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Palladium catalysts are widely used in the Suzuki—Miyaura cross-coupling reaction; however, their high cost
and scarcity demand strategies to reduce Pd usage without compromising catalytic performance. In this study,
we report supported Pd catalysts with low loading, prepared by the ball milling method, an eco-friendly and
efficient route to highly active catalysts. These low-loading Pd catalysts were supported on alumina (ALLO3),
silica (SiO,), and titania (TiO,). The influence of support properties on catalytic performance in the Suzuki—
Miyaura coupling reaction was systematically investigated. In this work all Pd catalysts exhibit good thermal
stability with less than 10% weight loss at 1000 °C. They have high surface areas ranging between 20.6 +
1.0 to 296 + 15 m? g~ Diffuse Reflectance Ultraviolet-Visible (DR-UV-Vis) spectroscopy indicated that
smaller clusters have altered redox potentials; their electron density changes due to introduction of
discrete, redox-active states that strongly couple with the oxide support. A comparison was made between

the solution-phase and solid-phase methods for the Suzuki—Miyaura reaction. The catalysts exhibited
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Accepted 11th February 2026 excellent catalytic activity, achieving up to 97% substrate conversion within one hour at room temperature
via the mechanochemical route. These catalysts also showed good reusability for at least four catalytic

DOI: 10.1039/d6ra00004e cycles without losing significant activity. Therefore, our study offers an eco-friendly method to develop
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1. Introduction

The Suzuki-Miyaura coupling reaction, is an organic synthesis
route that typically employs palladium (Pd) catalysts to facilitate
the carbon-carbon (C-C-) cross-coupling of aryl halides with
boronic acids.* Palladium, due to its unique ability to facilitate
the cross-coupling of organohalides and organoboranes, is
regarded as a highly efficient catalyst for these kinds of
reactions.>* However, the high commercial value of Pd and the
high synthesis cost of Pd-based catalysts have been their limi-
tation for wide-scale application.’ To address these issues, the
exploration of the bulk reduction to nanoparticles or ultrasmall
clusters for use as catalysts is still an interesting investigation.®
Even recent studies are still showing the intriguing size-
dependent catalytic activity of metals, specifically in the
context of reducing bulk metal to nanoparticles, single atoms,
or small clusters. Also, the efficiency and impact of bulk
reduction of active metal phases on selectivity trends in a variety
of reactions is a topic of interest.”® Zhang et al. recently reported
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highly stable Pd-based catalysts for efficient catalytic Suzuki—Miyaura reaction.

the effect of metal size in hydrogenation reactions; correlating
the metal size effect showed that the overall TOF decreased as
the average Pt particle diameter increased, thus suggesting
a strong size-dependence of catalytic activity, with smaller
particles exhibiting higher activity due to a higher surface-to-
volume ratio of surface atoms. Therefore, exposing more
active surface atoms relative to their total number of atoms
enhances catalytic activity.” Zhaolu et al. investigated the effect
on catalytic activity, selectivity, and stability of different sizes of
supported Pd particles; they found that with the reduction in
particle size, there was an enhancement of the BET surface area,
leading to high catalytic activity.*

The reduction in metal size can drastically alter the elec-
tronic structure and catalytic behavior of the catalyst, influ-
encing the reaction kinetics and mechanism of the Suzuki
coupling process." Single atom and small cluster types of
catalysts provide a new and exciting opportunity to improve the
performance of heterogeneous catalysts.”” Not only are these
minimalist catalysts allowing for full utilization of the expensive
precious metals, but the metal also inherits different properties,
leading to enhanced activity and selectivity for several reac-
tions.*® However, the synthesis of ultrasmall cluster catalysts
and nanoparticles is still challenging.** The ultrasmall cluster
catalysts or nanoparticles tend to migrate and aggregate into
larger particles during their synthesis or under harsh reaction
conditions, making it difficult to maintain their isolated state or

© 2026 The Author(s). Published by the Royal Society of Chemistry
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uniform size. It is difficult to achieve uniform dispersion of
metals on catalytic support, and it is also hard to scale up
reproducibly. Different approaches, such as hydrothermal, sol-
gel, wetness co-impregnation, atomic layer deposition, and
physical vapor deposition, have been employed in their
synthesis.”®*” While these methods allow fine control over
particle size, mechanochemical synthesis offers solvent-free
conditions, reduced energy input, and scalability.'®

Recently, mechanochemistry, often referred to as the ball-
milling method, has captured the attention of many
researchers for the fabrication of heterogeneous -catalysts
because of its distinct advantages centred around eco-
friendliness, scalability, and a wide application scope.*
However, despite these advantages, mechanochemical methods
may present challenges, such as limited control over particle
size distribution and potential structural modification of the
support. Therefore, understanding how mechanochemical
synthesis influences metal dispersion, surface properties, and
catalytic performance remain essential.**** In mechanochem-
ical synthesis, mechanical energy is generated in the ball
milling apparatus, where the movement of the grinding bowl
generates kinetic and potential energy in the grinding balls and
material loaded inside it to reconstruct chemical bonds of the
new material. This method is affected by several milling
parameters, such as grinding ball size, time, and speed or
frequency of the milling process, to mention a few.?*"*

Herein, we report a highly efficient and pollution-free ball
milling method for the direct synthesis of low loading ultra-
small clusters of palladium (Pd,) and nanoparticles (Pd,) sup-
ported on different catalyst supports (Al,O3, SiO,, and TiO,). We
aim to study the size effect induced by the solid-state mecha-
nochemical synthesis of the catalysts in the green Suzuki-
Miyaura reaction at mild temperatures.

2. Experimental section
2.1 Materials

All chemicals were purchased from commercial suppliers and
used as received without any further purification. Potassium
tetrachloropalladate(u) (K,PdCl,, >99%), sodium borohydride
(NaBHy, (>98%)), phenylboronic acid (C¢H,BO,, 95%), bromo-
benzene (CcHsBr = 99.5%), tetraethyl orthosilicate (TEOS (SiO,
content: 28-28.8%)), pluronic P123 (EO,,PO,4EOy,, > 98%),
decane (CioHzy, > 99.9%), aluminum hydroxide (Al(OH)z;, >
99%), and titanium isopropoxide (T;OCH(CHj),] (Ti content:
27.8-28.6%), hydrochloric acid (HCI (32%)), NMR solvent:
chloroform-d (CDCl;) (99.8%), methanol (99.5%), ethanol
(>99%), isopropanol (>99.5%), butanol (>99%), di-
chloromethane (DCM (>99.9%)), barium sulfate (BaSO, (>99%))
dimethylformamide (DMF (>99.8%)), and sodium carbonyl
anhydride (Na,COj3), (>99.9%) were all purchased from Merck
Chemicals, RSA.

