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Photochemical synthesis of Pd nanocatalysts
stabilized by biomass-derived polymers: from

colloidal to supported systems in batch and flow

Irina Della-Cagnoletta, ©2° Silvia M. Soria-Castro, & ** Faprizio Politano, & 2°
Sandra E. Martin, ©2° Paula M. Uberman & *2® and Gabriela Oksdath-Mansilla & *2°

This study reports a novel light-driven methodology for the sustainable synthesis of Pd-based
nanocatalysts. The approach features operational simplicity, short reaction times, and environmental
friendliness. The visible light-induced reduction of Pd?* precursors, allowed for the efficient production

of both colloidal and silica-supported palladium nanoparticles

(Pd-NPs), stabilized with either

polyvinylpyrrolidone (PVP) or carboxymethylcellulose (CMC). The method was successfully implemented
in batch and continuous-flow systems, demonstrating excellent scalability and control over the
nanoparticle size (<5 nm) of Pd-NPs. The synthesized nanocatalysts exhibited excellent catalytic
performance in Suzuki—Miyaura cross-coupling reactions under mild conditions, achieving turnover
frequencies (TOFs) of 3733 h™ for Pd-CMC NPs and 3126 h™! for Pd-PVP NPs. For heterogeneous
catalysts, in situ photoreduction was identified as the most effective immobilization strategy, producing

highly active and uniformly dispersed Pd-NPs on silica nanoparticles (SNPs). These supported catalysts
showed high recyclability, minimal Pd leaching, and consistent catalytic performance over multiple
cycles. XPS and FT-IR characterization confirmed the presence of CMC and citrate as key stabilizing

agents in the nanocatalysts, providing insight into the surface chemistry and stability of the materials.
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Furthermore, the successful implementation of a continuous-flow methodology for both colloidal and

supported systems highlights the method's scalability and control over nanoparticle morphology. Overall,
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1 Introduction

Palladium is a key catalyst in a wide range of chemical
processes, including C-C and C-heteroatom bond formation, as
well as hydrogenation and oxidation reactions." Its remarkable
versatility arises from its ability to adopt multiple oxidation
states, enabling the formation of organometallic complexes,
nanoparticles (NPs), and extended surfaces. In particular, Pd
nanoparticles (Pd-NPs) are recognized as exceptional catalysts
due to their high surface-to-volume ratio, which maximizes the
availability of reactive surface atoms and significantly enhances
catalytic efficiency. Moreover, Pd-NPs can improve the thermal,
mechanical, and barrier properties of materials.>® Both
colloidal and supported Pd-NPs have emerged as promising
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this work highlights the robustness and versatility of the photochemical strategy, offering a green and
practical route to reusable Pd nanocatalysts for modern catalytic applications.

materials for the development of heterogeneous catalysts.
Consequently, the development of controlled and efficient
synthetic strategies is crucial for fully exploiting the unique
properties of metal-based nanoparticles.

The widespread use of metal NPs in industries such as
electronics, agriculture, and healthcare, has driven the devel-
opment of various synthetic methodologies that enable precise
control over NPs morphology. This allows for the tailoring of
NPs into diverse shapes (such as spheres, rods, and quantum
dots), thereby expanding their potential applications and
fostering technological innovation. In this context, the devel-
opment of reliable synthetic methods that offer precise control
over the morphology, composition, and surface properties of
metal NPs is crucial for their successful implementation.

Moreover, the synthesis of NPs presents significant oppor-
tunities for the application of green chemistry principles. To
achieve more sustainable NP production, it is essential to
employ nontoxic, hydrophilic stabilizing agents and environ-
mentally friendly reducing agents.>” In this context, several
sustainable approaches have been developed for the synthesis
of Pd-NPs, including: (i) the use of environmentally friendly
solvents, like glycerol-derived solvents used to produce Pd-NPs;*
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(if) the use of less-hazardous reducing agents that minimize
toxic byproducts, for example caffeine and plant-derived poly-
phenols have been used as both reducing and capping agents
for Pd-NP synthesis;® and (iii) the selection of appropriate
capping or dispersing agents that ensure NPs stability while
being non-toxic and biodegradable. Ideal capping agents
should exhibit high water solubility, low toxicity, biocompati-
bility, thermal stability, and the ability to control crystal growth
and module NP morphology.*®

For instance, polyvinylpyrrolidone (PVP) polymer is one of
the most widely used stabilizers for Pd-NPs and fulfills these
criteria; however, it is derived from the oil-industry. Biode-
gradable polymers, particularly polysaccharides such as cellu-
lose,™ pectin,”** chitosan' and collagen,"” among others,'®
have shown excellent performance in stabilizing metal-NPs and
can also act as reducing agent. For example, Pd-NPs stabilized
by sodium hyaluronate have been used as colloidal catalyst for
the rapid reduction of azo dyes for water decontamination."” A
heterogeneous catalyst based on Pd-NPs deposited on a cellu-
lose-Fe;0,-graphene oxide composite was evaluated in Heck
and Sonogashira coupling reactions, showing good activity and
recyclability.’® Additionally, Pd-NPs stabilized with 2-hydroxy-
ethylcellulose and immobilized on ZnO, demonstrated high
selectivity in the hydrogenation of alkynes.*

Among various stabilizing agents, sodium carboxymethyl
cellulose (CMC-Na), a widely used water-soluble cellulose
derivative, is particularly attractive due to its ability to interact
with several metal ions through the numerous hydroxyl and
carboxymethyl groups present along its polymer chains. This
characteristic makes CMC an ideal support for metal NPs.
Several reports have demonstrated the ability of CMC to support
and stabilize Pd nanocatalyst.?*** Recently, CMC-based nano-
materials have been employed as catalysts in C-C cross-
coupling and hydrogenation reactions, exhibiting high cata-
lytic activity.>**” These results underscore the potential of CMC
as a versatile and efficient stabilizing agent, warranting further
investigation.

Nevertheless, certain challenges remain in the development
of sustainable methodologies for the preparation of highly
active nanocatalysts. For instance, many existing approaches
require elevated temperatures for the reduction of metal salts,
the use of strong reducing agents, or prolonged reaction times
to obtain well-dispersed Pd-NPs. Additionally, these methods
often yields materials with low Pd loading or weak metal-
support interactions, which can compromise catalyst recovery
and reusability, thereby increasing operational costs and
limiting the overall sustainability of the process.*

Green synthesis approaches using plant extracts or micro-
organisms offer a promising route for the eco-friendly produc-
tion of metal nanocatalysts.”*** However, several experimental
challenges, such as the selection of appropriate biological
materials, the precise control of synthesis conditions, and the
assurance of product quality, hinder the transition to large-scale
industrial applications. One promising approach involves the
development of visible-light induced NPs synthesis, which
provides a more controlled and sustainable method for fabri-
cating nanoscale material.** For example, the photoinduced
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synthesis of Ag-NPs using plant extracts under visible light has
proven to be a cost-effective and environmentally friendly
alternative to traditional methods.**

Consequently, catalyst preparation methods that enable
precise control over particle size, morphology, and metal
composition are essential for enhancing catalytic performance.
In this context, continuous-flow technology, particularly when
combined with photochemical approaches, has emerged as
a robust, reproducible, and versatile method for the fabrication
NPs* and nanocatalysts.**** Moreover, the reduced volumes of
solvent and reagents, along with precise control of temperature,
pressure, and mass transfer in flow reactors, make these
systems safer and more efficient than large-scale batch
reactors.>*

Although Pd-NPs have been synthesized using continuous-
flow systems, few studies have explored their formation under
visible-light irradiation.*® We recently reported the rapid
synthesis of small colloidal Pd nanocatalysts via photoreduc-
tion of a Pd*"-citrate/oxalate complexes under blue-LED light,
achieving monodisperse Pd-NPs in just two minutes under flow
conditions with excellent catalytic performance.*® This method
avoids the use of toxic and hazardous chemical reducing agents
and solvents, and allows for the efficient reduction of the Pd*",
providing a green route for the synthesis of Pd nanocatalysts.

