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Over the past few decades, there has been extensive utilization of organosulphur compounds for the devel-
opment of nanocatalysts for various chemical reactions. A wide array of organosulphur compounds and
their preformed molecular complexes with numerous metals (including palladium, cobalt, copper, lead,
nickel and silver) have been used for this purpose. Such compounds, complexes and nanocatalysts can be
developed using diverse techniques. This article encompasses the strategies employed in designing relevant
organosulphur compounds and exploring their utility in developing catalytically active nanomaterials.
Various methodologies are discussed for the synthesis of nanomaterials, such as the single source precursor
(SSP) method, reduction method for colloidal synthesis and indirect generation of nanoparticles. The intri-
cacies of different synthetic methodologies are revealed in detail in this article. Additionally, the applications
of such nanocatalysts in a diverse range of chemical transformations (such as Suzuki coupling, Sonogashira
coupling, Heck coupling, C—-O coupling reaction, and cross-dehydrogenative coupling (CDC)) are the main

Received 8th August 2025,
Accepted 7th October 2025

DOI: 10.1039/d5dt01892g

focus of this article. Their use in electrochemical studies is also rationalized in the context of the reactions
such as the hydrogen evolution reaction (HER), oxygen evolution reaction (OER) and overall water splitting.
A critical assessment of the variations in catalytic performances and the mechanistic aspects of nanocataly-
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1. Introduction

Nanoscience is considered one of the key technology areas of the
21% century."” 1t is well known that materials have unique pro-
perties at the nanoscale. Some of these properties are remark-
able. The Lycurgus cup, consisting of gold and silver nano-
particles, was an early example of nanostructured materials.
When lit from the outside, it appeared opaque green. However,
when it is lit inside, it glows red.®> The word “nanomaterial”
refers to any solid with nanometer-scale dimensions. The
European Commission (EC) defined “nanomaterials” for the first
time in 2011 as “a natural, incidental, or manufactured material
containing particles in an unbound state or as an aggregate or as
an agglomerate”.* Nanocatalysis has been a very important field
in the domain of nanoscience since a long period of time.”
Nanocatalysts have gained much popularity because they
exhibit exceptional properties, such as selectivity,”” high activity,
durability, recoverability, recyclability and other unique attri-
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sis is also included. Moreover, it sheds light on the future perspectives of this field.

butes. Such properties are rarely observed in the bulk counter-
parts of these catalysts. Gold nanoparticles exhibit unexpected
catalytic activity, which differs from that of the bulk gold.
This can be taken as a good example of nanocatalysis.®™""
Nanocatalysis is sometimes referred to as a “semiheteroge-
neous”'”> or “soluble heterogeneous”'® mode of catalysis.
Nanoparticles can behave as active and stable heterogeneous
catalysts or support materials for various catalytic groups.'*
Hence, they also act as a bridge between homogeneous and
heterogeneous catalysis."* Such particles have a large surface
area, which enables them to be in better contact with the reac-
tants. As far as the ease of separation from reaction mixtures is
concerned, nanostructured catalysts can function as hetero-
geneous catalysts. Like homogeneous catalytic systems, they
exhibit customisable catalytic activity and selectivity at the
nanoscale.”'® It is worth noting that nanocatalysts with
superior activity, stability, and selectivity®” can be developed
and synthesised simply by controlling their sizes, shapes, and
morphologies.'*"”

Nanocatalysis is also referred to as a tool to promote green
chemistry, ie., a philosophy that promotes sustainable prin-
ciples for reducing or eliminating chemicals and chemical pro-
cesses that may create harm to the environment. It is primarily

This journal is © The Royal Society of Chemistry 2025


http://rsc.li/dalton
http://orcid.org/0009-0007-5182-4447
http://orcid.org/0000-0002-4920-8799
http://orcid.org/0000-0001-6198-9893
http://crossmark.crossref.org/dialog/?doi=10.1039/d5dt01892g&domain=pdf&date_stamp=2025-11-27
https://doi.org/10.1039/d5dt01892g
https://pubs.rsc.org/en/journals/journal/DT
https://pubs.rsc.org/en/journals/journal/DT?issueid=DT054047

Published on 08 October 2025. Downloaded on 4/16/2026 12:21:44 AM.