2.2 Catalysts synthesis protocol

Supported ultrasmall Pd clusters (Pd,) and nanoparticles (Pd,,)
catalysts were prepared using vibratory ball milling (liquid-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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assisted grinding (LAG)). LAG is empirically characterized by 7
as shown in eqn (1).

n= (1)

where 7 is the ratio of liquid volume to sample weight and V is
the volume of the liquid in microliters (uL) and m is the mass of
the reagents.>® For the synthesis of ultrasmall Pd clusters,
a 0.60 g mass of the support (Al,O3, SiO,, or TiO,), and stoi-
chiometric amounts of potassium tetrachloropalladate (0.1 wt%
or 1.0 wt% Pd) were mixed. A 0.06 ml mixture of HCI (37%) and
H,0 (Ve : Vwater = 1: 1) was added to an agate grinding jar. The
mixture was placed into a vibratory ball mill at 25 Hz for 30
minutes, then the product was calcined at 400 °C for 3 hours.
The synthesis of nanoparticles followed the same procedure as
that of ultrasmall Pd clusters. The sample's stoichiometric
amounts of palladium acetate were 1 wt% and 5 wt% Pd, and
instead of adding HCI, 0.05 mol of urea and 0.05 mol NaBH,
were added to achieve the reduction of Pd cations to Pd’.
Thereafter, the synthesized catalysts were characterized using
various techniques described in the SI.

2.3 Catalytic evaluation: Suzuki-Miyaura cross-coupling
reaction

The catalytic performance of the synthesized catalysts was
evaluated in the Suzuki coupling reaction, and a comparison
between the conventional oil-bath heating (solution state set-
up) and mechanochemistry (solid state set-up) methods was
done, see Scheme 1. A catalytic performance evaluation using
bromobenzene and phenylboronic acid as standard substrates
and a base (Na,CO3) in the coupling reaction was undertaken.
For both catalyst synthesis methods, control reactions were
conducted without any catalysts, and no product yield was
detected. The percentage conversion of the substrate was
determined using eqn (2).

m01€ssubstrate(0) - mOlessuslrate(/) %

% Conversion =
mOleSsubstrate(O)

100 (2)

where molesgypstrate(o) iS the initial moles of bromobenzene and
moleSgupsrate(y are the final moles of bromobenzene at any
given time.

Ultra small Clusters

Nanoparticles

Scheme 1 Proposed MSI of atomically dispersed ultra-small clusters
(Pdy), compared with aggregated nanoparticles (Pd,,).
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2.3.1 Solution set-up method. A 100 mg of the catalyst was
dispersed in a mixture of 3 mmol of phenylboronic acid,
1 mmol of aryl halide, and 3 mmol of a base, sodium carbonate
(NayCO3). The reaction mixture was stirred in 5 ml of water in
a two-necked round-bottomed flask using the oil-bath heating
method. The product was filtered using a syringe filter and
diluted with DCM, thereafter, the reaction progress was moni-
tored by GC-FID. Each variation trial was done in duplicates.

2.3.2 Solid-state set-up method. Phenylboronic acid (3
mmol), aryl halide (1 mmol), in the presence of a base (3 mmol),
sodium carbonate (Na,CO;), 100 mg of the catalyst, and 0.1 ml
of water were mixed. The reactions were conducted in a stain-
less-steel milling agate grinding jar at 25 Hz using two
stainless-steel bearing balls (diameter: 8 mm) for an hour at
room temperature. The product was diluted with DCM, filtered,
and the progress was monitored by GC-FID.

3. Results and discussion
3.1 Catalyst synthesis and characterization

For the synthesis of ultrasmall Pd clusters, the catalytic metal
precursor (potassium tetrachloropalladate) and the support

View Article Online
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material were mixed at a low weight ratio of 1:1000 and 1:100
to achieve 0.1 Pd wt% and 1 Pd wt%. Hydrochloric acid was
introduced to suppress nucleation, thereby favoring the
formation of atomically dispersed Pd species. In addition, the
acidic environment influenced the coordination state of the
metal precursor, which further stabilized Pd in the early stages
of dispersion. For nanoparticles synthesis, higher precursor-to-
support ratios of 1:100 and 1:20 were employed to achieve 1
and 5 Pd wt%, respectively. In this case, emphasis was placed on
nucleation and particle growth, achieved through the combined
use of urea and sodium borohydride. Urea played a dual role in
controlling the pH and facilitating the gradual decomposition
of the metal precursor to release ions, which are subsequently
reduced to form nanoparticles by sodium borohydride. After
complete ball milling, the resulting mixtures were subjected to
calcination at 400 °C. The calcination step ensured the removal
of residual organics and incomplete decomposition products of
the Pd precursor, leading to well-defined Pd small clusters or
nanoparticles, depending on the synthesis route. The product
was the characterized with different techniques.