With the aim of designing a new type of heterogeneous
catalyst in a more sustainable and efficient manner, we
extended our photochemical approach by employing bio-based
reducing and stabilizing agents under mild conditions. Pd-NPs
stabilized with either CMC or PVP were prepared in water via
photoreduction of a Pd>" salts by citrate/oxalate, and immobi-
lized onto APTES-functionalized SiO, nanoparticles (SNPs).
Notably, we report for the first time the synthesis of Pd/SNPs via
continuous photo-flow process (Scheme 1). All nanocatalysts
were characterized and evaluated in the Suzuki-Miyaura cross-
coupling reaction, exhibiting excellent catalytic efficiency and
good reusability for several reaction cycles. These results
demonstrate that the developed photochemical methodology
allows for the straightforward preparation of highly active
heterogeneous nanocatalysts under green conditions.

2 Experimental methods

2.1. General materials

All chemicals were reagent grade and were used as received
from the manufacturer. Palladium(u) chloride (PdCl,, Anedra),
hydrochloric acid (HCl 37% w/w), ammonium hydroxide
(NH,OH, 28% w/w), trisodium citrate dihydrate (Sigma-
Aldrich®);  disodium oxalate (Sigma-Aldrich®), poly(N-
vinylpyrrolidone) polymer (Mw PVP = 10000 Da), sodium
carboxymethylcellulose (Sigma-Aldrich®, medium viscosity),
tetraethyl orthosilicate (TEOS), (3-aminopropyl)-triethoxysilane
(APTES), 4-bromoacetophenone, 4-iodoacetophenone, 4-
chloroacetophenone, 4-iodoanisole, 4-bromoanisole, 2-iodo-
anisole, 4-iodobenzonitrile, 4-bromobenzonitrile, 3-bromo-
quinoline, phenylboronic acid, 4-fluorophenylboronic acid,
K3PO,, ethanol 98% (Porta ®) and anhydrous Na,SO, were used
as received. All solvents were analytical grade and distilled

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Proposed visible-light-induced methodologies for the synthesis of heterogeneous Pd-nanocatalysts under batch and continuous

flow conditions.

before use. H,PdCl, feedstock 2 mM solution was prepared
from analytical grade chemicals and Milli-Q-Millipore water.
Suzuki-Miyaura cross coupling reactions were carried out
under air atmosphere. Silica gel (0.063-0.200 mm) was used in
column chromatography.

Photochemical reactions in batch were carried out in scin-
tillation vials equipped with a magnetic bar and sealed with
Teflon plugs. The mixtures were irradiated with a blue 5 W LED
(462 nm) and stirred under argon atmosphere.

Photochemical reactions in flow were carried out in a meso-
scale photochemical flow reactor (6.56 mL with 0.75 mm ID
FEP-tubing) equipped with a blue-LED reactor (15 x 5 W at 462

m). A battery-powered magnetic stirrer (Cole-Parmer™) was
used for the flow experiments.

2.2. Characterization of Pd nanocatalysts

TEM images were obtained using TEM Hitachi HT7800 120 kV
microscope operating at 80 kV, available at the Centro de
Microscopia Electronica Facultad de Ciencias Médicas, UNC in
Cordoba, Argentina. Samples for morphological characteriza-
tion were prepared by depositing a drop of the colloidal
suspension on a 300 mesh formvar-carbon coated copper grid
and dried at room temperature. SEM microscopy was per-
formed in a SEM - Zeiss Sigma 360 (Lamarx-UNC). Size distri-
bution of Pd-NPs was established by the average over 100 NPs
from different places at each image of all samples. Distribution
plots of the size were resolved by fitting data with a Gaussian
behavior.

FT-IR spectra were recorded on a Nicolet iN10 IR Microscope
(Thermo Scientific). For FI-IR analysis samples contained in
KBr discs were scanned from 400 and 4000 cm™ ', and the
recording conditions were: normal resolution, sample scan, 64
s~'. The spectra were analyzed using OMNIC 8 software-
ThermoFischer.

ICP-MS analysis was performed on an Agilent 7500cx Spec-
trometer equipped with an Agilent ASX-500 Series autosampler,
using argon as carrier gas, available at ICYTAC-CONICET-UNC
in Cordoba, Argentina. Pd and Re (185) signals were simulta-
neously recorded as internal standards for each sample. All

© 2025 The Author(s). Published by the Royal Society of Chemistry

aqueous samples were digested before injection using HNO; for
18 h at room temperature.

XPS spectra were performed in a Thermo Scientific K-Alpha
X-ray photoelectron spectrometer system (LAMARX, FaMAF-
UNC), equipped with a hemispherical energy analyzer and
a monochromated X-ray source was used for surveying the
photoemission spectra. The base pressure measured in the
main chamber was in the low 10~° mbar range. The photoion-
ization of the samples was induced by monochromatized Al Ko
photons at 1486 eV. The XPS spectrum was adjusted to the main
spurious C 1s peak at 284.8 eV. To avoid any charging effects
during measurement (typically observed in semiconductor-
isolated systems), a flood gun to compensate the charge was
used. The overcompensation effects by adjusting the spectra
during measurement were also tested.

2.3. Synthesis of colloidal Pd-PVP and Pd-CMC NPs

In a 10 mL scintillation vial equipped with a magnetic stir bar,
25-100 mg of PVP (0.5-2.0 w/v (%)) or 12.5-50.0 mg of CMC
(0.25-1.0 w/v (%)); 29.4 mg of sodium citrate (molar ratio Pd*"/
reducing agent 1:10) and 5 mL of a 2 mM feedstock aqueous
solution of H,PdCl, were placed. When CMC was used as
a stabilizing agent, the solution was stirred for 30 min until the
polymer was fully hydrated. The vial was sealed and high purity
Ar bubbled for 5 min to saturate the solution. Next, the vial was
placed into the photochemical reactor and was irradiated under
vigorous magnetic stirring until the mixture color changes to
dark brown solution. Finally, the vial was opened to the air, and
the Pd-PVP or Pd-CMC NPs dispersions were stored in a falcon
tube to be used as catalyst solution without further purification.

