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In this work, the synthesis of a stable supported Pd catalyst by aggregation of colloidal
particles (CPs) of polyacrylonitrile (PAN) containing the noble metal is discussed.
The metal is initially incorporated during the polymerization reaction (0.5 wt. %)
and results to be well embedded inside the polymeric structure and anchored to the
nitrogen atom of acrylonitrile. Moreover, aiming to provide free access towards the
catalyst active sites, a KOH-activated heat treatment was performed on the PAN
CP aggregates, thus creating pore sizes between 0.7 and 5 nm with surface area
Sger = 1150 mz/g. After the harsh heat treatment, the amount of Pd remaining in
the pyrolyzed polymer is 2.8 wt. %, as measured by Inductively Coupled Plasma-
Optical Emission Spectroscopy (ICP-OES), which then corresponds to a total weight
loss of 83% (assuming no loss of Pd). This result indicates a remarkable stability
of Pd inside the polymer structure and that minimal Pd leaching can be expected
during the catalyst use. X-ray absorption spectroscopic studies of pyrolyzed Pd-
containing PAN and following extended X-ray absorption fine structure fitting showed
no sign of bulk Pd(0), while a dominant proportion of Pd is present as dispersed Pd
carbides. These results are consistent with the data obtained using X-ray absorp-
tion near edge structure. Finally, the catalyst was tested on a Suzuki coupling in
the liquid phase and showed good activity, hence proving the accessibility of the
active sites to reactants. © 2018 Author(s). All article content, except where oth-
erwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5046552

I. INTRODUCTION

At the frontier between heterogeneous and homogenous catalysis, metallic nanoparticles have
found a significant role.! Their homogeneous properties, like their availability, chemical nature,
acidity, and redox properties, make them predictable and permit a “structure-activity”” understand-
ing of the catalysis.> Moreover, as noble metals are usually the most active in catalysis, the
cost of purely metallic nanoparticles is very high and the waste of the unused metal, i.e., active
species that are not on the surface of the nanoparticles, opens other doors to improvement. Alter-
natively, supported catalysts which are usually prepared by wet-impregnation on different oxides,
charcoal, or zeolites can help “diluting” the metal homogeneously on the support while enhanc-
ing the thermal stability.>* The challenge is to reduce the size and increase the monodispersity
of the active sites while making them as available as possible on the surface of the support.
However, metal-supported catalysts commonly suffer from sintering, which leads to deactiva-
tion, as well as selectivity issues.’ As a consequence, many processes are still being run based
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on homogeneous catalysis, for example, cross coupling reactions like Wacker, Cativa, or Suzuki
reactions.®

Focusing on tailoring metal nanoparticles for supported catalysts, many studies have shown
that controlling the size of the impregnated/incorporated/precipitated active sites results in differ-
ent catalytic properties.”® Abbot et al. reported the effect of the size of Pd, clusters (n = 1-30
atoms) and found that extremely small clusters are much more effective than bigger clusters to
enable the cyclotrimerization of acetylene to benzene, especially at low temperature.” Given the
good results of metal catalysis with the active species dispersed at the atomic level, many efforts
have been made to synthetize single atoms distributed on a support to achieve a high reactive
efficiency per atom and similar selectivity for homogeneous catalysis, but without the drawbacks
mentioned above.!%!3 However, the major drawback of such supported catalysts is that their single
sites are usually not very stable.'* In some cases, due to spatial segregation, single-site catalysis
becomes ineffective when the reaction involves the anchoring of several molecules next to each
other (multi-adsorption sites), as is the case in hydrogenation reactions.'> Hence, small multi-
atom clusters (2-10 atoms) also show interesting properties without the “loss” of active sites as
all of their atoms are facing the surface. For example, it was reported that the number of Pt
atoms (from 5 to 12) in a cluster changes the activity and selectivity of a catalyzed reaction,
with the clusters of 10 atoms having the highest catalytic activity for the styrene hydrogenation
reaction.'®

The choice of a specific support is another important aspect in catalyst design as this will
depend on the reaction conditions to be used and the affinity of the support material towards the
active sites. In fact, the support could also play a role in the catalyst activity like in CO,-to-
methanol conversion over zirconia-supported copper nanoparticles.'” If chemical resistance is needed,
carbon-based materials are preferred, whereas metal oxides are usually very resistant towards high
temperature and pressure.'®2% For targeting a possible industrial application, the support should
exhibit high loading capacity with good and preferably tailored porosity, as well as an accept-
able cost of production. For this purpose, researchers have investigated the use of polymer-based
materials as support for noble metal catalysis.?!">?> Their ease of production and mechanical and
thermal properties, as well as the versatility in their architecture and compositions, make them
candidates with good potential.>>?* In particular, polyacrylonitrile (PAN) possesses a nitrogen het-
eroatom in its repeating unit, which can anchor metal compounds. Notably, after thermal treatment,
PAN can form a microporous N-doped graphitic material without the need of additional nitrogen
incorporation steps, as it is done with ammonia or ion implantation.”>*% As PAN serves as a pre-
cursor for the production of very stable carbon fibers,?” the polymeric structure, once thermally
treated, provides the necessary thermal and mechanical strength to become a successful catalyst
support.28