Powder X-ray diffraction (p-XRD) analysis was used to track
the formation of Pd nanoparticles and to identify the phases of
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(a—c) Powder XRD pattern of Pd catalysts on different Pd loadings on different supports and (d) ball milled Al,Os.
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Table 1 Crystallographic parameters for the synthesized catalysts and comparison with literature

Lattice parameters

Entry Sample Crystal structure Space group a(A) b (A) c (&) References
1 AL, O; Cubic Fd3m 7.9110 7.9110 7.9110 This work
2 1% Pd,/Al,05 Cubic Fd3m 7.9110 7.9110 7.9110

3 1% Pd,,/Al,04 Tetragonal P4,/mmc 3.0430 3.0430 5.3370

4 5% Pd,/Al,05 Tetragonal P4,/mmc 3.0430 3.0430 5.3370

5 TiO, Tetragonal I4,/amd 3.8720 3.8720 9.6160

6 0.1% Pd,/TiO, Tetragonal I4,/amd 3.8720 3.8720 9.6160

7 1% Pd,/TiO, Tetragonal I4,/amd 3.8720 3.8720 9.6160

8 1% Pd,,/TiO, Tetragonal I4,/amd 3.8720 3.8720 9.6160

9 5% Pd,/TiO, Tetragonal P4,/mmc 3.0430 3.0430 5.3370

10 v-ALO; Cubic Fd3m 7.938 7.938 7.938 32

11 0.2 Au/y-Al, O3 Cubic Fd3m 7.938 7.938 7.938 32

the synthesized catalytic materials. Fig. 1(a) shows the di-
ffractograms of Pd/Al,O;. For 0.1% Pd,/Al,O; and 1% Pd,/Al,O;
ultrasmall clusters, the diffraction patterns only showed the
phases of the support (Al,0;3) due to the undetectable amounts
of Pd in the overall catalyst materials. Four distinct diffraction
peaks at 37.6, 39.4, 45.8, and 66.8° correspond to (311), (222),
(400), and (440) planes, respectively.” These planes matched
with standard ICDD card no 00-056-0457, thus indicating the
cubic y-Al,O; phases, see Table 1. In the patterns of both the
0.1% Pd;/Al,0; and 1% Pd,/Al,O; catalysts, there were no Pd’
diffraction planes observed, indicating most Pd species are
nanoclusters and/or single atoms that are fully dispersed on
metal oxide support.?® The diffraction pattern for 1% Pd,/Al,03
and 5% Pd,/Al,O; nanoparticles showed diffraction planes
attributable to PdO phases around 33.9°, which correspond to
(101) facets, indicating traces of PdO nanoparticles. The PdO
peak intensity change between 1% Pd,,/Al,O; and 5% Pd,,/Al,03
materials due to Pd loading, with the higher Pd loading giving
higher intensity peaks, signifying the extent of oxidation of Pd
metal and the incomplete reduction by borohydride. Also, Table
1 shows that the crystal structure and phases of these catalysts
were different from those of supported-ultrasmall clusters,
since they have PdO. The formation of PdO instead of zerovalent
Pd is expected due to the high calcination temperature during
synthesis. Also, PdO is thermodynamically favoured at high
temperatures in oxygen-rich environments. It may also be due
to Strong Metal-Support Interaction (SMSI). The Pd nano-
particles strongly interact with the supports, leading to stabili-
zation through oxidation.* The formation of palladium oxide
(PdO) was confirmed through p-XRD pattern from the JCPDS
software database (ICDD: 04-005-4781). In Fig. 1(b), the
diffraction pattern of Pd/SiO, is shown. The patterns confirm
the presence of amorphous mesoporous silica in all samples.
For 0.1% Pd,/SiO, and 1% Pd,/SiO, ultrasmall clusters, the
diffractograms were similar to the support (SiO,), confirming
that the clusters were fully dispersed on the support and the
support retained its structural integrity upon deposition.
However, the diffractogram of the 5% Pd,/SiO, and 1% Pd,,/SiO,
nanoparticles showed sharp diffraction peaks of PdO located at
33.9° 20 angles next to the usual SiO, peak, also indicating the

© 2026 The Author(s). Published by the Royal Society of Chemistry

formation of Pd nanoparticles. In Fig. 1(c), the XRD pattern of
Pd/TiO, typically shows characteristic peaks corresponding to
both TiO, anatase and rutile phases. All samples showed
diffraction planes at 25.3%; 37.7°; 48°; 53.7°; 55°; 62.6°; 68°,69°;
75.6% and 82° which is characteristic of the anatase form of
TiO, corresponding to (101), (004), (200), (105), (211) (204),
(116), (220), (215), and (224) reflections, respectively.* These
planes matched the standard ICDD card no 04-011-0664. The
diffraction planes seen at 27.8°, 36.2°, and 39.8° are attributed
to the rutile form of TiO,, corresponding to (110), (101), and
(111) planes, respectively. For 0.1% Pd;/TiO,, 1% Pd,/TiO,, and
1% Pd,/TiO, catalysts, the XRD patterns were similar to that of
TiO,, confirming that the metal loading was too low for
detectable amounts and fully dispersed on the support. While
5% Pd,/TiO, also showed a PdO phase, suggesting the forma-
tion of Pd nanoparticles.

Based on the XRD patterns of both sol-gel and ball-milling-
synthesized Al,O; supports exhibit diffraction peaks character-
istic of y-Al,0; and cubic structure. No additional reflections
corresponding to phase transformation of the alumina support
were observed, indicating that the mechanochemical synthesis
did not induce a detectable phase change of Al,O; under the
applied milling conditions. This might be due to the fact that
both sol-gel and ball milling were performed under moderate
temperature. Chung et al. reported that «-Al,O; and other
phases are mostly formed at 1000 °C.**

The electronic structure of the catalysts was analysed by DR
UV-Vis between 250-800 nm, as shown in Fig. 2. The UV-Vis
diffuse reflectance spectra of each catalyst gave a distinct DRS
signature. Comparing these catalysts with their supports helps
to understand how different Pd loadings and forms alter the
support's electronic structure. In Fig. 2(a), a pure Al,O;z has
a wide band gap between A = 350 and 370 nm; thereafter, the
spectrum stays featureless due to the lack of d-orbitals for
electron transfer in the visible region. While TiO, (Fig. 2(b)) has
a clear band gap (~3.2 eV), showing narrow optical absorbance
at A = 360 nm. The ultrasmall clusters (Pd,) show distinct
spectra from their supports because they are almost atomically
dispersed, as shown in Scheme 1. Each Pd cluster behaves like
a positively charged unit due to electron withdrawal by the O

RSC Adv, 2026, 16, 9692-9708 | 9695
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Fig. 2 Shows the UV-Vis diffuse reflectance spectra of (a) Pd/Al,O3, and (b) Pd/TiO,.

atoms of the support. This charge transfer creates a strong
metal-support interaction.®® New discrete states inside the
band gap (donor or acceptor levels) arise from Pd-O coordina-
tion, leading to a new visible absorption pathway.** Nano-
particles are metallic in nature (Pd-Pd metallic bonding). Only
surface atoms contact the oxide support, thus bulk atoms
interact only with other Pd atoms (as shown in Scheme 1),
leading to weaker MSI per atom compared to single atoms or
ultrasmall clusters.*® Optical features mainly come from inter-
band transitions and weak plasmonic effects, not discrete mid-
gap states. Hence, the absorption resembles the baseline of the
support, with less visible-light enhancement compared to Pd,
containing catalysts. Weaker MSI means they don't strongly
alter the support's band structure.