2.4. Representative procedure for the Suzuki-Miyaura cross-
coupling reaction catalyzed by colloidal Pd-NPs

Into a 10 mL tube reaction with a Teflon screw-cap septum
equipped with a magnetic stirrer 4-bromoacetophenone (0.25
mmol), phenylboronic acid (0.35 mmol) and K3PO, (0.75 mmol)
were placed. Then, EtOH (0.5 mL) and water (to obtain a total
volume of 1.5 mL taking into account the volume of Pd-NPs
solution) were added. At last, the 52 pL of Pd-NPs 2 mM

RSC Adv, 2025, 15, 33615-33627 | 33617
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(0.04 mol%) was added. The reaction mixture was heated in an
oil bath for 1 h. After being cooled to room temperature, the
mixture was opened to the air, diluted with water and then
extracted three times with ethyl acetate (5 mL each). The biaryl
product was purified by silica-gel column chromatography after
being dried with anhydrous Na,SO,. The product was quanti-
fied by GC employing benzophenone as internal standard. The
pure product was compared with authentic samples by GC, GC-
MS and "H NMR. All the spectroscopic data were in agreement
with those previously reported for the product 1-(biphenyl-4-yl)
ethanone.””

2.5. Methodology approaches for the preparation of
supported Pd-NPs onto SNPs and characterization

The synthesis of the supported nanocatalysts was performed
following two approaches: (a) sol-immobilization of Pd-PVP or
Pd-CMC NPs onto SNPs and (b) synthesis in situ of Pd-NPs in
presence of SNPs and stabilizer. Both approaches were per-
formed under batch and continuous flow systems.

2.5.1. Sol-immobilization of Pd-PVP or Pd-CMC NPs onto
SNPs in batch. In a 250 mL round bottom flask equipped with
a magnetic stir bar, 90 mL of water was added and adjusted to
pH 1 with H,SO, 2 M feedstock solution. Then, 10 mL of
colloidal solution of Pd-NPs was added, stirred for 5 min and
then 200 mg of SNPs were added. The mixture was stirred
overnight to obtain Pd-CMC-im-1/SNPs or 30 min to obtain Pd-
CMC-im-2/SNPs and Pd-PVP-im/SNPs. The supported catalyst
was recovered through centrifugation for 8 min at 3500 rpm.
The supernatant was stored for ICP-MS analysis, and the solid
was washed with water. This procedure was repeated two times.
Finally, the supported catalyst with a grey color was dried under
air at room temperature for 24 h. After this procedure, 120 mg of
nanocatalyst was recovered to further be used in catalysis.

2.5.2. Synthesis in situ of Pd-NPs in presence of SNPs
under batch conditions. In a 10 mL scintillation vial equipped
with a magnetic stir bar, 5 mL of a mixture of stabilizer (PVP or
CMC), reducing agent (citrate and/or oxalate salts) and H,PdCl,
2 mM was prepared following the same protocol for the
synthesis of colloidal Pd NPs. Then, 10.1 mg of SNPs were
added, the vial was sealed and Ar bubbled for 5 min to saturate
the solution. Next, the mixture was irradiated in the photo-
chemical reactor under vigorous magnetic stirring until it
changed color to brown. Finally, the vial was opened, and the
supported catalyst was recovered through centrifugation.

2.5.3. Sol-immobilization of Pd-PVP or Pd-CMC NPs onto
SNPs in continuous flow system. A colloidal solution of Pd-PVP
(2.0 w/v (%)) or Pd-CMC (0.5 w/v (%)) NPs (48 mL, 2 mM) was
charged into a plastic syringe. On the other hand, 30 mg of SNPs
were suspended in 48 mL water, adjusted to pH = 1 with H,SO,
2 M and loaded into a second plastic syringe with a stir bar
inside. The syringe pump together with a portable magnetic
stirrer bar were placed in vertical position in order to keep the
SNPs suspension as much homogenous as possible and to avoid
clogging. Both syringes were connected through a mesoscale
photochemical flow reactor (6.56 mL with 0.75 mm ID PFA-
tubing) and the mixture was continuously pumped into the
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reactor by using the syringe pump (0.109 mL min ') at room
temperature. Finally, the heterogeneous material was collected
and the supported catalyst was recovered through centrifuga-
tion for 8 min at 3500 rpm. The supernatant was stored for ICP-
MS analysis, and the solid was washed with water. This proce-
dure was repeated two times. Finally, the supported catalyst
with a grey color was dried under air at room temperature for
24 h.

2.5.4. Synthesis in situ of Pd-PVP NPs in presence of SNPs
in continuous flow system. A mixture of solution of PVP (2.0 w/v
(%)), sodium citrate and sodium oxalate salts (molar ratio Pd*"/
reducing agent 1:10) and 48 mL of feedstock aqueous solution
of H,PdCl, 4 mM, was saturated by Ar and charged into
a syringe. On the other hand, 30 mg of SNPs were suspended in
48 mL water, adjusted to pH = 1 with H,SO, 2 M saturated by Ar
and charged into a second plastic syringe with a stir bar inside.
The syringe pump together with a portable magnetic stirrer bar
were placed in vertical position in order to keep the SNPs
suspension as much homogenous as possible and to avoid
clogging. Both syringes were connected through a mesoscale
photochemical flow reactor (6.56 mL with 0.75 mm ID PFA-
tubing) and the mixture was continuously pumped and irradi-
ated for 30 min through a blue-LED reactor (15 x 5 W at 462
nm). Finally, the heterogeneous material was collected in an
open glass vial to ensure that the reaction stops. The supported
catalyst was recovered through centrifugation for 8 min at
3500 rpm. The supernatant was stored for ICP-MS analysis, and
the solid was washed with water. This procedure was repeated
two times. Finally, the supported catalyst with a grey color was
dried under air at room temperature for 24 h.

2.5.5. Representative procedure for the Suzuki-Miyaura
cross-coupling reaction catalyzed by supported Pd nano-
catalysts. Into a 10 mL tube reaction with a Teflon screw-cap
septum equipped with a magnetic stirrer, 4-bromo-
acetophenone (0.12 mmol), arylboronic acid (0.18 mmol) and
K3PO, (0.37 mmol), and 1.0 mg of the supported Pd-NPs catalyst
was added. Then, EtOH (0.7 mL) and water (2.0 mL) were added.
The reaction mixture was heated at 60 °C in an oil bath for 2 h.
After being cooled to room temperature, the mixture was op-
ened to the air, diluted with water. Then, 0.05 mmol of benzo-
phenone was added to the mixture of organic phase and
aqueous supernatant, and it was extracted using 2 x 5 mL of
ethyl acetate. The organic phase was dried with anhydrous
Na,SO, and analysed by gas chromatography. To recover the
heterogeneous nanocatalyst, the aqueous phase was centri-
fuged at 3500 rpm for 8 min. The moles of Pd in each reaction to
calculate the TOF values were obtained from the Pd loading of
each catalyst determined by ICP-MS analysis.

3 Results and discussion

3.1. Visible-light induced synthesis of colloidal Pd-NPs with
PVP and CMC as stabilizing agents

Recently, we developed a simple and straightforward photo-
chemical method to synthesize Pd-NPs stabilized by PVP poly-
mer, which exhibited outstanding catalytic activity in the
Suzuki-Miyaura cross-coupling reaction under mild reaction

© 2025 The Author(s). Published by the Royal Society of Chemistry
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conditions.** The Pd-PVP nanocatalysts were synthesized in
batch by irradiating an aqueous solution of H,PdCl, with
sodium citrate for 1 h using a blue-LED light. This procedure
yielded small Pd-NPs with a mean diameter of (2.8 + 0.8) nm.
The resulting colloidal dispersion was stable and could be
stored in air for several months without significant changes.

