Tailoring the 3D Structure of Pd Nanocatalysts Supported on
Mesoporous Carbon for Furfural Hydrogenation
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Abstract: By quantitative 3D structural characterization of Pd
nanoparticles supported on mesoporous carbon, we identify
the most important structural aspects of the catalysts, which
are responsible for the activity, selectivity and stability in
liquid phase furfural hydrogenation. A systematic series of
catalysts were prepared by three synthetic methods: incipient
wetness impregnation, wet impregnation and immobilization
of preformed PVA stabilized nanoparticles in order to control
the Pd nanoparticle distribution on the external and internal

Introduction

Supported nanocatalysts are widely applied in gas and liquid
phase catalytic reactions.” Porous materials are often used as
catalyst support because of their high specific surface areas and
controllable porous structure,®¥ which can be used to finely
tune the desired catalytic properties.” The distribution and
location of nanoparticles supported on the porous supports
has a significant effect on catalytic performance®®® usually due
to factors such as confinement effects, transport properties,
and interaction with the support surface.”™ For example, Serp
et al. showed that PtRu nanoparticles inside carbon nanotubes
are more active than the ones deposited on the external
surface in cinnamaldehyde hydrogenation.” It was found that
the selectivity of Ni/MCM-41 catalysts during pyrolysis for
catalytic gasification is strongly affected by the distribution of
nanoparticles."™ When most of the particles were located inside
the mesopores of MCM-41, the catalyst generated more gas,
hydrogen and lower oil, compared to another catalyst where
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surfaces of the mesoporous carbon. The activity and
selectivity of these catalysts are highly affected by the particle
locations. More Pd nanoparticles located inside pores pro-
mote the formation of 2-methyl furan, while selectivity to
furfuryl alcohol and tetrahydrofurfuryl alcohol is suppressed
correspondingly. Through recycling tests we find that leach-
ing depends on the synthesis process and plays an important
role with respect to catalytic stability.

most of the particles were located on the external surface of
the support.

To clarify the effect of nanoparticle location on catalytic
properties and to design desired catalyst, the precise determi-
nation of the location of nanoparticle is essential. Small-angle
X-ray scattering (SAXS) technique has been applied to charac-
terize the average porosity and metal loading for catalyst
particles supported on porous support' Nevertheless,
(scanning) transmission electron microscopy ((S)TEM) is one of
the most employed techniques to provide spatial resolution at
the nanoscale and even atomic scale, as well as the particle
distribution homogeneity on individual support pieces. How-
ever, to resolve the actual location and distribution of the
nanoparticle in a 3D volume quantitatively with high accuracy
is still challenging. Over the last decades, electron tomography
has been developed as a powerful technique to provide
evidence for the specific location of nanoparticles on the
support."®' The works of De Jong®™*' and Midgley®**” have
pioneered 3D characterization of the morphology and location
of small metal particles deposited inside zeolites or mesoporous
networks by means of electron tomography. Using advanced
image analysis, the spatial distribution of nanoparticles in
porous supports, such as SBA-15, has been quantitatively
studied by electron tomography®?? and Prieto etal. have
shown that the spatial distribution of nanoparticles is an
important factor for catalyst stability.”¥ More recently, the
preferential location of Au nanoparticles on carbon nanofibers
was identified by electron tomography.”® This study indicated
that the confinement of Au NPs significantly enhances the
catalytic activity and promotes selectivity towards di-acid
products in polyol oxidation. These works have demonstrated
that electron tomography, providing quantitative 3D informa-
tion at the nanometer scale, is an invaluable tool to characterize
the size, spatial distribution and exact location of nanoparticles
supported on porous materials, which are indispensable to
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understand the catalytic behavior and, in turn, to precisely
design the desired catalysts.