The FTIR analysis shown in Fig. S1 in the SI was used to
monitor the functional groups of metal-oxides upon deposition
of different Pd loadings. The catalytic materials exhibit similar
FTIR fingerprints. All catalysts displayed bands at ~ A =
3400 cm™ " attributed to surface-adsorbed water molecules. The
band at A = 2340 cm ' may be attributed to the stretching
vibration of CO, molecules from the atmosphere. This typically
takes place on the Al,O; surface, due to the presence of basic
sites on the v-Al,0; surface.*® The Al,O; vibrational and
stretching modes were affected by Pd deposition. A visible shift
is observed between A = 1400 to 1600 cm ' due to H-O-H
bending vibrations of adsorbed water molecules. The sensitive
FTIR technique was able to detect even the smallest amount of
Pd present on the support, while it was not the case for analysis
with P-XRD. The changes in the FTIR of pure alumina after Pd
deposition were detected in the range 1400-1600 cm .
Wherein Pd deposition changes hydroxyl distribution, so
comparing Pd/Al,O; to pure Al,O; revealed Pd-OH interactions
by reduction in the intensity of the OH bending mode.*”

The thermogravimetric analysis (TGA) was performed to
evaluate the thermal stability of the catalyst with immobilized
nanoparticles (1% Pd,/Al,0; and 5% Pd,/Al,0;), which lost
more weight compared to catalysts with immobilized ultrasmall
clusters (0.1% Pd;/Al,03 and 1% Pd,/Al,0s). This implies that
the immobilization of ultrasmall clusters brings about better

9696 | RSC Adv, 2026, 16, 9692-9708

thermal stability than immobilized nanoparticles, as shown in
Fig. S2 in the SI. The first weight loss in all catalytic materials
between 30 and 180 °C is due to the removal of surface-
adsorbed water derived from atmospheric moisture. The
weight loss observed between 200 and 600 °C is attributed to
removal of organic species and carbon that remain present on
the catalyst surface during the synthesis. All the synthesized
materials exhibited good thermal stability with less than 10%
weight loss at 1000 °C. The high thermal stability of these
catalysts means less sintering or particle aggregation in harsh
reaction conditions.

The N, sorption measurements gave insights into the surface
area and porosity of the synthesized catalysts. Fig. 3 and S3 in SI
show that all the synthesized catalysts exhibit type IV absorp-
tion-desorption isotherms signifying mesoporous nature, but
different hysteresis loops were observed. Pd ultrasmall clusters
supported on alumina showed H4 type hysteresis loops,*
signifying narrow slit mesopores limited by the presence of
micropores. This might be due to atomically dispersed atoms
resulting in strong anchoring or interactions with the support
and possibly defect sites, thus altering the porosity.*>*° SiO, and
ultrasmall clusters that are supported on silica showed an H1
hysteresis loop, steep uptake near P/P, = 0.4 corresponds to
capillary condensation in mesopores. TiO, supported clusters
and all nanoparticles from all supports showed type IV
isotherms with an H3 hysteresis loop, indicating a widely
distributed slit-like porous structure.** The BET surface areas
range between 25.76 & 1.0 to 296.48 + 15 m> g !, and the
average pore diameters are between 3.56 to 23.5 nm, see Table 2.
The surface area and pore volume decreased with increasing
metal loading for catalysts on all supports. This phenomenon is
due to the blockage of the porous network by Pd particles,
partially filling mesopores, thus occupying space.*” In terms of
the surface areas of the supports, the decrease is because the
deposited metal occupies the adsorption sites, thus prohibiting
N, adsorption space. However, for TiO,-supported catalysts,
a different trend was observed. When adding extra small clus-
ters surface area increased, and it was higher than the supports.
This might be due to enhanced dispersion. Small clusters of Pd

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) N, adsorption—desorption isotherms of Pd,,-loaded Al,O= and (b) the pore size distribution plots.

may have created new mesoporosity rather than simply block-
ing pores. Similar results were reported.**** The actual Pd
loading was measured by ICP-OES. The Pd content in the 5%
Pd,/Al,O; catalyst is 5.47 wt%, and in the 1% Pd,/Al,O; catalyst
it was found to be 1.12 wt%. These experimentally determined
values are not significantly different from the theoretical load-
ings. This is observed for all other catalysts, as shown in Table 2.

When considering the support materials, the observed
decrease in surface area for Al,O; after Pd deposition can be
attributed to partial collapse of the porous network caused ball

milling technique. This is evidenced by the decreasing pore
sizes upon Pd deposition seen in Table 2. On the other hand,
TiO, and SiO, structures appear to be swelling upon deposition
of Pd metal. This is seen by increases in both pore volume and
pore diameter. Thus, gaseous adsorption can readily take place
within the enhanced pore structures. Also, the deposition of Pd
within the extended pores enhances the number of active sites.