With the aim of improving the sustainability of the process,
we evaluated the effect of modifying the stabilizing agent on the
photochemical synthesis of Pd-NPs. CMC-Na was selected as an
alternative biomass-derived stabilizing agent. A comparative
analysis between PVP and CMC was conducted to assess the
influence of the stabilizing agent on Pd-NPs formation (Table
1). Both, the type and concentration of the polymer, were
examined to obtain small-sized NPs with narrow size distribu-
tion and good colloidal stability. TEM analysis was employed to
determine the size of the NPs in each sample (Fig. 1, SI 2 and SI
3).

Starting with PVP as stabilizer, we evaluated Pd-NPs forma-
tion at polymer concentrations of 2.0, 1.0, and 0.5 w/v (%) (Table
1, entries 1-3). A reduction in the amount of the stabilizing
agent led to the formation of progressively larger NPs. As the
polymer concentration decreases, its ability to effectively cap
the growing NPs diminishes, allowing the particles to grow
larger and, in some cases, to form aggregates. For example, at
a PVP concentration of 0.5 w/v (%), Pd-PVP NPs with an average
size of (4.7 £ 0.9) nm were obtained (Fig. 1a), and aggregation of
individual NPs was observed in TEM micrographs (Fig. 1a and
SI 2).

Subsequently, CMC was evaluated as a stabilizing agent. The
main drawback of CMC is the increased viscosity of the result-
ing solutions due to their gelation properties.** Therefore, lower
concentrations of CMC (up to 1 w/v (%)) were examined for the
Pd-NPs synthesis. Using this biomass-derived polymer, the
characteristic brown colloidal dispersion of Pd-NPs was

Table 1 Photochemical synthesis of Pd-NPs in presence of PVP and
CMC as stabilizing agents®

095 %9 ,hvooo
BOGRY 2L Ye W §E S

H,PdCl, +
OH .
Sf:'e":t';‘g Pd-stab NPs
Stabilizer

Entry Name wiv (%) Time (h) NPs diameter” (nm)
1 PVP 2.0 1 (2.8 + 1.0)
2 1.0 1 (3.2 £0.7)
3 0.50 1 (4.7 £ 0.9)
4 CMC 1.0 1.5 (7.0 + 1.5)
5 0.50 1.5 (6.9 + 1.0)
6 0.25 1.5 (5.1 + 1.1)
7° 0.50 3.5 Large aggregates
8’ 0.50 1.5 —

¢ Reaction conditions: 5 mL of H,PdCl, 2 mM, 10 eq. of sodium citrate,
the proper amount of stabilizer, 40 °C, Ar, 5 W blue LED. ? Determined
by TEM analysis. © Without sodium citrate. ¢ Under dark conditions.
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Fig.1 TEM images and size distribution of Pd-NPs stabilized with 0.5
w/v (%) of (a) PVP and (b) CMC.

observed after 1.5 h of irradiation. As shown TEM micrographs
in Fig. 1b and SI 3, the use of CMC as a stabilizer resulted in the
formation of spherical Pd-CMC NPs with slightly larger diam-
eters compared to those obtained with PVP (Table 1, entries 4-
6). Moreover, in this case, the size of Pd-NPs increased with the
amount of CMC, suggesting that a higher polymer concentra-
tion led to a reduced rate of nuclei formation and enhanced NPs
growth. This effect may be attributed to the tendency of CMC to
form self-aggregates at higher concentrations,® rather than
interacting with the metal surface. This behavior reduces its
effectiveness as a stabilizing agent and leads to the formation of
larger NPs, as previously reported in the literature.*® The
optimal CMC concentration for obtaining Pd-NPs with low
polydispersity was found to be 0.5 w/v (%). Under these condi-
tions, Pd-CMC NPs with a mean diameter of (6.9 & 1.0) nm were
obtained after 1.5 h of irradiation (Fig. 1b).

In addition, control experiments were conducted (Table 1,
entries 7-8). When the reaction was carried out for 1.5 h under
dark conditions, the original yellowish H,PdCl, solution was
recovered (Fig. SI 4c). Under this condition, no reduction of Pd**
occurs, and the absence of Pd-NPs was confirmed by TEM
analysis. These results confirm that the formation of Pd-NPs is
initiated by light irradiation.

A mixture of H,PdCl, and CMC was irradiated for 3.5 h to
evaluate the effect of the absence of citrate as the photo-
reductant agent (Table 1, entry 7). After this time, the charac-
teristic brown colloidal dispersion of Pd-NPs was observed
(Fig. SI 4d). TEM analysis revealed the formation of large
aggregates (~50 nm) along with a few Pd-NPs with mean
diameter of (5.3 £ 1.6) nm (Fig. SI 3c). Considering that the
CMC structure contains carboxylate and hydroxyl functional
groups, it is plausible that these groups interact with Pd** ions
and initiate the photoreduction process.”> To support this, we
analyzed the UV-vis spectra of the different samples (Fig. SI 4a
and b). A blue shift in the absorption band of the H,PdCl, was
observed: from 418 nm to 397 nm in the presence of CMC, and
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from 418 nm to 386 nm in the presence of both CMC and citrate
(Fig. SI 4a). These shifts suggest the formation of different Pd>*
complexes, indicating an interaction between Pd*" and the
carboxylate or hydroxyl groups of CMC, which may be
contribute to the photoreduction mechanism similarly to that
of citrate.®® After 3.5 h of irradiation the UV-vis spectrum shows
an increase in the absorption band, characteristic of Pd-NPs
(Fig. SI 4b). Although CMC can reduce Pd*" and stabilize the
resulting NPs, in the absence of citrate, large aggregates of Pd-
NPs were obtained (Fig. SI 3c).

Then, Pd-CMC NPs (with 0.5% of CMC) were further char-
acterized using DLS, FT-IR, and 'H NMR, techniques. The
apparent hydrodynamic diameter (dy) of Pd-CMC NPs was
measured by DLS (Fig. SI 7), revealing a monodisperse distri-
bution of Pd-NPs with an average size of (12.2 &+ 1.9) nm. The dy
value reflects not only the core size of the NPs, but also the
hydration layer and the adsorbed polymer on their surface.

The interaction between CMC and Pd-NPs was investigated
by FT-IR analysis of the mixtures before and after irradiation, as
well as their precursors (Fig. SI 5). The characteristic bands
corresponding to both the polymer and citrate were observed in
the spectrum of the Pd-CMC NPs. A broad band around
~3400 cm ' in all samples was assigned to the stretching
vibrations of hydroxyl groups (-OH) from citrate and CMC,
while the bands observed at 2920, and 2856 cm™* were attrib-
uted to the stretching vibration of aliphatic C-H bonds. In the
Pd-CMC NPs spectrum, bands at 1596 and 1409 cm ™" corre-
spond to the asymmetric and symmetric stretching vibrations of
carboxylate groups (-COO™) from CMC, while the bands
between 1104 and 1065 cm™' are associate with C-O-C
stretching modes, consistent with literature data.** A compar-
ison of the spectra obtained before and after irradiation showed
no change in the carboxylate absorption bands; however,
a slight shift was observed in the -OH stretching band. These
spectral features are essential for evaluating the interactions
between the polymer and the NPs. In particular, the separation
between asymmetric and symmetric carboxylate bands (4)
provides insight into the coordination mode between the metal
and the carboxylate groups.”** In both samples, before and
after irradiation, 4 values were 188 and 187 cm™ ', respectively,
indicating a bidentate coordination of both Pd*" and Pd°
species to the COO™ groups.**** Additionally, in the Pd-CMC
NPs sample, the hydroxyl stretching vibration band of CMC
shifted from 3440 to 3424 cm ™, suggesting a hydrogen bonding
interactions between the -OH groups and the Pd-NP surface,
according to literature.”®*' These observations confirm the
interaction between CMC and Pd-NPs.