Herein, we described the development of a catalyst based on porous PAN colloidal particles
(CPs) containing palladium prepared through the approach reported elsewhere.?’ Differing from
the conventional wet-impregnation, which typically leads to the formation of metal clusters on the
support, this new approach enables the in situ homogeneous incorporation of stable chemically bonded
Pd atoms inside polymeric CPs. The scalable and reproducible dispersion of Pd-containing CPs
produced by emulsion polymerization was destabilized to form a fractal-based assembly exhibiting
large enough pores to minimize any diffusion limitation. Much smaller pores giving access to the
palladium present inside the (originally non-porous) PAN CPs were created by a KOH-activated heat
treatment, resulting in a carbon-based ladder structure. The produced catalyst shows outstanding
thermal and chemical resistance, and the Pd inside the CPs is present in small aggregates (<5 nm)
and probably single Pd atoms, which are still anchored to the residual nitrogen remaining in the matrix
after the thermal treatment. Hence, the highly porous, graphitic-like support is helpful in stabilizing
the metal. Additionally, leaching of Pd is negligible, as the amount of Pd after the harsh heat treatment
involving KOH followed by acid washing is still 2.8 wt. %. Finally, its activity was tested on a Suzuki
coupling in water and compared to that achieved using pure Pd nanoparticles as well as a similar
catalyst synthesized by wet impregnation of the same thermally treated polymer matrix using a Pd
precursor.
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Il. EXPERIMENTAL SECTION
A. Materials

For polymerization, the acrylonitrile (AN) monomer was purchased from Aldrich Chemicals
(299.0%) and potassium persulfate (KPS) was employed as a water-soluble initiator and was pur-
chased from Merck (ACS, Reag. Ph. Eur). Deionized water was used as the reaction medium for
all reactions, and sodium dodecyl sulfate (SDS, Sigma Life Science, >99.0% purity) and potassium
poly(ethylene glycol) 4-nonylphenyl 3-sulfopropylether (KPE, Sigma-Aldrich, >99.0% purity) were
used as ionic surfactants. K,PdCly, purchased from ABCR-chemicals (98% purity), was used as the
palladium source. Suzuki couplings were performed using 4-bromotoluene (ABCR-chemicals, 98%),
phenylboronic acid (Acros Organics, 98+ %), and N,N-Diisopropylethylamine (Fluka, >98%). Pal-
ladium nanoparticles (d < 25 nm) were purchased from Aldrich Chemicals with >99.5% metal
basis, for direct comparison with our synthesized catalysts. All purchased raw materials were
employed without further purifications. The deionized water was stripped with N, (bubbled through
the solution) for 30 min to remove oxygen and prevent any deactivation of the initiator during the
reaction.

B. Synthesis of Pd-containing PAN colloidal particles

The introduction of palladium in the colloidal particles (abbreviated as CPs) was performed
during emulsion polymerization, following the recipe reported in a previous study (feeding strategy
Flb).29 In short, water, SDS, KPS, and monomers were charged to the reactor, whereas KPE and
metal-precursor, both diluted in water, were fed as soon as the nucleation has started (few minutes
after the initiator injection, recognizable by the appearance of a bluish color). The reaction was
carried out for approximately 4 h at 60 °C with a stirring rate of 400 rpm, while reaching at least
90% conversion.

The produced latex (10% polymeric solid content) was destabilized under stagnant conditions
by the addition of salt (0.1 M CaCl,, until 8 wt. % dilution, 3 h in a 60 °C water bath). The result-
ing polymer gel was dried and sieved into clusters of size from 450 to 560 um. The extent of
the Pd-incorporation was measured quantitatively by Inductively Coupled Plasma-Optical Emission
Spectroscopy (ICP-OES) and qualitatively by Scanning Transmission Electron Microscopy-Energy
Dispersive X-ray Spectroscopy (STEM-EDX) mapping on the latex and reported in a previous study.>’
The obtained material was named PANPd at this stage of the synthesis.

C. Thermal treatment of PANPd

Based on previous studies on pure PAN,?® micropores inside the CPs were created by a suitable
series of thermal treatments. Such pores are expected to expose the active metal and provide access
to the reactants. The first step of such a treatment was oxidation of the powder in a tubular oven
(Borel, Switzerland) in air flow (100 ml/min) with the temperature ramp from room to To = 240 °C
at a rate of 300 °C/h and a plateau at the oxidation temperature for 4 h. Directly following oxidation,
the stabilization step requires 1 h of nitrogen flow (250 ml/min) at T to flush oxygen out of the
reactor, followed by increasing the temperature to Ts = 350 °C while keeping the same nitrogen
flow. After a plateau of 3 h under these conditions, the material is fully stabilized and the spherical
shape of the CPs is retained. Then, the last step is applied (pyrolysis) after the addition of KOH in
a 1:2 ratio (stabilized PAN:KOH). For this purpose, the weighted KOH in the form of pellets was
first crushed in a mortar, then the stabilized powder was added, and both were mixed by hand for
several minutes. The rather “sticky” mixture was then put on a ceramic plate, which was placed in
the middle region of the tube of the oven, where the temperature is the most stable. The pyrolysis
was performed increasing the temperature from room temperature to 800 °C at a rate of 400 °C/h
and applying the plateau temperature for 6 h under nitrogen flow (250 ml/min). The pyrolyzed
polymer was then recovered and washed with 10 ml of a 10 wt. % HCI solution for 4 h at room
temperature under continuous stirring. Three additional washings with fresh HCI were also performed,
and after one washing lasting 4 h, no difference in porosity was observed (for more details, see the
supplementary material, Fig. 3S). Filtration was employed to recover the powder, which was washed
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several times with the deionized water. Subsequently, the wet powder was placed in a vacuum oven
at 50 °C for drying and then stored. The obtained material was named PANPd PYR at this stage of
synthesis.

