wetness impregnation. Solid K,PdCl;-2H,0 (Aldrich,
purity 99.99%) (0.094 mmol of Pd,) was dissolved in water. The correct amount of solution to
completely fill the pores (based on the total pore volume calculated from N, adsorption
analysis), was added to 1 g of mesoporous carbon. The quantity of metal in the precursor
solution was set to obtain a final metal loading of 1 wt%. The produced material was filtered,
redispersed in water and reduced with NaBH, (Pd/NaBH, molar ratio of 1/8). Afterwards, the
catalyst was filtered and washed with 1 L of distilled H,O and dried at 80 °C for 4 h in air.
2.2. Catalytic Testing — Batch Reactor

Liquid-phase FA decomposition was carried out in a 100 mL two-neck round-bottom flask
placed in a water/ethylene glycol bath with a magnetic stirrer and a reflux condenser. Typically,
10 ml of an aqueous solution of 0.5 M HCOOH were placed in the reactor and heated to a
constant reaction temperature of 30 °C. Once the solution reached the desired temperature, the
required amount of Pd@CMK3 catalyst (formic acid/catalyst molar ratio of 2000/1) was added

and the solution was stirred using a magnetic stirrer. Recycling tests were performed after 30
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minutes of reaction, filtering the catalyst present in the solution without further treat oo
Reproducibility tests were performed by repeating each test three times.

2.3. Catalytic Testing — Fixed Bed Reactor

Liquid-phase FA acid decomposition in a fixed bed reactor was tested with a bed length of 7
cm (50 mg Pd@CMK3 and 50 mg silica carbide). The bed was heated to a constant reaction
temperature of 30 °C. 0.5 M FA was inserted into the reactor with a flow of either 0.1 or 0.5
mL/min. Reproducibility tests were performed for every reaction repeating the test three times.
2.4. Catalyst Characterization

The Pd loading of Pd@CMK3 before and after the reaction was determined using an inductively
coupled plasma atomic emission spectrometer (ICP-AES) and energy dispersive X-ray
spectroscopy (EDX) analysis. The ICP-AES analysis for the used catalyst was based on the Pd
content in the solution after the reaction. High angle annular dark-field (HAADF) scanning
transmission electron microscopy (STEM) imaging and EDX analysis were performed on a

Themis 300 TEM (ThermoFisher Scientific) operated at 300kV, equipped with probe corrector

and Super-X EDX detector. TEM samples were prepared by dispersing powder samples of the

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Pd@CMK3 catalyst on 100x400 mesh carbon coated copper grids (Quantifoil). Around 30

Open Access Article. Published on 03 January 2023. Downloaded on 1/13/2023 9:20:38 AM.

regions of interest of the same size were selected randomly and measured by EDX to evaluate

(cc)

the homogeneity of the Pd loading under identical conditions for each catalyst. The mass
fraction of Pd loading was calculated by fitting the L peak for Pd and K peak for carbon after
subtracting the background. During this process, absorption corrections for sample thickness of
400 nm and density of 2.1 g/cm?® were also used. The Pd particle size distribution (PSD) was
estimated from HAADF STEM images using the software tool ImageJ (National Institutes of
Health) approximating the particles with an elliptical shape. The reported diameter of each
particle is calculated as the average of the long and short axis. For each catalyst 500-700 Pd
particles from 3-4 support particles were measured to obtained a good statistical representation.

Electron tomography was performed using a Fischione 2020 tomography holder. HAADF-
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STEM tilt series with image dimensions of 2048x2048 pixels and a pixel size smaller thar(; 5« e