Since the interaction between the Pd species and citrate
could not be ruled out, we analyzed the "H NMR spectra of the
samples before and after irradiation (Fig. SI 6). The signals
observed around 2.7-2.5 ppm correspond to the methylene
protons of citrate. The spectra revealed a slight downfield shift
of these signals in the presence of Pd species, suggesting
a coordination interaction between Pd and citrate. In addition,
the signals corresponding to the CMC backbone appear around
4.8-3.0 ppm,* with no appreciable change in their chemical
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shift after irradiation, indicating that the CMC structure
remained largely unaltered during the process.

Thus, the observed changes in UV-vis absorption bands, FT-
IR spectra, and '"H NMR signals indicate coordination interac-
tions between Pd** and both citrate and CMC, suggesting that
these ligands are involved in the reduction of Pd**. Further-
more, we confirmed the presence of CMC and remaining citrate
in the final NPs, indicating that the photoreductant agent is not
completely consumed during the reaction and may also
contribute to the stabilization of Pd-NPs.

The photochemical strategy proved to be a simple and effi-
cient method for generating small Pd-NPs in the presence of
CMC, offering a sustainable alternative to PVP. Although the use
of CMC resulted in slightly larger NPs compared to those ob-
tained with PVP, the Pd-CMC NPs exhibited good colloidal
stability, demonstrating that CMC is a suitable capping agent
for Pd-NPs. However, for catalytic applications, it is crucial to
ensure that the stabilizer modification does not negatively affect
the catalyst's performance. Therefore, the catalytic activity of
the colloidal Pd-NPs was evaluated in Suzuki-Miyaura cross-
coupling reaction between 4-bromoacetophenone (1a) and
phenylboronic acid (2a) (Fig. 2 and see SI Table SI 1). Based on
our previous study,* the reactions were carried out under mild
conditions, using K;PO, as base in an ethanol-water solvent
mixture at 40 °C for 1 h.

As shown in Fig. 2, all colloidal Pd-NPs exhibited excellent
catalytic activity under mild reaction conditions, achieving high
yields (>90% of 3a) and elevated TOF values (>1900 h™%),
regardless of the type or concentration of stabilizer used.
Notably, these values are comparable to or even higher than
those of other Pd-NPs reported in literature (Table SI
2).14,20,22,37,39,41—45

When comparing Pd-NPs stabilized with the same polymer,
slight differences in catalytic activity were observed. For
example, Pd-NPs synthetized with 1.0 w/v (%) PVP exhibited the
highest catalytic activity. Although lower PVP concentration
produced larger NPs, the decreased polymer coverage likely
resulted in greater exposure of active sites, thereby enhancing
catalytic activity. These findings suggest that NPs size alone

Q, 0.04 mol% [Pd-NPs] O
>—er B B(OH) —————— Q Q
KPO, 40°C, 1h
i 2a EtOHH,0 1:3 38

2469
_ 2338

SRR _ SO A N Su——_ S——_
PVP2.0 PVP1.0 PVP0.50 CMC 1.0 CMC 0.50 CMC 0.25
Stabilizer wiv (%)

Fig. 2 Suzuki—Miyaura cross-coupling reaction catalyzed by Pd-NPs
stabilized with CMC and PVP.
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does not fully account for the observed catalytic behavior. Other
factors such as surface chemistry and the nature of the stabi-
lizing agents also play critical roles in determining catalytic
performance. These parameters affect the accessibility of active
sites, as well as the electronic properties and overall catalytic
efficiency of the nanocatalysts. In this case, the optimal balance
between NPs stabilization and catalytic activity was achieved
with 1 w/v (%) PVP. A similar trend was observed for Pd-CMC
NPs, with maximum catalytic activity obtained at a CMC
concentration of 0.5 w/v (%).

To compare the performance of NPs stabilized with different
polymers at the same concentration (PVP 0.5% vs. CMC 0.5%),
catalytic tests were performed for both Pd-PVP and Pd-CMC
nanocatalysts at 30 °C for 0.5 h (Table SI 3). Under this condi-
tion, Pd-CMC nanocatalyst yielded 68% of product 3a with
a TOF value of 3733 h™*, whereas the Pd-PVP NPs produced 61%
of 3a with a TOF of 3126 h™*. Thus, CMC as stabilizer not only
provides a more sustainable alternative for nanomaterial
synthesis but also enhances catalytic activity compared to PVP.

This photochemical approach thus demonstrated high effi-
cacy in producing stable and highly active Pd nanocatalysts with
tunable size, employing visible light as a green and energy-
efficient method. However, the practical recovery of colloidal
Pd nanocatalysts from the reaction mixture remains a signifi-
cant challenge, as reported for similar Pd-NP systems.***®
Therefore, to advance in the development of nanocatalysts with
high activity, easily recoverable and recyclable, we extended our
photochemical strategy to the design of heterogeneous nano-
catalysts, as discussed in the following section.

3.2. Immobilization of Pd-NPs onto silica supports (SNPs)

Solid-supported Pd nanocatalysts have demonstrated easy
separation and excellent catalytic activity. Moreover, their
catalytic properties can be optimized by improving stability,
increasing surface area, enhancing reusability, and minimizing
Pd use by maintaining or even enhancing catalytic activity.*”~*°
Among inorganic supports, silica-derived materials (SiO,)
exhibit a high specific surface area, excellent thermal and
mechanical stability, and low cost. Therefore, silica is often
used as a model support for metal loading and to investigate
catalytic reaction mechanisms.* Silica nanoparticles function-
alized with APTES (SNPs) are well-established amorphous
materials for the immobilization of metal catalysts, as they
promote the deposition of metallic NPs on their surface.>* In
addition, they are readily available and can be easily synthetized
via the Stober method.’*** Thus, SNPs were selected for the
preparation of supported Pd nanocatalysts.

We explored two different approaches to generate heteroge-
neous Pd nanocatalysts (see Scheme 1): (i) sol-immobilization of
the photochemically pre-synthesized Pd-NPs onto spherical
SNPs,**** and (ii) in situ photoreduction, in which Pd-NPs were
formed and deposited directly onto the SNPs surfaces. Addi-
tionally, both approaches were performed in batch and
continuous-flow set-up to evaluate their efficiency and
reproducibility.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.3. Sol-immobilization method for deposition of Pd-NPs
onto SNPs under batch conditions

Based on the high catalytic activity of the Pd-CMC NPs 0.5 w/v
(%) and our previous study to obtain colloidal Pd-PVP NPs 2.0
w/v (%), these two NPs systems were selected for immobili-
zation onto SNPs under batch conditions. Spherical SNPs with
a mean diameter of (256 £ 22) nm, prepared via Stéber method,
were used (see TEM analysis, Fig. SI 8).”°

The immobilization conditions of the colloidal Pd-NPs onto
SNPs were optimized by evaluating the Pd/SNPs mass ratio,
temperature, and contact time for each stabilizing polymer
(Table SI 4). For both stabilizers, the immobilization process
successfully led to the formation of heterogeneous catalysts,
with no change in Pd-NPs size observed after the impregnation
process.