Before any reaction application, the powder was reduced using 10 mg NaBH, dissolved in 10 ml
deionized water. The slurry was stirred for 4 h and filtered, and the recovered solid was washed several
times with water. Subsequently, the wet powder was dried in a vacuum oven at 50 °C overnight and
used on the following day for catalysis to avoid any possible oxidation of palladium prior to reaction.
This catalyst was named C1 throughout this work.

D. Synthesis of the wet-impregnated catalyst

Another type of catalyst was synthesized by thermally treating PAN CPs without metal using
conventional pyrolysis followed by wet impregnation with K,PdCls. More details on the support
synthesis, i.e., about the production of microporous pyrolyzed PAN, can be found elsewhere.?® The
impregnation was performed by adding the microporous powder to the K, PdCly aqueous solution and
stirring for 2 days. Using this method, two similar catalysts were prepared with different Pd-loadings:
3.5 and 8 wt. %. Similar to C1, the Pd-containing powder was filtered, washed, and reduced. This
wet-impregnated catalyst was named C2 throughout this work, with specified loading.

The synthesis path of both catalysts is depicted in Fig. 1. On the right, in situ incorporation
of palladium inside PAN colloidal particles (catalyst C1) is represented while on the left, the wet-
impregnated catalyst using pyrolyzed PAN nanoparticles (catalyst C2) is shown.

E. Characterization

Aiming to test the thermal stability of PANPd and wet-impregnated catalysts over time, approx-
imately 10 mg of each sample were placed in two separate ceramic crucibles and put in the same
tubular oven used for pyrolysis. The final temperature of 400 °C was reached in 2 h and was kept
constant for 100 h under continuous N; flow (250 ml/min). This test was repeated twice with a cooling
step to room temperature in between.

Electron microscopy measurements were performed on a FEI Talos F200X electron microscope
equipped with a Super-X SDD detector at an acceleration voltage of 200 kV. EDX hypermaps were
acquired in 10 min using Esprit software at the 40 keV energy range to assess the M, L, and K lines
of palladium. The combination of the electron microscopy and EDX provides the distribution of the
metal atom in the material. The solid powder was directly placed on a standard TEM-grid (lacey
carbon film 300 mesh, Lucerna-Chem, Switzerland).

Metal free PAN in situ PA/PAN
Latex synthesis Latex synthesis
@ Gelation %
Drying/Sieving
Oxidation

,7 Stabilization —|
Conventional KOH Activated
Pyrollysis Pyrolysis
Pd wet

impregnation

|—. Suzuki-Coupling

FIG. 1. Synthesis overview of the two different paths employed for the Suzuki coupling: in situ Pd/PAN (right) and wet
impregnated (left) catalysts.
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The porosity of the catalyst was also characterized by Nj-adsorption at 77 K with an ASAP
2060 (Micromeritics, USA) which results in Sggt and full Pore Size Distribution (PSD). A more
refined size analysis of the smallest pores was carried out by CO,-adsorption at 273 K using a
Quadrasorb (Quantachrome, USA). Both PSDs were assessed assuming slit pore geometry on carbon
and modelled with Density Functional Theory (DFT model, provided by the software).

Ultraviolet-Visible (UV-vis) spectra were recorded with a resolution of 1 nm in transmission
mode on an Agilent Technologies, Cary Series spectrometer using dimethyl sulfoxide (DMSO) as a
reference. On the same spectrometer, the diffuse reflectance Ultraviolet-Visible (UV-vis) spectra of
the polymer powders with and without palladium were recorded using KBr as a reference.

X-ray absorption spectroscopy (XAS) spectra at the Pd K edge were collected at the Swiss Light
Source (Paul Scherrer Institute, Switzerland). The XAS is operated at 2.4 GeV in top up mode,
with a ring current of 400 mA. The polychromatic X-ray beam resulting from the 2.9 T bending
magnet was collimated by a collimating mirror, monochromatized by using a Si(311) channel cut
monochromator for measurements at the Pd K-edge, and subsequently focused by a toroidal mirror.
The spot size on the sample measured 2 X 0.4 mm (H X V). On both mirrors, a Pt coating was selected
for measurements at the Pd K-edge. The energy was calibrated by setting the monochromator energy
to 24 350 eV at the inflection point of a Pd foil. Samples were measured in transmission mode using
20 cm long ionization chambers (filled with a mixture of Ar and N, for measurements at the Pd
K-edge). PANPd PYR (non-reduced sample) was pressed in the form of a pellet for analysis, while
the Pd foil was simultaneously measured as an absolute reference. The Pd sample was measured in
fluorescence mode using a silicon drift detector with a 1 mm thick sensor. Data reduction and fitting
were performed using PAXAS and EXCURV (9.3), respectively.>*3! All spectra were background
corrected and normalized. The energy units (eV) were then converted to photoelectron wave vector
k units (A~") by assigning the photoelectron energy origin, E, corresponding to k = 0, to the first
inflection point of the absorption edge. The resulting (k) functions were weighted with k> and then
Fourier-transformed to obtain pseudo radial structure functions (RSFs). The amplitude reduction
factor (AFAC) was obtained from fitting the Pd-foil, i.e., 0.9. The final fit of PANPd PYR was made
over the k-range 3.0-12.8 A~! by adding shells stepwise, which significantly improved the fit to both
k3-weighted data and Fourier transform. The scattering paths used for the different shells were Pd—O,
Pd-C, and Pd-Pd.