A

nm were collected using the Xplore3D software (ThermoFisher Scientific) with auto focus and
tracking before acquisition. All tilt-series were collected over a tilt range of at least £70° with
a tilt step of 2°. During tilt-series image acquisition no detectable morphological changes
caused by electron beam damage was observed. Alignment of the tilt series was performed in
IMOD version 4.7 (University of Colorado) using supported Pd nanoparticles as fiducial
markers with a mean residual alignment error smaller than 0.5 pixels. The aligned tilt-series
were reconstructed using the discrete algebraic reconstruction technique (DART) [30]
implemented in the ASTRA toolbox. [31] After an initial reconstruction with 150 iterations of
the simultaneous iterative reconstruction technique (SIRT) [32], the main loop for DART was
repeated 10 times and then SIRT with another 150 iterations was included for each iteration to
ensure convergence. The grey levels used for segmentation were estimated from the average
intensity of each component based on the initial SIRT reconstruction. During the DART
reconstruction, the random probability was fixed to 0.3 and a 3x3 Gaussian filter was used to
smooth the re-projected sinogram in each loop. The Pd loading (in wt.%) of each catalyst was
also calculated based on the segmented volumes using the bulk density of metallic Pd (12.02
g/cm’) and CMK3 carbon (2.1 g/cm?). 3D visualization was performed in Avizo 2020.2
(Thermo Fisher Scientific).

3. Results and discussion

3.1. Catalytic Performance during FA Decomposition

The Pd@CMK3 catalyst was tested for FA decomposition in a batch reactor, as a model system
for hydrogen production using liquid organic hydrogen carriers (LOHC), and compared to one
of the promising Pd-based monometallic catalysts presented in literature (1wt.% Pd@HHT,
where the Pd NPs are supported on the surface of high-heat treated carbon nanofibers exhibiting
a highly graphitized surface) [33]. In contrast to other highly efficient Pd catalysts supported

on porous carbons [34, 35], where the Pd particles are distributed both on internal and external
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surfaces, PA@HHT is a morphologically simple reference system with all Pd partigles logated: s 27
on the external surface of the support. As shown in Fig. 2(a), PdA@CMK3 shows an initial
activity of 3261 h'! (calculated at 5 minutes of reaction as mol of reacted FA to total mol of
metal per hour), which is more than 3 times higher compared to PA@HHT (979 h!). Moreover,
Pd@CMK3 exhibited a conversion of 67% after two hours of reaction time, around two times
higher compared to PA@HHT. The Pd@CMK3 catalyst was also tested over 5h of reaction in
the fixed bed reactor using three different flow rates, i.e. 0.1, 0.3 and 0.5 mL/min. Silica carbide
was mixed to the catalyst (ratio of 1:1 by weight) in order to increase the length of the catalytic
bed. From Fig. 2(b), it is clear that the catalyst reached a high conversion after 30 min of
reaction time (61%) at the flow of 0.1 mL/min, around 1.5 times that of the batch reactor at the
same reaction time. However, the catalyst deactivated rapidly and the conversion decreased to
only 21% after 2h of reaction time, around 3 times lower compared to the batch reactor (67%).
A similar fast deactivation can be also seen for the higher flow rate of 0.3 mL/min (Fig. 2b).

The conversion reached only 8% after 30 min reaction time for the flow rate of 0.5 ml/min and

is deactivated further with increasing reaction time.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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Figure 2. Catalytic performance of Pd@CMK3 and Pd@HHT (from [33]) during FA

decomposition. (a) FA conversion as a function of reaction time on Pd@CMK3 and PdA@HHT
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catalysts in the batch reactor. (b) FA conversion as a function of reaction time on Pd@CMK3

in the fixed bed reactor using a flow of 0.1 mL/min and 0.5 mL/min.

The catalyst stability was evaluated for the batch reactor using repeated catalytic testing. Both
Pd@CMK3 and Pd@HHT catalysts were tested by filtering and reusing the catalyst without
further treatment over 6 reaction runs. As a compromise to balance achieved conversion and
total reaction time after six reaction runs, the stability test was performed on Pd@CMK3 after
30 minutes and on PA@HHT after 2 hours of reaction time for the FA decomposition. While
Pd@HHT rapidly deactivates (Fig. 3b), Pd@CMK3 shows a more stable behavior over 6
reaction cycles (Fig. 3a). The stability difference can be attributed to the different support
structures for these two catalysts. Compared to the PdA@HHT catalyst, where the Pd NPs are
supported on the surface of high-heat treated carbon nanofibers having a highly graphitized
surface, the Pd NPs immobilized in the porous carbon support for PdA@CMK3 are expected to
show a higher stability due to confinement effects. Such enhanced stability caused by

confinement effects has been reported by various groups [36, 37].