A comparison of the vibrational or electronic modes of the
support before and after metal deposition at different mass
loadings was conducted. In Fig. 4(a), the modes of TiO, confirm

Table 2 Physicochemical properties of the catalytic materials showing the amount of Pd content, surface area, pore volume, and pore

distribution®

Actual Pd wt% BET surface Vbore Dyore Pd particle
Entry Sample loading area (m”> g™ ') (em® g™ (nm) size (nm) References
1 ALO, — 103 + 5.0 0.41 23.54 — This work
2 5% Pd,/Al,O3 5.47 48.8 £ 2.4 0.02 6.54 4.08 + 1.8
3 1% Pd,/AL,O, 1.12 57.3 + 2.9 0.05 7.91 2.6 + 0.7
4 1% Pd;/Al,03 1.31 52.3 £ 2.6 0.15 8.20
5 0.1% Pd,/ALO, 0.17 71.7 + 3.6 0.21 11.14
6 TiO, — 25.8 + 1.3 0.38 2.22
7 5% Pd,/TiO, 4.70 22.8 + 1.1 0.04 13.27 46+ 1.4
8 1% Pd,,/TiO, 0,92 20.6 + 1.0 0.154 11.20 21+1.4
9 1% Pd,/TiO, 0.81 341 + 1.7 0.116 3.8
10 0.1% Pd4/TiO, 0.09 36.7 £ 1.8 0.18 10.2
11 Sio, — 288 + 14 0.35 3.56
12 5% Pd,/SiO, 4.11 38.8 +1.9 0.32 7.51
13 1% Pd,/SiO, 0,32 63.0 + 3.2 0.33 4.61
14 1% Pd,/SiO, 0,64 291 + 15 0.36 3.9
15 0.1% Pd,/SiO, 0.07 296 + 15 0.37 4.2
16 10Ni-2La/SiO, 10% Ni 292 0.25 0.29 40
17 10Ni-5La/Si0, 10% Ni 274 0.23 0.29 40
18 Pd,/ZnO 0.26 18.0 — — 18
19 AC — 775 0.39 6.2 46
20 Pd/AC 4.7 747 042 69 46

“ Actual loading measured by ICP-OES. The average Pd particle size was estimated from the TEM images (Fig. S5 and S7).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 The Raman spectra of the prepared catalysts supported on (a) TiO,, (b) Al,O3z and (c) SiO, showing effect of size on structural changes on

the overall catalysts.

that it is mostly in anatase form, as it has six Raman active
modes similar to those reported literature.*” Typical TiO, bands
appear at 133 (Eg), 143 (Eg), 195 (Eg), 394 (Big), 515 (A4,), and
639 cm ™' (Ey). With a reduction in the metal size loaded, the
peaks become less intense, and there is a greater shift of Raman
modes, with the band at 133 (E,) disappearing. After loading 5%
Pd,, the frequency of E, mode shifted from 143 and 144 cm ™"
on 5% Pd/TiO,, and as the metal size is reduced to 0.1% of Pd,
the frequency of E, mode shifted to 143 and 155 cm ™" on 0.1%
Pd/TiO,. When comparing our results with literature, we found
that this trend has been previously reported for metal-loaded
oxide catalysts. The disappearance of the Raman bands after
Pd deposition can be attributed to strong metal-support inter-
actions. Pd species anchored on the support surface can reduce
the characteristic lattice vibrations of the support resulting in
peak broadening or complete disappearance of the corre-
sponding Raman bands. This effect becomes more pronounced
as Pd is dispersed on the support surface, even at low metal
loadings.*® The shift of the band at 143 (E,) is reported to be due
to the formation of oxygen vacancies on the support structure.
Therefore, the larger Raman shift observed for smaller clusters
is likely due to the formation of oxygen vacancies on the
support's surface as the size gets reduced.*” This suggests that

9698 | RSC Adv, 2026, 16, 9692-9708

a low amount of Pd loading facilitates the generation of oxygen
vacancies on the support itself, while a higher amount of Pd
loading may tend to block a portion of the oxygen vacancies of
the support. As aforementioned, as the metal size is reduced to
a smaller cluster, the peaks became less intense at 394 (Byg), 515
(Asg), and 639 cm ' (E,). The intensity weakens due to Pd-O
bonding. Strong Pd-O bonding is ideal in catalysis as it induces
oxygen vacancies on the support surface, which act as active
adsorption sites for substrates near the metal-support inter-
face. Fig. 4(b) shows the Raman spectra of y-Al,O; supported
catalysts. The Raman signatures, E; and A,, modes observed,
correspond to y-Al,O3;. The Raman bands at ~378, 500, and
710 cm™ " are assigned to E,, and the 419 cm ™" band is assigned
to A;; mode. After loading 5% Pd,, the frequency of A;; mode
shifted from 419 cm™ to 420 ecm ™', and as the metal size is
reduced to 0.1% of Pd, the frequency of E, mode shifted from
419 cm™ ' to 427 ecm™ . The peaks become less intense at 378 (E,)
and 419 (A.,), and the intensity weakens due to Pd-O bonding.
Fig. 4(c) shows the Raman spectra of SiO,-supported catalysts.
The Raman spectra showed three distinct peaks associated with
Si0, at ~464, 601, and 800 cm ™. Despite their similar modes
with the supports, with the reduction in the Pd loading, the
band shifted slightly to higher wavenumbers.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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The SEM images and EDX spectra of the as-synthesized
catalysts are shown in Fig. 5 and S4 in the SI. All catalysts
exhibit rough granular shapes with relatively small particle sizes
present on the bulk surface. It was observed that the Pd metal
loading influences the size and shape of the supports. The
higher the Pd content in the overall catalysts, the smaller the
particles in size. Smaller Pd clusters (Pd,) show larger, irregular
shapes and fractured surface morphologies due to their strong
interaction with the support. This interaction lowers the surface
energy of the support, making it energetically favorable for the
support to undergo particle growth or aggregation, which
results in larger and more stable particles.*®** Such electronic
effects at the metal-support interface influence both the
stability and the morphology of the overall catalyst. The EDX

VEGA3 TESCAN|
Performance in nanospace

VEGA3 TESCAN
Porformance In nanospace

SEM HV: 20.0 KV
SEM MAG: 789 x

]‘ -/. -
SEM HV: 20.0 kV
SEM MAG: 1.08 kx

Fig. 5 The SEM images and EDX spectra of Pd/Al,Oz catalysts.
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analysis further confirmed the presence of all the expected
elements (Al, Ti, Si, O, and Pd) in the catalysts.

The corresponding size distributions of all the catalytic
materials were calculated from HR-TEM images using ImageJ
software. The TEM image of the 0.1% Pd;/Al,O; ultrasmall
cluster in Fig. S5(a) revealed small metallic clusters on the
surface of the alumina support. As the amount of Pd increased
in the metallic cluster to 1% Pd (Fig. S5(b) in SI), clusters were
too small or dispersed to give a meaningful distribution. The
1% Pd,/Al,05 and 5% Pd,,/Al,0; TEM images n Fig. S5(c) and (d)
in SI showed the presence of Pd nanoparticles. In 1% Pd,,/Al,O3
nanoparticles, the histogram shows an average particle size of
2.6 = 0.7 nm, indicating relatively small and narrowly distrib-
uted Pd nanoparticles. The 5% Pd,/Al,O; nanoparticles are
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formed with an average size of 4.06 £ 1.8 nm, confirming
a broader distribution. The growth of Pd nanoparticles with
increasing loading is expected due to limited anchoring sites on
the Al,O; support and stronger Pd-Pd interactions.