F. Catalytic Suzuki coupling test

Suzuki coupling was performed based on a recipe published elsewhere.’? In a glass reactor
with reflux, 1 mmol (0.326 g) of 4-bromotoluene, 1.5 mmol (0.366 g) of benzeneboronic acid,
3.0 mmol (0.776 g) of N,N-Diisopropylethylamine (Hiinig Base), 9 ml deionized water, and 20 mg
of the reduced catalyst were added. The reaction was performed at 90 °C and 300 rpm for 20 h,
and the overall chemical reaction is represented in Fig. 2. After the completion of the reaction,
2 x 25 g of diethyl ether were added to the reactor and the mixture was transferred to a bottle. The
2 phase-system and the catalyst were stirred overnight to ensure full extraction of the product from
the water phase and trapped inside the catalyst pores. After filtration of the catalyst, the water phase
was separated using a decanter and the product was recovered after full evaporation of the solvent.
The pure Suzuki product was identified after separating it from the reactants via liquid chromatog-
raphy (standard percolation column) using hexane as the carrier solvent. The conversion X,, of the
limiting reactant (aryl bromide) was assessed by '"H NMR in CDCl;. It was calculated from the area
below the peaks corresponding to the methyl-group of products (Ap) and reactants (Ag). The reported

FIG. 2. Overall chemical reaction of the investigated Suzuki coupling.
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ratio in Eq. (1) describes the obtained product mass (mp) normalized with respect to the palladium

mass (mpq),

_ Toiis R _ Xpmr _ mp 0
mpy mpy  Mpa’

In addition to the comparative evaluation of these two catalysts, the same reaction was also performed

using a catalyst made of pure Pd nanoparticles (diameter of nanoparticles <25 nm). The amount of

nanoparticles was calculated in order to provide the quantity of metal corresponding to the C2 catalyst.

These comparative results can be found in the supplementary material.

R

lll. RESULTS
A. In situ Pd-incorporated PAN

Incorporation of palladium inside the PAN colloidal particles was performed during the poly-
merization, and hence, this permits the complete embedding of the metal-precursor in the polymer
matrix. In addition, the chemical affinity between acrylonitrile and K,PdCly, proved by the fast diffu-
sion of the latter from the water phase to the micelles/polymer CPs, is beneficial for the metal stability
during the following thermal treatment and, more important, in view of the catalytic applications.
After the polymerization reaction, the destabilization of the Pd-containing CPs led to the formation
of a macroporous gel with the pore size of 1-2 um among the particles.>* However, these same pores
partially collapse during the next drying, thus resulting in a final material with a smaller pore size of
about 100 nm.

Insights into the complex formation between Pd and AN, and the final metal coordination inside
the polymer are provided by the results in Fig. 3, where the UV-vis spectra of the complex formation
between the Pd-precursor and the monomer in DMSO [Fig. 3(a)] and the solid state UV-vis spec-
tra of PAN containing palladium compared to metal-free PAN [Fig. 3(b)] are reported. The bands
between 200 and 300 nm are representative of a Pd(i) d® complex, typically exhibiting a square-
planar structure.>37 The spectrum of K,PdCly (black dotted line) has an absorption peak at 303 nm
while acrylonitrile exhibits a peak at 255 nm (blue solid line) corresponding to the transition
m — wt* of the C=N bond.*® After the formation of the complexes, the peak of the acrylonitrile-
K,PdCly spectrum (red dotted-dashed line) shifted from 255 to 262 nm, while the Pd(ir) band stays
constant at 303 nm. This indicates that the oxidation state does not change during complexation
and that the Pd(mr) binds to the monomer. The spectra of PAN-based powders in Fig. 3(b) indicate
that PAN (metal-free, black dotted line) has an absorption peak at 272 nm attributed to the C=N
nt-adsorption also present in PANPd (red dotted-dashed line), which is well in line with the reported
data.’® Moreover, the PANPd spectrum reveals the presence of two characteristic maximal absorption

a) b)
-------- K,PdCl, ~w-ee-PAN
:; 303“1“1 ————— K,PdCl, + Acrylonitrile ';* “““ PANPd
S, | g Acrylonitrile o, ~ 346 nm LGN T
8 | o 3
L=—262nm T
g B AR 303 g
= |i LT 5
S |g+—255am  Tm—e—e—m ] 15}
v | wn
< Y\ ‘ S
< |\ | <
1
i "
i ' !

250 300 350 400 450 500 200 300 400 500 600 700 800
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FIG. 3. (a) Liquid state UV-vis spectra of K,PdCly (black dotted line), KoPdCly and AN (red dotted-dashed line), and only
AN (blue solid line) (0.1 mM in DMSO); (b) solid state UV-vis of PANPd (red dotted-dashed line) and Pd-free PAN (black
dotted line) powders using KBr as the background. The PANPd-PAN spectrum (blue solid line) is the difference between PAN
and PANPd spectra.
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bands of Pd(1) at wavelengths A = 212 and 346 nm, respectively. The subtraction of pure PAN from
the PANPd spectra leads to the same absorbance peak, corresponding well to the Pd signal (blue solid
line).