Immobilization using the Pd-PVP NPs solution resulted in
the formation of the heterogeneous catalyst denoted Pd-PVP-
im/SNPs (Table SI 4, entry 3). When performed at room
temperature, the process resulted in a homogeneous distribu-
tion of Pd-NPs on the SNP surface (TEM micrograph, Fig. SI
10c).

Conversely, impregnation at room temperature using the Pd-
CMC NPs solution produced the material Pd-CMC-im-1/SNPs
(Table SI 4, entry 1), which exhibited aggregation of Pd-NPs
on the SNPs surface (TEM micrograph, Fig. SI 9). This aggre-
gation was attributed to the high viscosity of CMC polymer
solutions at room temperature, which is influenced by electro-
static interactions and intermolecular hydrogen-bonds.*” To
improve Pd-NPs distribution on SNPs, both the synthesis and
immobilization of Pd-CMC NPs were carried out at 50 °C,
yielding the material Pd-CMC-im-2/SNPs (Table SI 4, entry 2).
Under these conditions, smaller Pd-CMC NPs with a diameter of
(4.5 £ 1.0) nm were obtained (TEM micrograph, Fig. SI 10a),
along with a homogeneous distribution of NPs onto SNPs (TEM
micrograph, Fig. SI 10b).

Regarding metal loading, a higher Pd content of 3.4 wt% was
achieved using PVP as the stabilizer, compared to 0.8-1 wt%
when using CMC, as determined by ICP-MS analysis (Table SI14,
entries 2-3).

3.4. In situ reduction method for the generation of Pd-NPs
onto SNPs under batch conditions

As a second approach, the in situ photochemical reduction of
Pd>" salt onto SNPs was catried out using both stabilizer agents.
Preliminary studies revealed that, in absence of a stabilizer, the
in situ photoreduction of Pd*>" on SNPs led to the formation of
large and non-uniform Pd-NPs (TEM micrograph, Fig. SI 11).

In contrast, the presence of either polymer enabled the
successful deposition of uniformly distributed small Pd-NPs on
the SNPs surface, as confirmed by TEM analysis (Fig. 3). To
achieve efficient photoreduction, the Pd**/SNPs mass ratio had
to be increased from 0.01 (used in the sol-immobilization
process) to 0.10 to ensure an adequate light absorption at the
working wavelength (462 nm) (Fig. SI 4a).

Regarding particle size, when the in situ synthesis was per-
formed with CMC at 50 °C, the resulting Pd-CMC-is-1/SNPs
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Fig. 3 TEM analysis of supported catalysts prepared trough in situ photoreduction of Pd?* salts on the SNPs in the presence of (a) CMC or (b)

PVP. Zoom-in images show the Pd-NPs immobilized on the support.

nanomaterial (Table 2, entry 1) exhibited slightly smaller Pd-
NPs (see TEM micrograph, Fig. 3a) compared to those ob-
tained in the absence of SNPs (Fig. SI 10a). Conversely, when
PVP was used as stabilizer (Pd-PVP-is-1/SNPs, Table 2, entry 3),
larger Pd-NPs were obtained in the presence of SNPs (TEM
micrograph, Fig. 3b).

In terms of Pd content, PVP again enabled a higher Pd
loading on the support (Table 2, entries 1 vs. 3). To evaluate the
maximum Pd loading achievable, the Pd**/SNPs mass ratio was
increased up to 0.6, resulting in Pd loadings of 5.9 and 22.8 wt%
for CMC and PVP, respectively (Table 2, entries 2 and 4).

The as-obtained supported nanocatalysts were also charac-
terized by SEM, SEM-EDS, FT-IR and XPS (see Fig. SI 12-14).
SEM images of both materials showed that the SNPs main-
tained their uniform and dense morphology (SEM micrographs,
Fig. SI 13a and SI 14a). The EDS analysis confirmed the
homogeneous distribution of Pd throughout the material, along
with the presence of Si, O, and C (EDS spectra, Fig. SI13b and SI
14b).

The FT-IR spectra of each sample displayed the character-
istic bands of the polymers and SNPs (Fig. SI 13c and SI 14c).
The broad band at 3400 cm ™" corresponds to the stretching of
O-H groups of SNPs, while the strong absorption band at
1108 cm ™" corresponds to the stretching of Si-O-Si bond. For
the Pd-PVP-is-2/SNPs (Fig. SI 13c), the amide stretching band
was shifted from 1663 cm™ " in pure PVP to 1627 cm ' in the

nanocatalyst, suggesting coordination between the PVP poly-
mer and Pd species. Similarly, in Pd-CMC-is-2/SNPs sample
(Fig. SI 14c), the carboxylate stretching band shifted slightly
from 1617 (pure CMC) to 1629 cm ™', indicating an interaction
between Pd species and CMC polymer.

XPS analyses were conducted to determine the oxidation
state of Pd in both nanomaterials (see Fig. SI 13d and SI 14d).
For the PVP-stabilized catalyst, the Pd 3d spectrum exhibited
two main peaks corresponding to the 3ds/, and 3ds/, transi-
tions, each of which was further deconvoluted into two
components (Fig. SI 13d). By comparison with previously report
of Pd-PVP NPs, this corresponds to the presence of Pd in two
oxidation states: Pd° (334.1 and 339.3 eV) and a small fraction of
Pd** (336.2 and 341.5 €V) in a ratio Pd°/Pd** 94 : 6. The presence
of Pd** species has been attributed to interactions between the
amide groups of PVP and Pd species, which can led to more
electron-deficient Pd species.*® In contrast, the XPS spectrum of
the CMC-stabilized nanocatalyst showed only two peaks, with
binding energies (BE) at 335.9 and 341.3 eV (Fig. SI 14d), indi-
cating the presence of a single Pd species (Pd®). Previous studies
have reported a shift in the 3ds/, peak to higher binding ener-
gies in Pd-CMC NPs, with values around 335.4 eV for Pd® and
337.1 eV for Pd*" species.? This confirms the effective reduction
of Pd*" salts to Pd® in Pd-CMC/SNPs catalysts. Moreover, the
differences observed in the chemical environments of both
catalysts provide additional evidence of interactions between

Table 2 Synthesis of Pd-CMC-is/SNPs and Pd-PVP-is/SNPs catalysts by in situ methodology under batch conditions®

Entry Name Stabilizer w/v (%) T (°C) NPs diameter® (nm) Pd loading? (wt%)
1 Pd-CMC-is-1/SNPs CMC 0.5% 50 (3.8 £0.8) 1.6
2b Pd-CMC-is-2/SNPs (3.5 +0.8) 5.9
3 Pd-PVP-is-1/SNPs PVP 2.0% 20 (4.1 +0.7) 2.9
4? Pd-PVP-is-2/SNPs (4.7 £1.1) 22.8

¢ In situ reduction conditions: 5 mL of H,PdCl, 2 mM, sodium oxalate/citrate 9: 1 eq., proper amount of stabilizer, 10.1 mg of SNPs, Ar, 30 min of
irradiation using 5 W blue LED. Mass ratio Pd*'/SNPs = 0.1. ” Mass ratio Pd*'/SNPs = 0.6. © Determined by TEM analysis. ¢ Determined by ICP-MS

analysis.
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the polymers and the Pd-NPs immobilized on the SNPs, which
may significantly influence their catalytic behavior.