Recently, fuel and chemical production exclusively from
biomass has gained much attention due to the limited fossil
fuel resources and global warming issues.”" Furfural as a
building block offers a rich platform for generation of
biofuels®** and chemical intermediates.*¥ It has been identi-
fied as one of the most promising chemicals for a sustainable
production in the 21% century.’ Apart from rearrangements
and furan coupling, hydrogenation is the most important
process in the conversion of furfural.® Scheme 1 shows the
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Scheme 1. Representative reaction pathways during hydrogenation of
furfural.

reaction pathways of furfural hydrogenation with furfuryl
alcohol as one of the most common products, which is used in
the production of thermostatic resins and fiber-reinforced
plastics.”**? Cu,®” Ni®® or Ru® based catalysts have been
investigated for furfural hydrogenation and have shown good
catalytic properties but under harsh reaction conditions, either
at high temperature or with high hydrogen pressure. Pd is an
ideal catalyst for hydrogenation of furfural because of the
capability to dissociate hydrogen under ambient conditions.””
In addition, the choice of support is also an important factor to
modify the catalysts by its specific morphology and the
chemical properties affecting the state of supported metal, the
adsorption of reactants, and the mass transfer processes.”"?
Porous carbons are deemed a good catalyst support material
because of their high specific surface area, controllable

chemical properties of the surface and diverse porous struc-
ture,®* which can be conveniently synthesized by using differ-
ent polymer templates.

So far no systematic work has been performed to inves-
tigate the relationship between the spatial distribution of
supported nanoparticle on porous carbons and the catalytic
properties in furfural hydrogenation. In this work, we choose
ordered porous CMK-3 carbon as catalyst support, which has a
well-defined pore structure, to investigate the 3D distribution
of Pd nanoparticles with respect to different synthetic methods
and to correlate the structure of the catalysts with their activity
and selectivity in furfural hydrogenation based on a quantita-
tive tomography analysis. The Pd nanoparticles are immobilized
on/in ordered mesoporous CMK-3 carbon support by three
synthetic methods: incipient wetness impregnation, wet im-
pregnation and immobilization of preformed PVA stabilized
nanoparticles. The resultant spatial distributions of the Pd
nanoparticles in the three Pd/CMK-3 catalysts are distinctly
different from each other and effectively influence the activity
and selectivity for furfural hydrogenation. The stability of the
three Pd/CMK-3 catalysts is also discussed considering the
preparation methods and metal-support interaction.

Results and Discussion

The results of the catalytic testing of the three 1 wt.% Pd/CMK-
3 catalysts for furfural hydrogenation are summarized in Table 1
and the representative reaction pathways during hydrogena-
tion of furfural are shown in Scheme 1. Pd,;,/CMK-3 showed
the best initial activity (1125 h™"), compared to Pdp,/CMK-3
(750 h™") and Pd,,/CMK-3 (438 h™"), (Table 1). Analysis of the
conversion versus time on stream revealed that after 5 hours,
Pdpys/CMK-3 showed a conversion (98%) higher than that of
Pd»/CMK-3 (88%) and Pd,,/CMK-3 catalysts (64%) (Figure S1).
In particular, deactivation phenomena for Pd,,,/CMK-3 catalyst
were observed at high conversion. Furfuryl alcohol was the
major product obtained in all cases (Table 1). Pdp,/CMK-3
showed a selectivity to furfuryl alcohol of 75%, higher than
Pdw/CMK-3 (61%) and Pd,,,/CMK-3 (56%). Tetrahydrofurfuryl
alcohol was present as major secondary product when Pd,,/
CMK-3 and Pdp,,/CMK-3 catalysts were used (selectivity of 24%
and 13%, respectively), whereas Pd,,/CMK-3 also promoted the
formation of methyl furan (22%). Recycling tests have been
performed to investigate the durability of the catalysts (Fig-
ure 1). These tests consisted of the filtration and reuse of the

Table 1. Furfural hydrogenation in 2 propanol.”’

Catalyst™ Activity® Conversion Selectivity (%)
(%) after 5 h Furfuryl alcohol (FA) Tetrahydrofurfuryl 2 methyl furan (MF) Ethers
Alcohol (THFA) 1 2 3
Pd,/CMK 3 438 64 61 8 22 5 nd nd
Pde/CMK 3 1125 88 56 24 6 8 4 nd
Pdpya/CMK 3 750 98 75 13 7 nd nd

@ Reaction conditions: Furfural
Selectivity calculated at 60% conversion.

=0.3 M; F/catalyst ratio=500 wt/wt, 50°C, 5 bar H,. !