The charge transfer (CT) band at 346 nm probably corresponds to the Pd—Cl charge transfer.*’
Additionally, the absence of d-d bands is attributed to an important presence of chlorine in the
coordination sphere of palladium, which is in line with the Cl-rich chemical structure of K,PdCly.
Finally, the CT band at 213 nm could be the result of Pd-N charge transfer, given the knowledge of
the materials used in this system, e.g., acrylonitrile and K,PdCly.

B. Thermal treatment

The synthesis of C1, based on in situ Pd latex synthesis, and C2, based on wet impregnated Pd,
catalysts involves a thermal treatment in both cases. It consisted in three subsequent steps, oxidation,
stabilization, and pyrolysis, where microporosity was finally introduced. However, C1 was thermally
treated after the Pd incorporation while C2 was treated before the wet-impregnation. More specifically,
C2 was synthesized by using the clusters of PAN CPs followed by stabilization (To = 240 °C,
Ts = 350 °C) and conventional pyrolysis (900 °C). This type of pyrolysis results in the formation
of narrow micropores (0.35-0.7 nm) inside each individual nanoparticle, which are large enough for
the fast diffusion of gaseous species but too small for liquid species.

The STEM-EDX map of the targeted 3.5 wt. % Pd loading C2 catalyst is shown in Fig. 4(a). The
wet-impregnation of Pd on pyrolyzed PAN clusters of nanoparticles followed by reduction resulted
in a distribution of Pd nanoparticles on the surface. The difference in densities between the pyrolyzed
polymer and the palladium is responsible for the brighter spots, corresponding to Pd(0) nanoparticles.
Such metal nanoparticles seem predominantly small (5-10 nm) even though a few, bigger particles
can also be observed (20-30 nm). Higher metal loading of the C2-type material (8 wt. %) leads to the
dominant presence of bigger nanoparticles, as can be seen in the palladium STEM-EDX in Fig. 5.
As the support is the same for both loadings, hence also the porosity, only the distribution of Pd at
the surface is affected by the different loading.

The Pd nanoparticles on the surface of C2 are fully accessible, even though the Pd atoms buried
inside the nanoparticles themselves cannot be reached by the reactants and, therefore, will never
be effective to catalyze reactions. The pore size distributions based on CO;-adsorption at 273 K
and high vacuum (p/pp < 0.01, microporous monolayer) and Nj-adsorption at 77 K are depicted
in Fig. 4(b). Thanks to the hydrodynamic radius of the CO, molecule (0.33 nm) and the higher
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FIG. 4. C2 wet-impregnated PAN-Pd catalyst with a target loading of 3.5 wt. % Pd. (a) STEM-EDX of Pd La lines after wet-
impregnation and reduction; (b) pore size distribution using DFT model based on CO,-adsorption (top) and Nj-adsorption
(bottom).



100704-8 Beltzung et al. APL Mater. 6, 100704 (2018)

300 nm

FIG.5. STEM-EDX (Pd La lines) of the C2 catalyst after wet-impregnation and reduction with a target loading of 8 wt. %
Pd.

operating temperature—pores up to 0.35 nm can be assessed in the first case. The PSD based on CO,
and N, showed another set of pores, whose size is ranging between 0.5 and 0.9 nm. As previously
mentioned, these pores are useful for gaseous applications, like CO, capture, but do not permit fast
enough diffusion of reactants and products in the liquid phase. Moreover, in terms of overall porosity,
the BET surface area (Sggr) measured by Ny-adsorption at 77 K for Pd-free PAN CPs assemblies
after conventional pyrolysis was 358 m?/g, while the same material exhibited a Spgr of 40 m%/g
after wet-impregnation and drying. Even though the BET equation is not the most reliable tool for
assessing microporous materials, it is still useful for material comparison. The decrease in surface
area is probably due to the filling of middle-size pores by [PdCl;]?>~ aggregates, thus blocking the
entries of smaller pores to N molecules.

In the case of the C1 catalyst, conventional pyrolysis is not sufficient in providing the necessary
pore size for high catalytic activity, and thus, KOH activated pyrolysis (KAP) was performed. As
already reported, KOH is employed to enhance the formation of large pores, thus increasing the
surface area and, in our case, the accessibility to the metal.*'~** Moreover, weight loss resulting from
KAP is not negligible (83%) and thus the pyrolysis temperature should be carefully assessed. For
this last step of the heat treatment, a temperature of 800 °C was found ideal to avoid too much weight
loss while achieving high surface areas.

The STEM-EDX mapping of the Pd-incorporated catalyst C1 is shown in Fig. 6(a). The palladium
seems homogeneously distributed in the pyrolyzed polymer, and no major aggregation, i.e., no brighter
spots, seems to have taken place. From the PSD in Fig. 6(b), it is clear that the goal of creating larger
pore sizes was achieved as more micropore volume based on the CO,-adsorption [Fig. 6(b) top]
was created between 0.5 and 0.9 nm. In the case of the PSD based on Nj-adsorption [Fig. 6(b)
bottom], the distribution has also shifted towards bigger pores and a differential volume of almost 3
cm?®/g was achieved for pore sizes between 0.9 and 1.2 nm, in comparison with 0.5 cm?/g for the C2
catalyst [Fig. 4(b), bottom]. A recapitulation of the applied thermal treatments and the corresponding
metal loading and surface area is provided in Table I. Catalyst C1 was synthetized following the
KAP treatment while the preparation of C2 involved the wet-impregnation treatment comprising a
conventional pyrolysis step. For clarity, the conventional pyrolysis (Conv. Pyrolysis) treatment alone
is depicted in Table I for the sake of Sggr comparison.