Fig. S6 in SI shows elemental mapping for 0.1% Pd,/Al,O3
showing that Pd, Al, and O atoms were distributed homoge-
neously on the material's surface. Fig. S7 in SI shows TEM
images of TiO, catalysts. In Fig. S7(a and b), 0.1% Pd,/TiO, and
1% Pd,/TiO,, no larger Pd particles were observed. We
confirmed the presence of Pd atoms in 0.1% Pd,/TiO, using
elemental mapping (Fig. S8), which showed that Pd atoms are
very dispersed, small, and isolated. 1% Pd,/Al,O; and 5% Pd,/
Al,O3 (Fig. S8(c and d) in SI) show the presence of distinct
nanoparticles with an average size of 2.1 £+ 1.4 nm and with an
average size of 4.6 + 1.4 nm. At higher loading (5%), Pd nano-
particles become more prominent, with larger and more parti-
cles. As Pd loading increases, dispersion decreases from
atomically dispersed Pd to aggregated nanoparticles, particle
size increases, and metal-support interaction weakens, while
Pd-Pd interaction strengthens.

Fig. 6 shows the zeta potential as a function of pH for Al,O3,
TiO,, and SiO, supports. The Al,O; exhibits the highest PZC
(PZC = 6.8), while TiO, displays an intermediate PZC (PZC =
4.9). In contrast, SiO, shows a low PZC (PZC = 3.2), indicating
a predominantly acidic surface. In Fig. 7, the 0.1% Pd/Al,O;
catalyst exhibits a significantly lower point of zero charge (PZC
= 4.8), indicating modification of surface charge properties at
low Pd loading. This decrease in PZC suggests strong interac-
tion between Pd atoms and the Al,O; surface. Strong Lewis

View Article Online
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acidic AI** sites easily trap Pd atoms, leading to alteration of the
surface hydroxyl groups and the formation of more acidic
surface sites, such as Pd-O(H) and Pd-O-Al linkages, thus the
surface becomes more acidic.* Marquez, et al. studied DFT and
shown that isolated Pd atoms preferentially anchor to tetrahe-
drally coordinated AI** sites of Al,O; supports.® Therefore, as
the loading increases, further changes in the zeta potential
profile were observed, which can be attributed to increased
surface coverage by PdO species and partial coverage of Al,O3
surface sites. These results demonstrate that Pd loading has
a strong influence on the surface charge behaviour of Al,0;, and
that zeta potential measurements are highly sensitive to
changes in surface composition and metal-support
interactions.

Pyridine probe-FTIR spectroscopy was used to investigate the
nature of the acidic sites of the catalysts. Fig. 8(a) shows Al,0;3
exposed to pyridine with characteristic bands at ~1580 and
~1445 cm™ " corresponding to Lewis acidic sites (L), and a band
at ~1490 em ' assigned to combined Lewis-Bronsted acidic
sites (L and B), confirming the Lewis acidic nature of the
support. In Fig. 8(b) no significant bands were detected in the
absence of pyridine, confirming that these features originate
from adsorbed pyridine. The Al,O; has more electron accepting
sites which come from unsaturated cation (AI**) than donating
sites (H"). After Pd deposition (0.1-5 wt%), the pyridine-FTIR
spectra show similar band positions with no new peaks, indi-
cating that Pd loading does not generate additional acidity but
rather interacts with pre-existing acid sites of Al,0;. Now
comparing 0.1% Pd and 5% Pd loading, it is clear that the
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) 5% Pd nanoparticles on Al,Os.
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intensities became weaker when adding more metal due to
metal coverage.

4. Catalytic results and discussion

4.1 Solution-state catalytic properties of Pd/support
materials

4.1.1 Influence of support. The supports are not merely
inert during the reaction but interact with supported metallic
species to create new interfacial effects. Therefore, firstly,
a comparison of different supporting metal oxides' effects in the
reaction was performed. Fig. 9 shows that the nanoparticles
deposited on alumina displayed the highest yield when
compared to those deposited on silica and titania. These
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supported nanoparticles performed in the following order 5%
Pd,/Al,0; (78%) > 5% Pd,/TiO, (72%) > 5% Pd,,/SiO, (48%) over
4 hours. The good performance shown by alumina was also
reported by Diaz-sanchez et al®* Also, in their work, they
showed through comparison of various Al,O; phases that vy-
Al,O; exhibits stronger interaction with Pd than other alumina
phases. This leads to uniform dispersion of Pd nanoparticles on
v-Al,O3, resulting in better catalytic performance. Suzuki
coupling often runs in aqueous or polar solvents with a base,
and v-Al,O; exhibits acid/base properties, rendering it more
catalytically active than other supports for this reaction.**>*
Also, v-Al,O3 has a higher surface area and pore volume than
TiO, (y-Al,O; = 103 and TiO, = 26 m* g~ '), leading to enhanced
Pd dispersion. Furthermore, the pores act like nanoreactors for
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Fig.9 Effect of different metal-oxide supports with (a) 5% Pd loading in nanoparticles form and (b) 0.1% ultrasmall Pd clusters in Suzuki—Miyaure

coupling reaction via solution set-up (liquid-H,O at 80 °C for 4 hours).
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carbon-carbon coupling reaction and nanoconfinement for Pd
dispersion.

We then compared ultrasmall clusters supported on
different metal oxides (0.1% Pd;/Al,0;, 0.1% Pd,/SiO,, and
0.1% Pd,/TiO,) in the same reaction using the same reaction
conditions. The results showed that with the change in catalytic
support, the catalytic activity changes. The percentage conver-
sion varies in the following order: 0.1% Pd;/Al,03 (97%) > 0.1%
Pd,/TiO, (92%) > 0.1% Pd,/SiO, (56%) in 4 hours. Again,
alumina showed better catalytic activity, as in the case of sup-
ported nanoparticles, thus it was chosen as the optimum
support for the metal size effect study.