Converted mol (mol Pd) ' h' calculated after 15 min of reaction.
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Figure 1. Stability tests running 6 reaction cycles of a) Pd,,/CMK 3, b) Pd s/
CMK 3 and c) Pd,,,/CMK 3 catalysts.

catalyst for the next run without any further purification. Pd,,/
CMK-3 and Pd,,/CMK-3 showed good stability, maintaining
activity and selectivity over 6 cycles (Figure 1a and 1c).
Conversely, Pd,/CMK-3 showed an evident decrease in the
conversion and continuous changes in the selectivity (Fig-
ure 1b): the selectivity to tetrahydrofurfuryl alcohol (THFA) was
enhanced during cycling, while the selectivity of furfuryl alcohol
(FA) and methyl furan (MF) decreased with increasing cycles.

The as-prepared Pd/CMK-3 catalysts were characterized
using STEM to assess the particle size distribution. STEM images
of the three catalysts and their nanoparticle size histograms are
shown in Figure 2. Pd nanoparticles for the three catalysts show
fairly homogeneous dispersion on the support and the Pd
nanoparticle sizes of those catalysts are similar, around 2.5 nm
in average with a similar size distribution. Therefore, there are
clearly other factors than particle size that influence the activity
and selectivity.

Electron tomography was used to quantify the number of
Pd nanoparticles on the external vs. internal support surface
based on the segmentation and identification of the particles in
the reconstructed tomograms as outlined in the experimental
section (Figure S2). Figure 3 shows representative 2D slices
from the reconstructed volume of the three Pd/CMK-3 catalysts
and the corresponding rendered volumes, in which surface
nanoparticles are marked in yellow and the nanoparticles inside
the pores are marked in red. For the Pd,,/CMK-3 and Pd,,/
CMK-3 catalysts, Pd nanoparticles were found both on the
external surface (highlighted by yellow circles) and inside the
support pores (highlighted by red-circles) while Pd nano-
particles were observed only on the external surface in case of
Pdpya/CMK-3. The presence of the capping agent (PVA) increases
the hydrodynamic radius of the particles, thus limiting their
internal diffusion inside the channels”® To quantify the
distribution of the particles, the percentage of particles on the
external surface for each Pd/CMK-3 catalyst is calculated from
several tomograms of each sample after segmentation and
identification of the particles. In addition, Pd loading of
individual Pd/CMK-3 particles was obtained based on the
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Figure 2. Representative STEM images of as prepared (a) Pd,,/CMK 3, (b)
Pd/CMK 3 and (c) Pdpya/CMK 3 catalysts and the corresponding particle
size distribution histograms (d f).

Figure 3. Typical 2D slices of (a) Pd,,/CMK 3, (b) Pd,/CMK 3 and (c) Pdpys/
CMK 3 reconstruction data and the corresponding representative 3D visual
ization (d f). The yellow and red circles in a ¢ highlight Pd nanoparticles on
the external surface and inside of the porous support.

volume of segmented Pd nanoparticles and support (CMK-3).
The resulting particle distribution and the Pd loading are
summarized in Figure 4.



| W As-prepared Pd,,/CMK-3 (a)
7-m As-prepared Pd,n/CMK-3
6 1 As-prepared Pdp, ,/CMK-3
§ 5] m
3 4
£
T 34 | ]
g )
- 2 ]
'c 4
a1 u
o] = "¥ma -
T T T T T T T T T T T T M T T T
0 20 40 60 80 100 120 140 160 180 200
Support Volume (x10° nm®)
)
S 100+ (©
c
o m As-prepared Pd,,/CMK-3
B
Q 80m As-prepared Pd,;p/CMK-3
i As-prepared Pdp,,,/CMK-3
2 60
L
t _-m
& 40 —
° -
£ 204 et 1
= ¥ S |
[72]
'é 0 T T T T T T T T T
o 0 2 4 6 8 10 12 14 16 18 20

Support - External Surface Fraction (%)

& 100 (b)
5 { ™ As-prepared Pd,,/CMK-3

"3 80 | W As-prepared Pd,;;,/CMK-3

E As-prepared Pdp,,/CMK-3

QL 60+

2

t N

& 404 gl

() b [ ]

‘% 1 -Bg----- :;!\_:._ T R - --

= 204 B SEse [ ]