The Sggt values of the different samples could be assessed by measuring the full N;-adsorption
isotherm (see Fig. 2S of the supplementary material). As we can see from Table I, the main difference
between KAP and treatments involving conventional pyrolysis is the use of KOH, whose presence
leads to higher weight loss and requires suitable post-treatments (repeated HCl-washing, filtration,
etc.) which could remove the metal or induce its aggregation.
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FIG. 6. CI catalyst: (a) STEM-EDX (Pd La lines) after KAP, Pd La, enhanced signals and (b) pore size distribution after
KAP using DFT model based on CO;-adsorption at 273 K (top) and Nj-adsorption at 77 K (bottom).

TABLE 1. Different thermal treatments and their conditions (KOH amount, temperature of pyrolysis, Tp) and resulting Pd
loading and surface area (SpgT).

Type of treatment KOH/stabilized PAN ratio (=) Tp (°C) Pd (wt. %) SBET (m2/g)
Conv. Pyrolysis® 0 900 0 358
Wet-impregnation (C2) 0 900 35 40
KAP (C1)° 2 800 2.8 1150

4Conv. = conventional.
YKAP = KOH activated pyrolysis.

Besides the surface area, the main difference between reduced PANPd PYR (C1) and the wet-
impregnated (3.5 Pd wt. %) (C2) catalysts is the spatial distribution of the metal, as shown in Figs. 4(a)
and 6(a). In C1, the Pd is embedded into the pyrolyzed polymeric structure, hence able to prevent
sintering, while in C2, the metal is mainly on the surface of the pyrolyzed PAN nanoparticles,
thus quite exposed to sintering. To prove that this is actually the case, a rather harsh thermal resis-
tance test (TT) was performed on both catalysts, C1 and C2, which resulted in full sintering of the
metal in the case of the C2 catalyst and only minimal sintering for C1. This is clearly shown in
Figs. 7(a) and 7(b) by the Pd La EDX signal on the STEM graphs of the C1 and C2 catalysts,

respectively: the much larger metal aggregates in the latter case prove the much larger extent of Pd
sintering.

C. X-ray absorption characterization

Figure 8 shows the Pd K-edge X-ray absorption near edge structure (XANES) derived from a Pd
foil (Pd(0)), the PANPd, and the pyrolyzed PANPd (PANPd PYR) samples. Surprisingly, we observe
that PANPd has an edge position comparable to that of the Pd foil. Both extended X-ray absorption
fine structure (EXAFS) analysis*® and the UV-vis spectra shown in Fig. 3 would very much indicate
that the Pd in PANPd is in fact Pd(m)—this is further established from a subsequent reanalysis of
the PANPd EXAFS, which takes account of multiple scattering effects, present in the supplementary
material.

In the first approximation, edge positions in X-ray Absorption Fine Structure can be attributed
to the oxidation state of the metal center; i.e., the higher oxidation state shifts the absorption edge
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FIG. 7. STEM EDX of Pd Lo line on HAADF graphs after thermal resistance test (TT) after 200 h at 400 °C of (a) C1 catalyst
and (b) C2 catalyst.
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FIG. 8. X-ray absorption studies: normalized Pd K-edge XANES spectra of PANPd (red dashed line), PANPd PYR (blue
dotted-dashed line), and Pd foil (black solid line).

towards higher energies. However, this is only one of several factors that may contribute to the energy
position of an absorption edge. Charge transfer effects can also contribute to the position of the edge
position and often in the opposite direction to that expected from only considering the formal charge
existing at the metal centre itself.**0

In the case of the PANPd sample, the Pd is bound to both Cl and N ligands. It has been previously
demonstrated, for instance, that for PdCl,, the energetic position of the Pd K-edge is shifted to lower
bonding energies than would be expected on the basis of the formal charge associated with the Pd.*’
‘We might also consider that the N ligands may have the capacity to donate electron density to the Pd;
the two effects may therefore combine and lead to total charge transfer effects that shift the energy
position of the Pd K-edge to lower energies.

The XANES spectrum from the PANPd PYR sample is different again and appears to have
characteristics that might be attributable to both Pd in a reduced state (a pronounced low energy
shoulder commensurate with the binding energy of the Pd foil) and Pd that may have more of a Pd(i)
character (the “white line” at ca. 24 368 eV). Given the nature of the pyrolysis, and that the samples
have subsequently been exposed to air, a portion of the Pd resulting from the pyrolysis may have
been oxidized. This seems likely and is consistent with the overall XANES envelope indicating the
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FIG. 9. X-ray absorption studies of PANPd PYR: (a) k3-weighted EXAFS spectra of the imaginary part (black solid line)
and fit (purple dotted line) and (b) Fourier transform (FT) k3-weighted EXAFS spectra of the imaginary part of PANPd PYR
(black solid line and fit as a purple dotted line) and Pd foil (black dashed line and fit as a blue dotted line).

presence of more than one phase—and oxidation state—of Pd in this sample but could also be the
result of remaining Pd—N paths.

To further probe the nature of the Pd formed through the pyrolysis of PANPd, Pd K-edge EXAFS
was measured. The resulting k3-weighted EXAFS data and the corresponding Fourier transform are
given in Fig. 9.