4.1.2 Metal size effects: influence of reduced metal loading
on catalytic activity. The influence of the amount of Pd metal in
the overall catalyst was evaluated for the reaction between
bromobenzene and phenylboronic acid at 80 °C in H,O and
with Na,COj; as a base using alumina as the optimum support.
The results revealed that reducing the Pd amount from nano-
particles to ultrasmall clusters increased the percentage
conversion of PhBr (Fig. 10(a)). The reaction reached conver-
sions greater than 97% within 4 hours for the metal loading of
0.1% Pd ultrasmall clusters, while the high metal loading of
nanoparticles (5%) gave only about 78% conversion after 4
hours. This indicates that the smallest metal catalysts, such as
ultrasmall clusters synthesized in this work, are more active in
driving the catalytic reaction. While the utilization of metal
atoms in nanoparticles is limited to only accessible surface
atoms, leading to poor atom utilization, ultrasmall clusters are
central to the reduction of precious metals’ usage in catalysis
and offer a cost-effective route to sustainable catalysis.

The effect of reaction time on catalytic performance is shown
in Fig. 10(b). The reaction time was varied from 1 to 4 hours. Up
to 3.5 hours, the percentage conversions increased with time.
However, at prolonged reaction time, above 3.5 hours, the
percentage conversion remains almost the same. This may be
due to the irreversible reaction reaching its equilibrium

(a)
| Catalytic Varation |

100 4

Conversion (%)

5%Pdn/AI203

1%Pdn/AI203  1%Pd1/AI203  0.1%Pd1/AI203

Catalyst

Fig. 10
AlLOsz catalyst for the Suzuki coupling reaction.
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between 3.5 to 4 hours. Therefore, 3.5 hours was selected as the
optimum time in the solution set-up.

4.2 Solid-state results and discussion

4.2.1 Solution-assisted catalysis and the effect of reaction
time. For liquid-solid interfacial coupling reactions it is known
than solvents play a crucial role. For example, solvents are
central to catalytic performance by boosting turnover frequency,
act as catalytically active metal stabilizers,>® more especially for
the P° catalysts in widely applied in Suzuki-Miyaura reactions,
and selectivity descriptors.”® Furthermore, the polarity of the
solvent used becomes important in controlling the solubility of
the base and stabilizing the reaction transition states.””
However, in mechanochemical setup, these effects play differ-
ently and require careful reconsideration. Solvents act as energy
regulators during and after impact of the ball milling process.
They also manipulate the surface chemistry of the formation of
products at the catalyst interface.

For mechanochemical C-C coupling setup the term solvent
will be dropped and replaced by liquid. This is because the
liquids are used for a different role unlike as solvents in the
liquid-solid interfacial reactions. In this work, the best
parameter optimizations from the solution setup were used.
The yield decreased significantly because of the optimum liquid
effect, water from the solution set-up. Among the liquids eval-
uated in Table 3, methanol (51% conversion) and isopropanol
(33% conversion) performed better than DMF, toluene, and
water. This is due to poor binding of alcohols to Pd, thus they do
not deactivate the catalyst. While DMF as a Lewis acid binds
strongly to Pd, making it a less effective liquid for ball milling
technique. This applies to water as well because it interacts
strongly with Pd, reducing its effectiveness. Lastly, toluene is an
organic liquid, and most organics are known for their lubri-
cating effect. Because of this, toluene reduces the effect of the
impact and lowers the effectiveness of the ball milling
technique.

(b)
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0.1%Pd1IAI203
Time Variation
40 <
20 4
0 T T T T
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(a) Comparison of reaction activities of Pd/Al,O3 catalysts (catalytic variation) in different metal loading and (b) time effect of 0.1% Pd,/
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Table 3 Assisting liquid variation®
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Ball milling parameters

Entry Liquid (pl) Time Speed Grinding ball size Temperature Conversion% References
1 H,0 1h 25 Hz 8 mm 25 °C 6 This work
2 Methanol 51

3 Toluene 17

4 Isopropanol 33

5 DMF 29

6 H,0: methanol (1:1) 77

7 H,O 10 min 30 Hz 5 mm 110 °C 95 58

“ Reaction conditions: a mixture of phenylboronic acid (3 mmol), bromobenzene (1 mmol), Na,CO; (3 mmol), catalyst (5 mmol%), and liquid (0.1
ml) was milled in a stainless-steel jar at 25 Hz with two stainless-steel balls that were 8 mm in diameter at ambient temperature for 1 hour. Yield

determined by GC analysis using an internal standard.

A mixture of methanol and water provided an excellent
percentage conversion, 77% as shown in Table 3, entry 6.
Different ratios of water and methanol mixture were evaluated
as shown in Fig. 11(a). Firstly, the pure liquids induced activity
is lower than that of the mixtures. Secondly, a high percentage
of methanol in the mixture is less active than when water is in
access. Lastly, a mixture consisting of a 1:4 methanol : water
ratio is the optimum mixture that gives the highest percentage
conversion of the substrate (97%). By using this MeOH/H,0
ratio (1:4), phenyl boronic acid is 97% converted within an
hour at room temperature, which is also the highest conversion
obtained for the time variation study shown in Fig. 11(b). The
water/methanol mixture gave 77% conversion when mixed in
equal amounts. This much improved activity is induced by the
synergistic effect of water and methanol on Pd surface chem-
istry. The high binding affinity of water is countered by the less
binding capability of methanol. On the other hand, the phase
segregation of water and the reactants is reduced by the pres-
ence of methanol. All these factors aid in achieving better
catalytic yields.