3 Rl P |

a L

L]
'UO'I‘I'I'I'I‘I'I‘I'I‘
o 0 20 40 60 80 100 120 140 160 180 200

Support Volume (x10° nm®)

)

& 1004 (d)
5 |m Pd,,/CMK-3 after 6" cycle

5B 80-|W Pdyp/CMK-3 after 6" cycle

o PdpyA/CMK-3 after 6 cycle

L u

o i

3 60 -

5 "

a 404

[} u

o

© ||

‘g 204 mE g g

(7]

'6 O T T T T T T T T T

o 0 2 4 6 8 10 12 14 16 18 20

Support - External Surface Fraction (%)

Figure 4. (a) The relationships between Pd loadings and volume of CMK 3 support. (b) Fraction of surface Pd nanoparticles to the support volume in as
prepared Pd/CMK 3 catalysts, and fraction of surface Pd nanoparticles to external surface fraction of support in Pd/CMK 3 catalysts at the as prepared state (c)

and after 6 cycles (d).

The dependence of the Pd loading on the support size is
shown in Figure 4a. For large support pieces, the Pd loading is
more or less uniform and varies slightly around the nominal
loading of 1 wt.%, while the metal loading on small support
pieces (~2x10"nm? or smaller) is considerably higher (>
1wt%) for the as-prepared Pd,/CMK-3 and Pd,,/CMK-3
catalyst. The higher Pd loading on small support piece is
particularly more distinct in case of Pd,,/CMK-3, which could be
due to the fact that pores in small support pieces are easier to
be completely filled by the Pd precursor than in case of
impregnation, where Pd precursor undergoes sufficient diffu-
sion resulting in a more homogeneous distribution of nano-
particles. Figure 4b shows the fraction of Pd nanoparticles on
the external surface for the three as-prepared Pd/CMK-3
catalysts plotted with respect to the CMK-3 support volume.
About 20%-30% of Pd nanoparticles are located on the external
support surface for as-prepared Pd,,/CMK-3, almost independ-
ent on the size of the CMK-3 support, whereas in the case of as-
prepared Pdp,/CMK-3, all Pd nanoparticles are exclusively
located on the CMK-3 external surface. For as- prepared Pdy,/
CMK-3, the amount of Pd particles on the external surface
roughly decreases with the increase of the CMK-3 support
volume. From the segmented tomograms, the area of the
external surface and the surface area inside pores are calculated
(details in Figure S3). The fraction of Pd particles located on the

external surface is plotted against the fraction of the external
support surface to better understand the difference of the
particle distribution for IW and IMP preparation (Figure 4c). For
Pdy»/CMK-3, the fraction of Pd nanoparticles on the external
surface is proportional to the external surface fraction. This
linear correlation indicates that during the impregnation
process, the precursor solution has adequate time to reach the
anchoring positions on both the external surface and the
internal pore surfaces. However, the factor of ~2 between the
external surface fraction and the Pd loading on the external
surface indicates a higher likelihood for Pd adsorbing on the
external surface compared to inside. In the contrast, during
incipient wetness preparation the porous carbon support
always absorbs a similar fraction of the precursor solution into
the pores and always leaves 20-30% on the external surface.
This means that the pores are not always completely filled,
particularly for the big carbon support pieces. Small carbon
pieces are more easily filled and this tendency leads to the
smaller carbon support pieces with considerably higher Pd
loading (Figure 4a).

A variation of the particle distribution during the catalytic
reaction can be detected by comparing the tomographic
analysis of the three Pd/CMK-3 catalysts at the as-prepared
state and after 6 cycles (Figure 4c and 4d). For Pd,,/CMK-3, the
fraction of Pd nanoparticles on the external surface is almost



independent of the external surface fraction of the support. In
addition, the absolute fraction of Pd surface nanoparticles is
almost unchanged before and after catalytic reaction. This is in
agreement with the observed high stability during the catalytic
testing suggesting no or very limited changes during the
catalytic process. For Pd,,,/CMK-3 catalyst, all Pd nanoparticles
still located on the external surface of the support material after
reaction. Pd,,,/CMK-3 underwent noticeable changes during
the reaction regarding the particle distribution and the size
distribution. A lot more Pd nanoparticles were observed on the
external support surface after 6 reaction cycles compared to
the as-prepared material.