Dalton Transactions

guided by twelve key concepts given by Paul Anastas and John
Warner. Catalysis is one of the most significant principles in
green chemistry. High-performance catalysts may open the
door to green chemistry. For example, the use of metals (cata-
lysts) in low quantities for performing the reactions success-
fully may result in considerable cost savings in chemical pro-
cesses. This objective may be achieved using green and sus-
tainable catalysts with high activity, improved selectivity,
hassle-free recovery from the reaction media, durability or
stability, recyclability, and low-cost. The majority of these criti-
cal challenges might be addressed using nano-sized metal par-
ticles as catalysts. As a result, catalysis by metals at the nano-
scale is also a tool to enhance the sustainability of chemical
processes. If such catalysts are highly active, the requirement
and use of extreme reaction conditions may be avoided, result-
ing in energy-efficient processes. The increase in the selectivity
of such catalysts reduces the formation of the by-products and
allows chemical reactions to occur in a specific manner with
low consumption of the substances, i.e., reactants. Through
the enhancement in atomic efficiency and waste avoidance,
the increase in the recyclability of catalytically active nano-
materials may also promote green chemistry."®

Organosulphur compounds are very significant in the
context of the development of all kinds of catalysts, including
homogeneous, heterogeneous and nanocatalysts.'>*° Such
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compounds have sulphur covalently bonded with carbon in
the framework of the organic molecules. Sulphur is an
element identified in 1777 by the French chemist Antonie
Lavoisier (1743-1794).>" It exhibits an electron donation ability
and shares similarities with non-metals (like selenium) of the
same group of the periodic table. However, many of its pro-
perties (such as high electronegativity, smaller size, high elec-
tron affinity, and non-metallic character) are different from
those of selenium. A large variety of organosulphur com-
pounds have been designed and explored for the development
of a wide range of catalysts and electrocatalysts. Such com-
pounds are extensively used in various forms, such as
thioethers, thiols, thiosemicarbazones, thiourea, Schiff bases,
sulphur-containing N-heterocyclic carbenes (NHCs), and
sulphur-containing pincer ligands. These compounds behave
as versatile ligands and play a crucial role in the development
of diverse nanocatalytic systems. A few reviews have been pub-
lished in the area of nanocatalysis. However, an analysis of
recent developments in the field of the role of organosulphur
compounds in the field of catalysis and electrocatalysis has
rarely been focused on.

This article comprehensively delves into the advancements
related to the synthesis and utilization of organosulphur com-
pounds in the development of nano-catalytic systems. It exten-
sively covers various types of chemical transformations carried
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out using such nanocatalysts, including Suzuki-Miyaura coup-
ling, Heck coupling, Sonogashira coupling, C-O coupling, and
cross-dehydrogenative coupling (CDC). An in-depth analysis of
the electrochemical applications of these nanocatalysts for the
hydrogen evolution reaction (HER), oxygen evolution reaction
(OER), and overall water splitting is also included. Additionally,
this article critically evaluates the diversity in the catalytic poten-
tial, recyclability, and mechanistic aspects of catalysis. It also
includes a comparative analysis focusing on the efficiency and
other advantages of this unique class of catalysts.