50 50
(@) Pd@cMk3 |(b) Pd@HHT
40 40
2 =
;‘?,l 30 - ﬁl 30
c c
g 201 % 20
O
o 3
10- 10 -
0- 0
1 2 3 4 5 6 1 2 3 4 5 6
Run (#) Run (#)

Figure 3. Stability test during FA decomposition with a similar initial conversion: (a)

Pd@CMK3 after 30 minutes of reaction time and (b) PA@HHT after 2 hours of reaction time.
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3.2. 2D Morphology and Pd loading of Pd@CMK3

To understand the different catalytic performance of Pd@CMK3 in the batch and the fixed bed
reactors, the fresh and used catalysts were characterized using STEM to assess the PSD. Fig. 4
shows STEM images of these three catalysts and histograms of their PSDs. It is clear that the
Pd NPs for the fresh catalyst are fairly homogeneously dispersed on the support with an average
particle size of 2.7 nm. However, the average particle size grows to 3.3 nm for both used
catalysts after the reactions, indicating particle sintering or aggregation during the FA
decomposition. A small number of Pd NPs with a diameter larger than 5 nm can be found in
both used samples, which are not present in the fresh sample (Fig. 4d-f). This aggregation of
active particles might be one reason for the catalyst deactivation. To unravel the dependence

of the catalytic performance on the structural evolution, a more accurate analysis of the particle

size by alternative techniques will be discussed later.
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Figure 4. Representative STEM images of PA@CMK3: (a) as-prepared state, (b) afterFAc- e

decomposition in the batch reactor and (c) after FA decomposition in the fixed bed reactor

together with (d-f) the corresponding histograms of the particle size distribution.

The Pd loading was measured by EDX and ICP-AES, as shown in Fig. 5. Pd loading for the
catalysts was measured after the end of the stability test: after the 6™ cycle for the batch reactor
and after 300 min on the fixed bed reactor. According to the ICP-AES results, the Pd loading
of the as-prepared sample was 1 wt.%, as expected from the synthesis process. However, after
FA decomposition, the Pd loading decreased by 59 wt.% in the fixed bed reactor, showing
severe leaching of Pd during the catalytic reaction. This fits roughly to the observed
deactivation in Fig. 2b, suggesting a loss of active metal content as the dominant deactivation
mechanism. For the catalyst used in the batch reactor during the stability test (Fig. 3a), the
activity was reduced by 50 % after six cycles while only 23 wt.% of Pd was lost. This difference
may be attributed to the adsorption of poison species such as CO on the catalyst surface, as the
activity of the catalyst could be partially recovered by washing with water (Fig. S1). Similar
recovery of activity for Pd catalysts in FA decomposition by washing can also be seen in other
works. [38, 39] The quantitative EDX analysis from around 30 randomly-selected regions of
interest for each of the three catalysts deviates slightly from the ICP measurements. However,
considering systematic errors in EDX quantification using on different transitions lines and the
limited volume analyzed, the overall agreement between ICP-AES and EDX measurements is
reasonable with the absolute quantification from ICP-AES being more accurate. However, the
EDX measurements provide statistical information on the homogeneity of the three samples. A
few measured areas exhibit significantly higher Pd loading in each of the samples indicating
some inhomogeneity of the catalyst with 5-10 % of the particles exhibiting significant loading
differences. Nevertheless, the overall trend of decreasing Pd content is observed by EDX for

the batch and the fixed bed reactor. However, for the fixed bed reactor care has to be taken with
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the interpretation, as a loading gradient from the inlet to the outlet is expected, which wauld:- 2

affect the local EDX analysis.
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Figure 5. Pd loading of PdA@CMK3 catalysts measured by (a) ICP-AES and (b) EDX based on
around 30 regions of interest for each catalyst. SE in EDX data represents standard error, a
standard deviation (Std.) of the sampling distribution of a statistic. SE = Std. /\/ n, n is sample
observations.