From Figure 4b and 4c, one can estimate that the overall
fraction of Pd particles on the external surface is comparable
for as-prepared Pd,,/CMK-3 and Pd,,,/CMK-3catalysts. Therefore
the high initial activity of Pd,,,/CMK-3 is not directly related
with the surface particle fraction and the confinement effect of
the pores. A close look at the metal-support interaction and the
reaction pathways may give a hint at different activities, which
will be discussed later. The lower initial activity of Pdp,,/CMK-3
is likely due to residual PVA stabilizing agent on the Pd
nanoparticles, which might block some active sites.”¥ The
selectivity of furfural hydrogenation is suggested to be depend-
ent on the binding orientation of furfural in specific types of
sites (terrace sites or edges/corners sites).***® Previous studies
have indicated that when furfural adsorbs with a perpendicular
orientation on the Pd surface, the formation of furfuryl alcohol
is favored, whereas a flat-lying adsorbate on the Pd surface is
prone to the formation of tetrahydrofurfuryl alcohol.“**! It has
been shown that the presence of PVA on the Pd surface favors
a perpendicular adsorption of furfural as a consequence of the
interaction of the protecting agent with the NPs resulting in
the formation of furfuryl alcohol®” On the free Pd both
perpendicular and flat furfural adsorption is occurring, resulting
in the formation of furfuryl alcohol and also tetrahydrofurfuryl
alcohol.™ On the contrary, the confinement inside small pores
(3-4nm) of the support can bias the reactant binding
orientation to discourage flat adsorption of the reactant
molecules and favors the perpendicular adsorption.”” This
configuration results in the formation of furfuryl alcohol but
also of 2-methyl furan via hydrodeoxygenation (HDO) of furfuryl
alcohol.***” Zhang et al. have shown that furfuryl alcohol is
faster hydrodeoxygenated to methyl furan when Pd nano-
particles are confined inside porous TiO, compared to a catalyst
where Pd was mainly present on the external surface.”” In our
cases, a similar encapsulating effect is expected to work as well.
In addition, it is possible that the reactants accessing the active
sites through micropores of CMK-3,“**) which are beyond
resolution of electron tomography, may further reinforce the
biasing in binding directions. For encapsulated Pd catalyst a
higher HDO apparent activation energy was observed, probably
due to the larger concentration of Pd-support interfacial sites.
Over the catalytic reaction cycles, the selectivity of Pd,,/CMK-3
and Pd;,,/CMK-3 catalysts remained unchanged (Figure 1a/c).
In case of Pd/CMK-3, the selectivity of tetrahydrofurfuryl
alcohol increased from 24% in the 1% cycle to 36% in the 6™
cycle (Figure 1b), while the selectivity of both furfuryl alcohol

and 2-methyl furan decreased correspondingly. The change in
selectivity can be correlated with the increase of the fraction of
Pd nanoparticles on the external surface over the reaction
cycles as can be seen comparing Figure 4c and 4d. The cycling
experimental results corroborated our previously suggested
mechanism that the Pd particles confined inside pores lead to a
higher selectivity to furfuryl alcohol and 2-methyl furan.
Stability is of great importance for any real application of
catalysts. One main reason for the deactivation of catalysts is
metal nanoparticle growth causing a loss of active sites.*” In
order to measure the stability of the three catalysts, the
catalytic reaction was carried out using the recycled catalysts
and the structural changes were investigated by HAADF STEM.
Figure 5 shows the HAADF STEM images at high magnification

Figure 5. High resolution STEM images of Pd,,/CMK 3, Pd,,,/CMK 3 and
Pdeya/CMK 3 catalysts in the as prepared state (a c) and after 6™ cycle (d f).

of the three Pd/CMK-3 catalysts in the as-prepared state and
after 6 cycles. Some ultra-small Pd nanoparticles (< 1 nm) were
found in all three as-prepared Pd/CMK-3 catalysts (Figure 5a-c).
After reaction, those ultra-small Pd nanoparticles almost
disappeared in Pd,,/CMK-3 (Figure 5e and S5) but still
remained in Pd,,/CMK-3 and Pdp,/CMK-3 (Figure 5d/f and S4).
Table 2 summarizes the average size of the Pd nanoparticles
measured from electron tomography (3D) and STEM images



Table 2. The conversions of Pd/CMK 3 catalysts used in 1st and 6th cycle of furfural hydrogenation reaction and Pd nanoparticle sizes in the as prepared

state and after 6th cycle reaction measured from electron tomography (3D) and STEM images (2D).