In comparison with well-established methods for preparing
heterogeneous nanocatalysts, such as the sol-immobilization of
preformed NPs or the wet-impregnation method (which
involves the deposition and subsequent reduction of metal salts
precursors onto the support), traditional approaches often
require strong reducing agents (e.g NaBH,), long reaction
times, and elevated temperatures to produce well-dispersed and
uniform Pd-NPs.?*>*® In contrast, the in situ strategy developed
in this study offers a fast and efficient alternative for producing
small, highly dispersed Pd-NPs supported on SNPs. The method
is carried out under mild conditions, using biocompatible
reducing agents and aqueous media, and is characterized by
short reaction times.

3.5. Supported Pd-NPs/SNPs nanocatalysts synthesis under
continuous flow conditions

Continuous flow strategies were developed with the aim of
evaluating potential improvements in the morphology, unifor-
mity, and reproducibility of synthetized Pd-NPs. Based on the
results from the previous section, key parameters such as time,
reducing agent ratio and Pd*>*/SNPs mass ratio were systemati-
cally studied.

To achieve this, an operationally simple and versatile tubular
reactor was designed, utilizing blue-LEDs irradiation as the
light source (Fig. 4a). The flow reactor consisted of a transparent
perfluoroalkoxy (PFA) capillary tube (750 pm ID, 6.56 mL) coiled
around a cylindrical reactor coated with aluminum foil. The
reflective foil helped to maximize light exposure by redirecting
incident light back into the reactor. The irradiation setup

a- Experimental setup of continuos-flow approach

S l
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featured 12 blue LEDs (see Experimental section, Fig. SI 1a and
1b for details) mounted on 4 heat exchangers surrounding the
PFA capillary coil. The setup included two pumps for the
injection of the Pd>* solution or colloidal Pd-NPs and for the
colloidal suspension of SNPs,* respectively. Both liquid feeds
were mixed through a T-static mixer upstream the reactor,
leading to a stable Taylor flow. To avoid SNPs precipitation and
clogging, a battery-powered portable stirrer was used, ensuring
continuous mixing. In the case of the sol-immobilization
approach, a pre-formed mixture of Pd-NPs and SNPs was
prepared and then pumped into the flow-reactor without irra-
diation. For the in situ photochemical reduction approach,
a solution containing Pd**, together with oxalate and citrate
salts in a 9: 1 ratio* was mixed with SNPs and pumped through
the LED flow reactor. The mixture of photoreductant agents
allowed the rapid photochemical reduction of Pd*>" while
ensuring direct contact with the support material.

Using CMC as a stabilizer resulted in a highly viscous and
heterogeneous precursor mixture at room temperature, which
hindered its flow through the tubular reactor. To overcome this
limitation, both sol-immobilization and in situ reduction
strategies were explored in the tubular flow reactor using PVP as
the stabilizer agent to obtain the supported nanocatalyst.
Remarkably, Pd-PVP NPs with controlled morphology were
successfully formed on the surface of the SNPs within a resi-
dence time of only 30 min (Fig. 4b and c).

The sol-immobilization strategy led to the deposition of Pd-
PVP NPs with an average size of (2.9 &+ 0.7) nm and a Pd loading
of 3.1 wt% on the SNPs (Pd-PVP-im-F/SNPs, Fig. 4b). Similar to
the batch impregnation method (Table SI 4, entry 3), the size of
the Pd-NPs remained unchanged throughout the process.

[ Pax \ SNPs
suspension

i solution

Photo-flow
reactor

(4.8+1.1) nm
Pd loading:

NPs diameter (nm)

(a) Experimental setup of continuous flow device used to obtain supported Pd nanocatalysts. TEM images zoom-in and histograms of the

supported catalysts obtained through (b) sol-immobilization Pd-PVP-im-F/SNPs and (c) in situ reduction Pd-PVP-is-F/SNPs in flow.
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Moreover, the Pd loading showed no significant variation
compared to the batch approach (Table SI 4, entry 3).

On the other hand, the in situ reduction of Pd*" salt on SNPs
under flow conditions required a higher Pd*'/SNPs mass ratio
to yield uniform Pd-PVP NPs with a size of (4.8 & 1.1) nm and
a Pd loading of 15.1 wt% (Pd-PVP-is-F/SNPs, Fig. 4c). While the
NPs size was comparable to that obtained via the in situ strategy
under batch (Pd-PVP-is-2/SNPs, Table 2, entry 4), the metal
loading was lower when the tubular flow reactor was used.

These results demonstrate that the continuous flow
approach effectively produces heterogeneous nanocatalysts
with a uniform distribution of Pd-NPs and controlled particle
sizes on SNPs surfaces, making it a viable alternative to batch
synthesis.

3.6. Catalytic activity of supported Pd nanocatalysts

The catalytic activity of the supported Pd nanocatalysts was
evaluated in the same Suzuki-Miyaura model reaction as for the
colloidal Pd-NPs. The results, summarized in Table 3, demon-
strate that all materials exhibited excellent catalytic perfor-
mance towards the formation of the biaryl product 3a, achieving
high yields under mild reaction conditions. However, for the
heterogeneous nanocatalysts, the reaction temperature had to
be increased to 60 °C and the reaction time extended to 2 h to
achieve complete conversion of substrate 1a.

Each catalytic reaction was carried out using 1 mg of catalyst,
corresponding to approximately 0.1-2.0 mol% of Pd. Under
these conditions, most of the catalysts achieved yields of 3a up
to 99% (Table 3). Nanocatalysts synthetized via the in situ
photoreduction strategy exhibited higher TOF values (Table 3,
entries 2 and 4) than those obtained through sol-
immobilization (Table 3, entries 1 and 3). The in situ catalyst
stabilized with CMC (Pd-CMC-is-1/SNPs) reached the highest
TOF value of 356.3 h™* (Table 3, entry 2), followed by Pd-PVP-is-
1/SNPs with 214.0 h™" (Table 3, entry 4). These values are
comparable to those reported for other supported nanocatalysts
stabilized with carbohydrates polymers.®* After removal of Pd-
CMC-is-1/SNPs catalyst by centrifugation, extraction with ethyl
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acetate, and column chromatography, the product 3a was iso-
lated in 94% of yield.

XPS analysis revealed that the differences in the chemical
environments in the two nanocatalysts likely arise from the
interaction between Pd species and the functional groups of the
polymers, such as carboxyl and hydroxyl groups of CMC and the
amide groups in PVP. These interactions can affect critical
aspects of the catalytic process, including the adsorption of
reactants, the accessibility of catalytic sites (either by partially
blocking them or by altering their local environment), and the
electronic properties of Pd species on the surface. Conse-
quently, these factors impact on the overall catalytic perfor-
Therefore, understanding and controlling these
polymer-NPs interactions is essential, as they can modulate
both catalytic activity and stability.