3.3. 3D Characterization by Electron tomography

Electron tomography was used to further analyze the leaching behavior of Pd NPs of the
Pd@CMK3 catalyst in both reactors based on three-dimensional nanoscale reconstructions. For
each sample, three tilt-series were acquired from different CMK3 pieces as shown in Fig. S2
and the corresponding 2D slices from the initial SIRT reconstructions are shown in Fig. S3.
After the reconstruction, the 3D location of all Pd NPs on the external/internal surface of CMK3
were extracted. The detailed procedure for the extraction can be found in Fig. S4. Fig. 6(a-c)
shows representative 2D slices from the reconstructed volume of the three Pd@CMK3 catalysts
and the corresponding rendered volumes, where Pd NPs located on the external surface are
marked by red and those on the internal surface are marked by yellow circles (due to the large
number of the Pd NPs inside the pores, only part of them are marked in Fig. 6a). From the

reconstructed slices, it is clear that the number of Pd particles is reduced after reaction in the
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batch reactor (Fig. 6b) compared to the as-prepared sample (Fig. 6a), while a morg seyere/ 108§~ 21

A

of Pd NPs is observed after reaction in the fixed bed reactor (Fig. 6¢), in agreement with the
EDX and ICP results in section 3.2. Such leaching phenomenon can be also seen in the other
reconstructed tomograms in Fig. S5-S6. The Pd loading calculated from the segmented volume
is shown in Fig. S7, which shows a same decreasing trend. These results show again a more
significant leaching of Pd NPs in the fixed bed reactor compared to the batch reactor for FA
decomposition.

At a first glance, the results seem to indicate that Pd NPs inside the pores seems to be easier
leached than those on the external surface, which is most obvious in the case of the fixed bed
reactor where most NPs inside the pores disappeared after the reaction. This is against the
expectation when considering confinement effects in heterogenous catalysis where metal
particles immobilized inside the porous channels often show a higher stability than those on
external surfaces. [22] A possible reason might be that leached Pd NPs are redeposited on the
support during the reaction as evident in Fig. 6(g-1), where larger particles are observed on the
external surface after the reactions in both reactor modes compared to the fresh sample. To get
a deeper understanding of the leaching and redeposition, a quantitative analysis of the Pd NPs
on the internal/external surface of the support has been performed based on the 3D

reconstructions.
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Figure 6. Typical 2D slices from the reconstructed volume of Pd@CMK3 (a) before and after
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FA decomposition reaction (b) in batch reactor and (c) in fixed bed reactor; The corresponding
(d—f) surface renderings and (g-1) volume rendering. The red and yellow circles in a-f highlight

Pd nanoparticles on internal and external support surface.

The particle diameters were also calculated from the segmented tomographic volumes using
the equivalent diameter of spherical Pd particles with the same volume (Fig. S8). The resulting
average sizes match well with those measured from the 2D STEM images in Fig. 4. Fig. 7(a)

shows the volume fraction of Pd NPs on the external surface in the fresh and used Pd@CMK3
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catalysts. The volume of Pd NPs was measured by calculating the number of voxels contained: - 2

in each particle after segmentation and determination of the particle location. To provide some
statistical sampling, the Pd NPs of three tomograms for each catalyst were analyzed. It is
obvious that the volume of Pd particles on the external surface of the support increased in both
used catalysts compared to the fresh one. For the fresh sample, only 33.1% of Pd NPs were
detected on the external surface of the CMK3 support, while most of the particles are located
inside the pores due to the higher area of inner surface. However, after FA decomposition in
the batch reactor, the fraction of Pd NPs on the external surface increased to 45.3%, around 1.4
times as much as in the fresh sample, indicating that leached Pd species preferably redeposited
on the external surface, probably due to the slower diffusion rate inside the pores. After FA
decomposition in the fixed bed reactor, the fraction of Pd NPs on the external surface increased
to 57.7%. Considering the overall severe Pd loss for this catalyst due to the constant flow of
reactants and solvent through the porous support, the enrichment at the surface is surprising. A
possible explanation for the high fraction of Pd on the external surface is notable redeposition
taking place on the external surfaces even in the flow reactor, presumably due to a gradient of
Pd species over the catalyst column. Pd NPs leach fast at the top of the column, while leached

Pd species redeposit on the support surface of the catalyst located on the bottom of the column.