Catalysts Conversion after 5 hin 1% Conversion after 5 h in 6" Average Pd nanoparticle size (nm)
cycle cycle
Electron tomography (3D) STEM (2D)
as prepared after 6™ cycle as pre after 6™
pared cycle
Inside  External sur Inside  External sur
face face
Pdw/CMK 3 64% 65% 24 29 23 29 24 24
Pdwe/CMK  88% 53% 26 29 37 4.6 26 3.8
3
Pdps/CMK  98% 95% 27 28 2.5 2.6
3

(2D) and the corresponding catalytic conversions in the 1 and
the 6™ run during furfural hydrogenation. We found that the
size of the Pd nanoparticles in Pd,,/CMK-3 and Pdp,/CMK-3
was almost unchanged after the reaction regardless of location,
whereas Pd nanoparticles obviously grew for Pd,,/CMK-3,
especially the Pd nanoparticles on the external surface. The
growth of the Pd nanoparticles in Pd,,/CMK-3 strongly
suggests that leaching and re-deposition occurred during
reaction. The leached Pd redeposits onto neighboring nano-
particles during the reaction resulting in enlarged nanoparticles,
while the ultra-small Pd NPs are mostly consumed leading to
the quick drop in activity of Pd,,,/CMK-3 (Figure 1b). It is
noticeable that both particle size and particle number on the
external surface increased considerably during cycling reaction
for Pd,,/CMK-3. Both can be attributed to leaching of Pd. The
leached Pd is more likely to redeposit on the external surface.
At the same time, Ostwald ripening likely dominates growth
and the presence of unconfined Pd clusters on the outer
surface provides unrestricted growth and thus an increasing
driving force for ripening, which is not of the same magnitude
for the NPs confined in pores. The leaching mechanism was
also confirmed by checking the “hot-filtrated” solution using
atomic absorption spectroscopy (AAS).PZ After 60 min of
reaction, the catalyst was isolated by filtration without cooling
the reaction mixture and ICP measurements on the filtrate
evidenced that leaching of Pd loaded on CMK-3 in Pd,,/CMK-3,
Pd»/CMK-3 and Pd;y,/CMK-3 catalysts was 0.2%, 3% and 0.3%,
respectively. The more prominent leaching for the impregna-
tion prepared catalyst may be attributed to a weaker metal-
support interaction. Previous studies®**¥ indicated that the pH
of the solution has an effect on the electrostatic interactions
between the carbon surface and the active-phase precursors. In
our case, the amount of solvent (water) used in wet impregna-
tion is much more than that used for incipient wetness
impregnation. Therefore, a higher pH of the solution during
wet impregnation weakens electrostatic interactions between
the support CMK-3 and the Pd precursors, which could explain
the evident Pd leaching and the lowest stability of Pd,,,/CMK-3
catalyst.