The EXAFS from the PANPd PYR sample shows a complex scattering envelope [Fig. 9(a)]
that is then reflected in the Fourier transform [Fig. 9(b)]. What is most evident from both a visual
inspection of the FT and the resulting analysis (Table II) is that the EXAFS from the PANPd PYR
shows no scattering features that might indicate the presence of extended domains of either fcc
Pd nanoparticles or PdO, the latter possessing a distinctive Pd—Pd shell structure with distances of
3.0 and 3.4 A, respectively, that are entirely absent from the spectrum collected using a pyrolyzed
sample of pure PAN. Furthermore, no evidence is forthcoming for the retention of Pd-Cl bonding
post-pyrolysis as the path should be evident in the 2.3-2.4 A range with a magnitude dependent on
the disorder associated with it.

We note here that a number of shells can be fitted using both C and O scatterers with an essential
equanimity. As such, values are given for the coordination and bond distances that arise from each
case in Table II (with those parameters derived from replacing O with C being given in parentheses).
Additionally, it is true that the last two shells of the fit could lack significance, but the features
observed at higher k units in Fig. 9(a) are believed to be relevant.

Irrespective of the fitting of some shells using O or C, the principle Pd—Pd scattering shell at ca.
2.82 A remains robust. Such a Pd—Pd scattering distance is significantly longer than that expected

TABLE II. Fitting parameters for the EXAFS spectrum of pyrolyzed PANPd (PANPd PYR), listed with increasing bond
length.?

Number of
Sample Shell Bond length (A)  nearest neighbors (=)  Debye-Waller factor (A2)  R-factor (%)
Pd-C 1.5(1.47) 0.4(0.5) 0.011(0.01)
Pd-O/N/(C) 1.99 (2.04) 1.5(2.7) 0.004 (0.004)
Pd-Pd 2.82(2.82) 1.7(1.5) 0.014(0.012)
PANPdPYR Pd-O(C) 2.89(2.94) 5.1(6.8) 0.015 (0.0010) 3337679
Pd-02 (C) 4.93(5.11) 6.9(9) 0.014 (0.009)
Pd-Pd2 5.11(5.11) 322.2) 0.012 (0.009)

2Ep = —6.5 is the edge position relative to the vacuum zero (Eg = Fermi energy); R-factor = ([ \XT - XE [K3dk/ IXE |k3dk) x 100%, where XT and
¥E are the theoretical and experimental EXAFS, respectively, and k is the photoelectron wave vector; the Debye—Waller factor = 202, where
0 is the root mean square internuclear separation; the structural data are obtained using k-range = 2.5-13 A1, AFAC = 0.9 is related to the
proportion of electrons performing an EXAFS type scatter on absorption. Errors in the bond distance and the number of nearest neighbors may
be considered at approximately 1.5% and 10%, respectively, of the state value.
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for Pd nanoparticles (<2.75 A).*8 However, this would be consistent with the presence of carbide
nanoparticulate PdC,, while hydrides (PdH,) are typically not stable above 100 °C.*3-3! We further
note that previous studies of such materials using EXAFS have shown both a considerable reduction
in the intensity of the first Pd—Pd shell (relative to the case of pure Pd metal) and a complete absence
of the expected fcc second Pd-Pd shell (ca. 3.89 A), and the same observations could equally apply
to the PANPd PYR case.

Furthermore, given the nature of both the support and the pyrolysis, it would not seem unrea-
sonable to expect that any Pd nanoparticles formed would be predominantly attached to, and then
contain, carbon. The balance of evidence from the EXAFS would therefore suggest that a significant
proportion of the Pd created through pyrolysis of PANPd exists as a very highly dispersed PdCy phase
in close contact with an essentially graphitic support.

The fitting of a short (ca. 1.5 A) Pd—C scatter might be speculatively explained through a Pd
adsorbed in threefold hollow carbon sites that could exist at the surface of such PACy phases. The
fitting of this shell is statistically significant to the overall fit even though previous studies con-
cerning both bulk and nanoparticulate (ca. 5 nm) PdCy entities have not reported such a scattering
interaction.

The higher (>4.5 A) shells fitted are difficult to explain (no similar data were found in the
literature) and, more specifically, data length and overall quality are out of the allowable range.
However, they appear with an intensity in the EXAFS and FT that is unusual, one that would indicate
a degree of order being present in the components suggested in the XANES. It should be noted that
there is no evidence for shell progressions that we can easily associate with an extended fcc or PdO
phase. We might only speculate that these well-defined interactions could arise from one or other Pd
components having an ordered, possibly two-dimensional extension, over the (essentially) graphitic
support. Unfortunately, such a precise specification of the structure of these species is not possible
from the currently available data.

To summarize, the EXAFS analysis indicates that the result of the pyrolysis is not easily ascrib-
able to the formation of a single Pd species. The evidence does however strongly suggest that a
significant proportion of the Pd present shows characteristics in EXAFS that would be consistent
with a very highly dispersed PdCy phase that may coexist with another more oxidized phase of
a structure that cannot be precisely determined from these measurements. On the other hand, this
unknown phase could also result from original Pd-N bonds still present in PANPd PYR. In fact, a
previous study of pyrolyzed PAN CPs showed that a nitrogen content of about 6% is still present after

pyrolysis.?®
D. Catalysis: Suzuki cross coupling

As C1 and C2 have a similar support in terms of chemical structure (ladder structure containing
carbon and nitrogen) but different Pd spatial distribution, their comparison in terms of catalytic
activity could be of interest. With this aim, a cross coupling reaction, Suzuki coupling, carried out in
the liquid phase was selected as the benchmark reaction.