006648
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Figure 7. (a) The fraction of Pd NPs on the external surface for the fresh and used catalysts;
number of particles distributed on the internal and external support surface of Pd@CMK3 in
the (b) fresh state, (c) after reaction in the batch reactor and (d) after reaction in the fixed bed
reactor. The inserted tables in b-d show the relative volume of Pd NPs with a certain volume
range on the internal and external surface. The inserted histograms are closeup views of the

limited data of particles with volume larger than 150 nm?.

Further comparison of the Pd NPs located on the internal and external support surface can be
found in Fig. 7(b-d), which shows the histograms of Pd NPs for various ranges of particle
volume. Based on a compromise between visibility in the tomographic images, original particle
size and the purpose of seeing significant particle growth, particles in the volume range of

<15nm? (corresponding to a diameter of smaller than ~3 nm dominant in the as prepared
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sample), 15-95 nm? (corresponding to a diameter of ~3-5.7 nm indicating some groW), v

006648

and >95 nm? (corresponding to a diameter of larger than ~5.7 nm indicating significant
growth/sintering) are classified as small, medium and large particles. It is clear that all catalysts
show quite homogeneous particle sizes with a high fraction of small Pd NPs and a small fraction
of large particles. While the size distribution of particles located on the internal and external
support surface is not too different for the fresh catalyst, the table in Fig. 7(b) shows that the
particles located on the internal surface exhibit a higher fraction of small particles compared to
the externally located particles, whereas larger particles are preferentially observed on the
external surface. This confirms that pores can reduce the formation of big particles by ripening
or agglomeration.

Looking in more detail at the catalyst used in the batch reactor, the amount of small Pd NPs on
the internal and external support surface are both severely decreased. The fraction of small Pd
NPs on the internal and external support surface are comparable, while an increased fraction of
large particles can be found on the external surface. Considering the strong reduction of the
number of particles and only slight reduction of Pd loading (~23%) according to the ICP-AES
and EDX results (Fig. 5), the redeposition and aggregation of Pd particles plays an important
role for the change of the particle size evolution. According to the diffusion simulation results
from Tallarek et al., where the effective diffusion coefficient decreased rapidly with the increase
size of tracer particles [40, 41], the detachment of whole Pd particles from the CMK3 support
is unlikely. Therefore, the evolution of particle size could be attributed to the dissolution of Pd
particles, leading to a high Pd concentration in solution and then redeposition/ripening leads to
growth of the particles. As the diffusion rate of dissolved Pd species on the external surface is
faster than that on the internal surface, the Pd species is preferentially redeposit on the external
surface. In addition, the increase of Pd NPs on the external surface provides more nuclear sites
for the growth/ripening of the particles, resulting in a higher fraction of Pd volume (Fig. 7a)

and larger particle size (inserted table in Fig. 7c) on the external surface. However, the
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competition of dissolution and redeposition of Pd species leads similar PSD shapes for, partiel¢s - e
on both external and internal surface when compared to the fresh sample. This is expected as
the reaction mixtures are constrained in the batch reactor, so there is enough time for Pd
dissolution and reposition during the reaction. Overall, our observations suggest a highly
dynamic equilibrium in the batch reactor with a lot of local leaching and redeposition taking
place both for particles on the internal and external support surface. Here, the limited size of
the pores limits the internal particles from growing extremely big. These observations help to
explain the stability of the catalyst in batch reactor. In case of the fixed bed reactor, even though
a significant amount of Pd was lost from the catalyst, the overall PSD is more or less similar to
the fresh sample for particles on the internal surface of the support, where the small Pd NPs
comprise the highest fraction and a decreasing fraction belongs to particles with increasing size.
The higher fraction of small particles compared to the batch reactor might be due to the fact
that the particles were eroded continuously by the flow without much redeposition on the

internal surfaces. This is not surprising as leached Pd species are easily removed from the solid

support by the continuous flows and do not have enough time for redeposition due to the short