Interestingly, the sol-immobilized catalyst prepared under
flow conditions (Pd-PVP-im-F/SNPs, Table 3, entry 5), exhibited
an improved performance compared to the batch-synthesized
catalyst (Pd-PVP-im/SNPs, Table 3, entry 3). In contrast, the in
situ flow-photoreduced catalysts (Pd-PVP-is-F/SNPs) showed
a lower TOF value than the obtained under batch conditions
(Table 3, entry 4 vs. entry 6). However, this decrease in TOF is
attributed to the higher Pd loading achieved under flow
conditions, as complete conversion of 1a was observed.

Considering these results, the scope of the Suzuki-Miyaura
cross-coupling reaction was evaluated with the heterogeneous
Pd-CMC-is-1/SNPs nanocatalyst. For that, a series of aryl
bromides and aryl iodides (1b-f), together with aryl boronic acid
(2a-b) were evaluated, obtaining biaryls 3a-e in very good to
excellent yields (Table SI 5).

mance.

3.7. Recyclability tests of supported catalysts

As both catalysts prepared by the in situ photoreduction of Pd>*
using the batch protocol (Pd-PVP-is-1/SNPs and Pd-CMC-is-1/
SNPs) were the most active nanocatalysts in the Suzuki-
Miyaura cross-coupling reaction for the synthesis biaryl 3a,
their recyclability was evaluated under the previously described
conditions. For the recycling experiment, the catalysts were

Table 3 Catalytic activity of supported nanocatalysts in the Suzuki—Miyaura cross-coupling reaction®

K4POy, 60°C, 2 h

Pd-CMC/SNPs
or Pd-PVP/SNPs

Q o
>—©—Br +®B(OH)2 o
1a 2a

EtOH:H,0 1:3
3a

Entry Catalyst Catalyst mass (mg) Pd” (mol%) Yield® of 3a (%) TOF? (h™)
1 Pd-CMC-im-1/SNPs 1.10 0.09 22 164.8
2 Pd-CMC-is-1/SNPs 1.12 0.14 99 356.3
3 Pd-PVP-im/SNPs 1.11 0.28 52 98.7
4 Pd-PVP-is-1/SNPs 1.06 0.23 95 214.0
5 Pd-PVP-im-F/SNPs 1.19 0.29 93 169.6
6 Pd-PVP-is-F/SNPs 1.68 2.0 94 24.8

“ Reaction conditions: 0.12 mmol 1a, 0.18 mmol 2a, 0.37 mmol K;PO,, 1.0 mg of supported nanocatalyst, ethanol:water 1 : 3. ” Referred to initial
moles of 1a. © Quantified by GC analysis with benzophenone as internal standard. ¥ TOF = mole of substrate 1a converted/(mole of Pd*h).
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recovered by centrifugation after 2 h of reaction, washed twice
with water, and reused in subsequent runs without further
purification or activation. The results presented in Fig. 5 indi-
cate that in both cases high yields of product 3a were consis-
tently obtained over successive cycles under mild conditions.
These nanomaterials therefore demonstrated excellent catalytic
activity and recyclability for at least 3 consecutive cycles.
However, following the fourth cycle, a progressively decrease in
activity was observed for Pd-CMC-is-1/SNPs (Fig. 5).

In addition, Pd leaching was assessed by ICP-MS analysis of
the aqueous reaction media. Notably, only a low Pd leaching
was detected after the first catalytic cycle, with 0.066 ppm of Pd
for Pd-PVP-is-1/SNPs and 0.071 ppm of Pd for Pd-CMC-is-1/
SNPs. In subsequent cycles, even after the fifth cycle, Pd
concentration was below the limit of detection (LOD), con-
firming the strong immobilization of Pd onto the SNP surface
through the in situ photoreduction strategy. These values are
lower than the residual Pd levels allowed in pharmaceutical
products (below 10 ppm).®*%

The analysis of the recovered catalysts trough TEM micro-
graphs (Fig. SI 15) showed a partial degradation of the silica
support and encapsulation of the Pd-NPs in the silica matrix.
These findings suggest that the SNP support undergoes some
degradation over successive cycles, likely due to interactions
with K;PO,. It is well known that certain bases can react with
the acidic sites present on silica surfaces, leading to surface
degradation.®*

However, the Pd-NPs are still active and attached on the
support after several reaction cycles. Thus, degradation of the
SNP support may lead to partial encapsulation of the Pd-NPs by
a silica phase, potentially obstructing access to the metallic
active sites and reducing their catalytic activity.

These supported Pd-NPs represent a promising and poten-
tially safe option for the synthesis of pharmaceutically relevant
molecules. The SNP proved to be a suitable model for exploring
alternative strategies to obtain heterogeneous nanocatalysts.
Nevertheless, we are currently evaluating alternative supports

7% Pd-PVP-is-1/SNPs
Pd-CMC-is-1/SNPs
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Fig. 5 Recycling tests of supported catalysts prepared by in situ
photoreduction using PVP (Pd-PVP-is-1/SNPs) and CMC (Pd-CMC-is-
1/SNPs) in the Suzuki—Miyaura cross-coupling reaction.
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capable of resisting the basic reaction conditions, to enhance
long-term catalyst stability.

4 Conclusions

In this work, a simple and environmentally friendly photo-
chemical method was developed to synthesize small Pd-NPs,
both as colloidal and as supported heterogeneous catalysts.
The synthesis avoided the use of toxic and hazardous chemicals
and solvents, providing a green route for the preparation of Pd
nanocatalysts under both batch and continuous flow processes.
Colloidal Pd-NPs were effectively stabilized using PVP and
biomass-derived CMC. Among the colloidal systems, Pd-CMC
NPs achieved the highest TOF in the Suzuki-Miyaura cross-
coupling reaction, highlighting the potential of bio-based
stabilizers as sustainable alternatives to oil-derived ones.

The photochemical strategy was also successfully extended
to produce supported Pd-NPs on functionalized SiO,. The in situ
photoreduction approach proved to be a straightforward and
efficient method, particularly effective for producing well-
dispersed, small Pd-NPs on the SNPs surface. Furthermore,
this approach yielded the most catalytically active materials.
Notably, CMC demonstrated outstanding stabilization capacity,
enhancing catalytic performance. Recyclability tests confirmed
that Pd-NPs maintained high catalytic activity over several
reaction cycles without Pd leaching.

Continuous-flow setups were also explored, achieving
materials with catalytic performance comparable to batch ob-
tained ones for supported Pd-NPs stabilized with PVP. This
photo-induced and eco-friendly methodology, demonstrates the
advantages of combining simple protocols with sustainable
reagents for synthesis of heterogeneous Pd nanocatalysts. The
use of biodegradable, bio-based materials align with green
chemistry principles, while the integration of continuous-flow
technology enhances reaction control, efficiency, and scal-
ability. Overall, this work provides the groundwork for the
sustainable, and large-scale production of catalytic nano-
materials with broad application potential.
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