The results of the Suzuki cross coupling reactions employing the two aforementioned differ-
ent catalysts are shown in Fig. 10. As anticipated, two different cases are examined at 90 °C: (i)
PANPd PYR reduced, C1, and (ii) wet-impregnated pyrolyzed PAN with 3.5 wt. % Pd, C2. The
catalytic performances are quantified in terms of R [see Eq. (1)], which results from the conversion
of the aryl bromide (limiting reactant) with respect to the product as measured by 'H NMR (two
repetitions).

The same reaction was also performed at 80 and 100 °C but resulted in a limited effect of the
temperature in this particular range, independent of the specific catalyst (refer to the supplementary
material for more details). Looking at the results in Fig. 10, the most active catalyst right after
preparation is C2, probably due to the complete accessibility of the Pd nanoparticles on the surface of
the support. Nevertheless, the C1 catalyst still shows good activity given the probable smaller active
site accessibility.

The thermal resistance test (TT) was meant to simulate the aging of the catalysts but resulted
in an important activity increase and decrease for C1 and C2, respectively (see Fig. 10). These
observations are consistent with the STEM micrographs shown in Fig. 7. While the activity of C2
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FIG. 10. Ratio R [cf. Eq. (1)] describing the extent of the reaction at 90 °C, for the catalysts C1 and C2 as prepared as well
as after a thermal resistance test (TT), C1 TT, and C2 TT.

was decreasing given the severe sintering of the surface Pd nanoparticles, the Pd incorporated in C1
is much more stable and its activity is actually greatly improved. In both cases, the weight loss after
TT was high, about 74% and 62% for C1 and C2, respectively. On the one hand, this is expected
given the harsh conditions of the treatment and its long duration. On the other hand, more porosity
is created, giving access to buried Pd in the case of C1, while more Pd sintering takes place on
the surface of C2. We can also conclude that the pyrolysis step at higher temperature does not lead
to a finished material in terms of weight loss and porosity creation. Thus, one could think about
optimizing this specific step to improve the activity of the C1 catalyst. Moreover, it has to be stated
that the TT experiments were only performed once given the long synthetic procedure. In addition,
the direct use of dispersed metal nanoparticles was applied to provide another reference case (see
the supplementary material). All these results are reported in numerical form in Table 2S of the
supplementary material.

Therefore, comparing R between C1TT and C2TT in Fig. 10, one may draw some conclusions
about the thermal behavior. Before TT, we have observed that R is slightly lower for C1 than for
C2, which was explained by lower accessibility of Pd in C1. After TT, the substantially higher R
value for C1TT than for C2TT obviously results from two factors. First, the accessibility of Pd
in CITT has been increased. Second, sintering of Pd atoms in C1TT is insignificant, while it is
very strong in C2TT, leading to substantial reduction in activity. Thus, this result clearly confirms
the advantages of the present approach for metal incorporation with respect to the conventional
wet-impregnation.

IV. CONCLUSIONS

Porous polymer powders have been prepared by aggregation of polyacrylonitrile nanoparticles
incorporating palladium. The spatial distribution of the noble metal inside the nanoparticles could
be controlled by applying suitable semi-batch reaction conditions, as proposed in a previous study.’
The resulting catalyst exhibits macropores with a diameter of about 100 nm, while much smaller
pores (0.7-5 nm) have been created into the nanoparticles by pyrolysis. In this respect, quite harsh
conditions were required, involving the use of KOH as the pyrolytic activator and temperature up to
800 °C. Starting from metal contents of about 0.5 wt. % before pyrolysis, the Pd content in the final
catalyst was quite large, 2.8 wt. %, despite an overall mass loss up to 80% suffered by the material
during the thermal treatment. During pyrolysis, two different phases of Pd are formed in a highly
dispersed manner: PdCy and another unknown oxidized structure, which could still be remaining
Pd-N bonds from the original PANPd, as confirmed by XANES and EXAFS.

For the sake of comparison, a second catalyst was synthesized following the same strategy
(colloidal aggregation and thermal treatment up to 900 °C) but using metal-free PAN CPs and loading
the noble metal by conventional wet impregnation. The final material (C2) resulted in the formation
of extremely small and fully accessible Pd nanoparticles on the surface of the support. Then, a thermal
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resistance test was performed on both C1 and C2, showing the much faster sintering of the noble
metal nanoparticles in the case of the catalyst prepared by wet impregnation, C2, while minimal
sintering only was observed in the case of C1.

Finally, the catalytic activity of both aforementioned catalysts was tested using a Suzuki coupling
reaction as the model system. Both supported catalysts C1 and C2 provided good values of final
conversion of the aryl bromide. Additionally, this thermal resistance test also provided more access
to isolated Pd in C1, hence increasing greatly the conversion of the limiting reactant.

To sum up, the proposed synthetic strategy appears to be effective to incorporate the metal and
prevent sintering while offering good enough accessibility to reactants. These properties, combined
with the very cheap support material and an easily scalable synthesis, make the proposed synthetic
strategy meaningful and the resulting material worthy of further applications.

SUPPLEMENTARY MATERIAL

See supplementary material for more details on the thermal treatment (porosity), EXAFS fitting
of PANPd and PANPd PYR, EDX elemental maps, and all results of the Suzuki and NMR spectra of
the obtained product.
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