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

diffusion path in the packed columns. A decreasing fraction of small Pd NPs and an increasing

Open Access Article. Published on 03 January 2023. Downloaded on 1/13/2023 9:20:38 AM.

fraction of medium and large Pd NPs was observed on the external surface. This increasing

(cc)

fraction of larger particles on the external surface contributed to the increased average particle
diameter observed in Fig. 4f. One possible explanation for the redeposition of Pd on the external
surface in fixed bed reactor might be the existence of a gradient of Pd species on the catalyst
column as discussed above for the increased fraction of particles one the external surface. The
overall leaching and reposition behavior in both batch and fixed bed reactors is summarized

schematically in Fig. 8.
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Figure 8. Schematic of the leaching and redeposition behavior of the Pd@CMK3 catalyst during
formic decomposition in the batch and the fixed bed reactor.

The detailed structural analysis above for PdA@CMK3 before and after FA decomposition
provides a clear understanding for the different structure-performance relationship in batch and
fixed bed reactors. In the fixed bed reactor, the catalyst reaches a high initial conversion during
the first half hour due to the fast diffusion rate of the reactant and products by the flow of
reactants. However, as the reaction progresses, Pd nanoparticles are rapidly lost and only
partially redeposited on the support surface, resulting in rapid deactivation of the catalyst. In
contrast, the leaching of Pd NPs in the batch reactor is much slower and the leached particles
are able to redeposit both on the internal and external surfaces of the CMK3 support, thus
allowing for a higher activity and better stability.

4. Conclusions

This work helps to unraveled the leaching and redeposition behavior of PdA@CMK3 during FA

decomposition in batch and fixed bed reactors using a quantitative electron tomography analysis.
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The Pd NPs immobilized in mesoporous CMK3 show a higher FA conversion rate and stability: 22
in batch reactors compared to other catalysts discussed in literature such as PA@HHT, probably
due to the confinement effects of the mesopores of CMK3. The amount of Pd leaching was
measured by ICP-AES and EDX, both showing that Pd leaching from Pd@CMK3 is much
more severe in the fixed bed than in the batch reactor. Quantitative analysis of the tomographic
data enables a precise tracking of the evolution of number and size distribution for the particles
on the internal and external support surface. Based on the quantitative tomographic analysis,
the 3D distribution of Pd NPs in the fresh and used catalysts was systematically investigated.
For fresh PdAd@CMK3, the particle size is quite homogenous everywhere in the support, e.g. on
the internal and external support surface. After the reaction in the batch reactor, leaching
decreased the fraction of small Pd particles (<15 nm?) on the internal surface. Redeposition and
ripening result in the formation of particles with intermediate size due to the confinement effect
inside the mesoporous space. A notable increase of the fraction of large particles (>95 nm?) on

the external surface were observed after the reaction, suggesting the existence of redeposition

on the external surface. Sufficient redeposition of leached Pd NPs helps to maintain a good

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

stability during recycling test. In contrast, more than half of the Pd was lost after the reaction

Open Access Article. Published on 03 January 2023. Downloaded on 1/13/2023 9:20:38 AM.

in the fixed bed reactor, especially the particles inside the porous support. This causes a fast

(cc)

deactivation during FA decomposition. However, redeposition was also be observed in this case
based on the increased fraction of Pd NPs on the external surface. These results demonstrate
that quantitative tomography is essential for an in-depth understanding of the structural
differences and how they affect the catalytic properties of catalysts in different reactors. In turn,
this information can be used to precisely design catalysts with desired properties to optimize

the reaction conditions.
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