Conclusions

Based on the quantitative tomographic analysis, the 3D
distribution of the Pd nanoparticles of the three catalysts
synthesized by incipient wetness impregnation, wet impregna-
tion and sol immobilization methods was systematically
investigated and the observed structures were correlated with
their activity and selectivity in furfural hydrogenation. About
20%-30% of Pd nanoparticles are located on the external
support surface for as-prepared Pd,,/CMK-3, almost independ-
ent of the size of the CMK-3 support, whereas in case of as-
prepared Pdp,/CMK-3, all Pd nanoparticles are exclusively
located on the external CMK-3 surface. Because the accessibility
of reactants to the catalyst inside the support is confined by
the CMK-3 pore structure, Pd,/CMK-3 catalyst has a lower
activity compared to Pd,,/CMK-3. For as-prepared Pd,,,/CMK-3,
the Pd nanoparticle fraction on the external is roughly propor-
tional to the external surface fraction suggesting adequate time
and mobility for precursors to access the anchoring sites on the
internal and external surfaces. The low stability of Pd,,/CMK-3
could be attributed to a higher leaching rate due to weaker
metal-support interaction, which was evidenced by the increas-
ing particle size during the catalytic reaction. The location of
the particles strongly influences the selectivity of the reaction.
Pd nanoparticles confined in the pores of the mesoporous
carbon favors the formation of 2-methyl furan, probably due to
an encapsulating effect favoring perpendicular orientation of
furfural adsorbed on Pd and longer contact times. When Pd
nanoparticles are on the external surface the yield of tetrahy-
drofurfuryl alcohol becomes much higher. Moreover, the
residual capping agent on Pd,,,/CMK-3 slightly suppresses the
formation of tetrahydrofurfuryl alcohol by reducing the proba-
bility of parallel adsorption binding to three Pd atoms and the
absence of confinement of the particles resulted in a high
selectivity to furfuryl alcohol. From the presented work, it is
worth to point out that quantitative tomography was essential
to understand the structural differences and thus the modu-
lated catalytic behaviors of the three catalysts. Particularly for
incipient wetness and wet impregnation prepared catalysts,
quantitative analysis of the tomographic data enabled uncover-
ing the difference in metal dispersion.



Experimental Section

Catalyst Preparation

The mesoporous carbon CMK-3 support (Nanjing XFNANO Materi-
als Tech) has a specific surface area of ~900 m*/g and exhibits
ordered porous structure with a pore diameter of 3 4nm
calculated from N, physisorption (Figure S5). Supported Pd/CMK-3
catalysts were prepared using incipient wetness impregnation
(Pd\W/CMK-3), wet impregnation (Pd,,,/CMK-3) and immobilization
of preformed PVA stabilized nanoparticles (Pdp,,/CMK-3).

For incipient wetness impregnation, solid Na,PdCl,-2H,O (Aldrich,
purity 99.99%) (0.094 mmol of Pd,) was dissolved in water.
Sufficient metal-containing solution was added to 1 gram of
support (CMK-3) to completely fill the pores, based on the total
pore volume from N, sorption analysis (1.24 cm®/g). The concen-
tration of the precursor solution was calculated to obtain a final
metal loading of 1 wt.%. The catalyst was filtered, re-dispersed in
water and reduced with NaBH, (Pd/NaBH, 1/8 mol/mol). Afterwards
the catalyst was filtered and washed several times with distilled
H,0 and dried at 80°C for 4 h.

For wet impregnation, solid Na,PdCl, (0.094 mmol of Pd) was
dissolved in 100 ml water. 1 gram of support (CMK-3) was added to
the Na,PdCl, solution under stirring. After 4 h, the catalyst was
filtered, re-dispersed in water and reduced with NaBH, (Pd/NaBH,
1/8 mol/mol). The catalyst was filtered and washed several times
with distilled H,0O and dried at 80 °C for 4 h.

For sol-immobilization, solid Na,PdCl, (0.094 mmol of Pd) and PVA
water solution (1 wt.%) (Pd/PVA 1:0.5 weight ratio) were added to
100 mL of H,O. After 3 min, NaBH, (Pd/NaBH, 1/8 mol/mol)
solution was added to the yellow-brown solution under vigorous
magnetic stirring. A brown Pd(0) sol was immediately formed. An
UV-visible spectrum of the Pd sol was recorded to check the
complete Na,PdCl, reduction. Within a few minutes from their
generation, the colloid (acidified at pH 2 by sulfuric acid) was
immobilized by adding the support (CMK-3) under vigorous
stirring. The amount of Na,PdCl, and support was calculated in
order to obtain a final metal loading of 1 wt.%. The catalysts were
filtered and washed several times with distilled H,O at 60°C to
remove PVA from Pd surface and dried at 80°C for 4 h.