The atomically dispersed ultrasmall clusters in 0.1% Pd,/
Al,O; gave the highest TON, 5.879 x 10°. On the other hand, the
nanoparticles in the form of 5% Pd,/Al,O; exhibited the lowest
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Fig. 11 (a) Liquid variation and (b) time effect.
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TON, 1.396 x 10* among the synthesized catalysts. This also
shows the potent catalytic nature of the ultrasmall Pd clusters in
driving the Suzuki-Miyaura coupling reaction. Furthermore,
the highly selective nature of the 0.1% Pd;/Al,O; catalyst
(96.8%) reiterates that the smaller clusters operate more like the
atomically dispersed atoms of Pd, thus offering near isolated
catalytically active sites that are highly selective. While on the
hand, nanoparticles such as 5% Pd,/Al,0; (94.8%) have facets
that offer different adsorption energies, thus leading to less
selective route to product formation. Eqn (3)-(5) were used to
calculate turnover number (TON), percentage selectivity, and
percentage yield, respectively. Table 4 shows the catalytic
turnovers of the synthesized catalysts.

mOIBSof product

TON = (3)
mOIGSof metal(Pd)
.. molesg; i
% Selectivity = Biphenyl in_product 100 (4)
mOICSPhBr in product
. . moleSpiphenyl i
% Blphenyl yleld _ Biphenyl in product % 100 (5)

molespypr(initial)

100

(b)
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Table 4 Catalytic activity parameters (conversion, selectivity, yield, and TON) for Pd/Al,Oz catalysts
No. of moles of Conversion Selectivity
Entry Catalyst Pd (mmol) (%) (%) Yield TON Reference
1 0.1% Pd,/AlL,0, 1.597 x 107° 97.0 96.8 93.9 5.879 x 10° This work
2 1% Pd,/Al, O3 0.0123 84.4 97.3 82.1 6.675 x 10*
3 1% Pd,/AL,O5 0.0105 71.1 97.1 69.0 6.571 x 10*
4 5% Pd,/Al,05 0.0514 75,7 94.8 71.76 1.396 x 10*
5 Pd-Co-Mg-Fe-CHT 0.009 — — 93 4.261 x 10* 59
6 Pd/CNS 0.45% w/w — — 95 1.2 x 10 60
7 Pd/AC 4.7 — — 80 222 46
8 Ac-Pd 7.63 — — 69 192 61

5. Proposed Suzuki—Miyaura reaction
mechanism

The Suzuki-Miyaura reaction follows a three-step pathway involving
(i) oxidative addition (dissociative adsorption of aryl halide), (ii)
transmetalation (dissociative adsorption of alkali-activated phenyl-
boronic acid), and (iii) reductive elimination (coupling of two
phenyl groups). A proposed reaction mechanism is summarized in
Scheme 2. The PdO supported on Al,O; was first activated in situ
under basic conditions and reduced to form Pd’, the active catalytic
species. Thereafter, the bromobenzene (electrophile) undergoes
oxidative addition and is coordinated to Pd°, increasing palladium's

H

oxidation state, forming a R-Pd(i)}-X complex. The boronic acid is
activated by a base ion to form a phenyl anion, which then transfers
its aryl group to Pd(u) in the transmetalation step. Then, the two aryl
groups on Pd(u) not only couple to form the biaryl product but also
form Pd(0) to complete the catalytic cycle.

6. 'H NMR spectra of the coupling
products of the Suzuki—Miyaura
reaction

To confirm the catalytic product, "H NMR was used. All proton
signals fall in the aromatic region (7.2-7.6 ppm), and the total
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Scheme 2 Reaction mechanism of heterogeneous Pd/Al,Os-catalysed Suzuki—Miyaura reaction.
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Fig. 12 Recyclability studies, (a) conversion versus number of cycles, (b) P-XRD of the catalyst (before and after 3 cycles), and (c) FTIR results

before and after reaction.

integration of ten protons was observed, indicating an aromatic
system with ten hydrogens, a biphenyl. From the 'H NMR (500
MHz, CDCl,) results, 6: 7.65 (d, ] = 7.41 Hz 4H), 7.34 (t, ] =
9.1 Hz, 4H), 7.32 (t, J = 7.15 Hz 2H), only three prominent
signals for all ten protons were observed, indicative of
a symmetrical arrangement with two equivalent aromatic rings.
The chemical shifts at ¢ 7.56, d, /] = 7.4 Hz, are 4H likely to be
the ortho protons labelled as c¢ in (Fig. S9), a doublet with
integration 4H fits two ortho protons on each ring that are
magnetically equivalent by symmetry. The chemical shifts at
07.31,t,]=9.1 Hz, 4H, are likely to be the meta protons and are
labelled b in Fig. S9. The expected usual *J values are ~7-8 Hz,
but here 9.1 Hz was observed, which is a bit larger than usual.
This is reported to happen because of spectral overlap or solvent
impurities, and looking at Fig. S9, there is an overlap. Integra-
tion 4H matches two meta protons per ring. 6 7.25, t,J = 7.15 Hz,
2H, likely the para protons, integration 2 protons match one
para proton labelled a proton per ring. This analysis confirms
the successful catalytic synthesis of biphenyl using a Suzuki-
Miyaura reaction.

7. Catalytic recyclability studies

The recycled catalysts were reused for four catalytic cycles, as
shown in Fig. 12(a). After four cycles, no significant reduction in
reaction yields was observed. Furthermore, the FTIR spectrum
of the spent catalyst after the fourth cycle, shown in Fig. 12(c),
was obtained and compared to that of the fresh catalyst, with
both spectra appearing similar to each other. Likewise, the
PXRD of the spent catalyst was also obtained and compared
with the fresh catalyst, and it was observed that the recycled
catalyst did not undergo any significant changes in its structure
Fig. 12(b), indicating good catalytic stability. The slight decrease
in the conversion may be due to a mass loss during recycling.

© 2026 The Author(s). Published by the Royal Society of Chemistry

8. Conclusion

In this study, we demonstrated the use of the liquid-assisted
grinding (LAG) ball milling method as an effective alternative
route for the synthesis of low-loading Pd catalysts. The results
revealed that at reduced metal loadings, palladium formed
ultrasmall clusters with discrete energy levels that were more
uniformly dispersed across the support surface. The catalytic
activity of these catalysts was systematically compared across
different supports. Notably, the ultrasmall Pd clusters exhibited
enhanced performance in the Suzuki-Miyaura coupling reac-
tion under both solution-phase and solid-state conditions.
Furthermore, our findings highlighted that the solid-state setup
offered superior efficiency compared to the solution-phase
system, achieving faster reaction rates and higher substrate
conversion at room temperature, particularly when assisted by
a water-methanol mixture.
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