Furfural Hydrogenation

Furfural (F) hydrogenation was performed at 50 °C, using a stainless
steel batch reactor (30 mL capacity), equipped with heater,
mechanical stirrer, gas supply system and thermometer. Furfural
solution (15 mL; 0.3 M in 2-propanol) was added into the reactor
and the desired amount of catalyst (F/catalyst ratio 500 wt/wt)
was suspended in the solution. The H, pressure was set to 5 bar as
optimized reaction condition while avoiding mass transport issue.
The mixture was heated to the reaction temperature, 50°C, and
mechanically stirred (1250 rpm). During the reaction, samples were
removed periodically (0.2 mL) and identification of the products
was performed using a Thermo Scientific Trace 1SQ QD Single
Quadrupole GC-MS equipped with a capillary column HP-5 30 mx
032 mm, 0.25xm Film, by Agilent Technologies. Quantitative
analysis with an external standard method (n-octanol) was used. At
the end of the reaction, the autoclave was cooled to room
temperature, the H, flow stopped and the autoclave was purged
with flowing nitrogen. Recycling tests were carried out under the
same experimental conditions. The catalyst was recycled in the
subsequent run after filtration without any further treatment.

Atomic Absorption Spectroscopy

Metal content and metal leaching were verified by atomic
absorption spectroscopy (AAS) using a Perkin Elmer 3100.

Transmission Electron Microscopy

The powder samples of the Pd/CMK-3 catalysts were dispersed on
copper grids coated with holey carbon film (Quantifoil). The
morphology of the catalysts was characterized by high angle
annular dark-field (HAADF) scanning transmission electron micro-
scopy (STEM) using a FEI Titan 80 300 TEM operated at 300 kV. The
size of the supported Pd nanoparticles was estimated from HAADF
STEM images using Imagel)®® software approximating the particles
with an elliptical shape.

Electron Tomography and 3D Image Analysis

The powder samples of the catalysts were dispersed on 100x
400 mesh carbon coated copper grids (Quantifoil), where 6.5 nm
colloidal Au particles had been deposited beforehand. Electron
tomography was performed using a Fischione 2020 tomography
holder on an FElI Titan 80 300 microscope operated at an
acceleration voltage of 300 kV in STEM mode with a measured
beam diameter of 0.27 nm. HAADF STEM tilt series with image
dimensions of 2048 x 2048 pixels were collected using the Xplore3D
software (FEIl) over a tilt range of at least +70°, with tilt increments
of 2°. During tilt series image acquisition no detectable morphol-
ogy change caused by electron beam damage was observed.
Alignment of the tilt series was performed with IMOD®® using both
Au colloidal particles and supported Pd nanoparticles as fiducial
markers with a mean residual alignment error of 0.47 1.00 pixels.
The aligned tilt series were reconstructed using the simultaneous
iterative reconstruction technique (SIRT) within Inspect3D (FEl). The
resultant tomograms had a final voxel size of 0.32 or 0.46 nm,
depending on the magnification of the original STEM images.

3D image analysis and segmentation of the electron tomograms
was performed in Amira 6.0. Global threshold values were applied
to median-filtered reconstruction volumes to extract the features of
interests, i.e., Pd nanoparticles and CMK-3 support (including pore
volume), respectively. Then the segmentation of Pd nanoparticles
was refined by an adaptive threshold, in which instead of fixed
thresholding intensity, an adaptive threshold was set to a certain
percentage of the local maximum intensity within the particle
region to dynamically compute the segmentation of each individu-
al Pd particle. Starting from the segmented CMK-3 the border was
eroded by 20 voxels to detect the particles on the support surface
as Pd particles in contact with vacuum (Figure S2). This erosion
step is essential to avoid recognizing the intensity gradient
between metal particle and vacuum as carbon. The number of
nanoparticles on the external surface and inside the pores of the
support was counted and the nanoparticle sizes measured as the
diameter of volume-equivalent spheres. The measured volumes
were corrected for the elongation factor due to the missing wedge
from tomography acquisition.””*® Segmented Pd nanoparticles
with volumes below 20 voxels were ignored during further analysis.
To provide sufficient statistical sampling and to explore the
influence of the size of the support on the particle distribution,
several tomograms were analyzed for each catalyst after segmenta-
tion and identification of the particles to calculate the surface
particle fraction and the nanoparticle size distribution. In addition,
Pd loading (in wt.%) of individual Pd/CMK-3 tomogram was
calculated based on the volumes derived from Pd and support
(CMK-3) segmentations and the nominal overall densities of
metallic Pd (12.02 g/cm®) and CMK-3 carbon (~0.6 g/cm?).
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