2. Roles of ligands and preformed
metal complexes in the development
of nanocatalytic systems

In the case of homogeneous catalysts, the role and function of
the ligands is quite clear in determining and rationalizing the
activity, selectivity and efficiency of catalytically active molecular
complexes. However, the same is not true in the case of nanoca-
talysts and heterogeneous catalysts. It is assumed that the
ligands play multiple roles in metal-based nanocatalytic
systems.>” Stabilization of the particles in the nano-size range is
one of them. Other roles are yet to be studied thoroughly and
established fully. As far as the role in stabilization is concerned,
it is well-established that a stabilizing ligand primarily func-
tions to prevent agglomeration, which is a tendency of the nano-
scale materials. Hence, the stabilizing ligand renders them cata-
lytically active and makes them suitable for applications in cata-
lysis. It is unambiguous that dispersion of stabilized NPs, their
catalytic performance (i.e., the outcome or consequence of their
activity and efficiency), composition, solubility, morphology,
recyclability and size are affected by the stabilizing ligand or
capping agents up to a small or significant extent.”® The inter-
action between metal nanoparticles and stabilizing agent may
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be a strong covalent linkage, or chemisorption, or electrostatic
in nature. The possibility of Ostwald ripening becomes low
when the ligand adheres tightly to the metal surface. When the
binding is very much strong, the circumstances are not favour-
able for the molecules that are approaching the surface of the
nanoparticles. Such a condition can undermine catalytic activity
by competing with substrate binding.>* Hence, for optimized
catalytic activity and stability of the catalytic system, proper
binding strength of the stabilizing ligand is crucial.”*** The
adoption of the reaction pathway and the coordination sphere
of the metal is also manipulated by metal-ligand interaction
and steric repulsions. The nature of the stabilizing ligand also
affects the stability of nanocatalysts. It is also rationalized that
two different interfaces are in existence due to a capping agent-
generated organic shell on the nanoparticle surface (i.e. the
metal-ligand interface and the ligand-solution interface).”* If
the capping agent is not suitable, it can act as a “poison” for
the nanocatalyst and limit the availability of the active sites.>”
Hence, several studies have been performed on “ligand-free”
synthesis of noble metal-based nanocatalytic —systems.>
Nonetheless, due to the numerous benefits, such as controlling
the size and the facet of nanoparticles during nanoparticle syn-
thesis, ligands are utilized as building blocks for the develop-
ment of nanocatalysts. Most of the efforts to date have been
limited to exploring the role of molecular ligands in controlling
the size and facet of nanoparticles during nanoparticle syn-
thesis.>” Stabilizers such as dendrimers, surfactants, polymers,
ionic liquids, and organofluorous ligands are used for the devel-
opment of nanocatalysts.”””® Many times, they completely
encapsulate the nanoparticles, rendering them catalytically
inactive. Therefore, organic ligands, such as thiols, have been
found to be stabilizers. In some cases, such compounds lead to
the formation of larger aggregates, and the depression in cata-
Iytic efficiency is negligible.*®

Organosulphur compounds have a strong coordinating site
due to which they can bond with transition metals very well.
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Thus, they act as highly efficient stabilizers for metal nano-
particles.** They have been utilized for designing nanocatalysts
(Chart 1) using three approaches. One is the formation of NPs
through the preformed molecular complexes, which provide
high and uniform dispersion of the catalytically active nanoca-
talytic species.®® The other approach is to use them as stabil-
izers for transition metal nanoparticles due to the excellent
affinity of S donor groups with transition metals. The third
approach is through the isolation and separation of in situ-gen-
erated nanoparticles during chemical transformations. These
particles not only exhibit long term stability in solution
and good catalytic activity but also provide anti fouling and
responsive properties for many biomedical and catalytic
applications.***"** such sulphur containing compounds have
also been reported to lead to the development of the catalytic
systems, which play a central role in forming selective pro-
ducts. In such cases, their asymmetric nature leads to the for-
mation of optically active products.*?

Unlike the nanocatalysts, the preformed metal complexes
have a definite and more specified role for the ligands in the
context of catalytic activity.>* The nature and structure of the
coordination sphere around the metal are completely deter-
mined by the ligand molecule(s). Thus, they play a significant
controlling role on the activity and reactivity of the metal com-
plexes in catalysis. The local ligand-induced microenvironment
allows the molecular complex to grant permission or impose a
restriction on the substrate molecules during their movement
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to reach the catalytically active metal site. This is how the
ligand molecules play an important role in regulating the
kinetic reactivity of the metal complex, leading to narrowing
down or broadening the substrate scope for a specific reac-
tion.** The efficiency of the catalyst also relies on the lability of
the bond between the metal and donor atom. In addition to
activity and efficiency, ligands also affect the solubility of
metal complexes in different solvents.*® As a result, ligand
design has garnered significant attention from research
groups worldwide.*

During the past two decades, the preformed metal com-
plexes (Chart 2) have also been utilized to design tailor-made
nanocatalytic systems for various catalytic and electrochemical
applications. Such complexes have been used as single source
precursors (SSPs) for synthesizing nanocatalytic systems or
they have been used to carry out the in situ generation of the
nanoparticles during catalysis.

3. Methodologies utilized for
developing nanocatalytic systems
using organosulphur-based ligands
and metal complexes

Nanocatalytic systems (Charts 3-5) have been studied exten-
sively in terms of their development and characterization
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Chart 1 Organosulphur ligands L1-L24 used in the development of
nanocatalytic systems.

L17 PhS

before being used in catalysis or electrocatalysis. In the devel-
opment of such systems, organosulphur compounds have
been utilized in three ways. The use of different techniques
and strategies can be exercised only after a thorough investi-
gation and understanding of the capabilities of organosulphur
compounds in designing nanocatalytic systems for improved
catalytic performance.

3.1. Single source precursor (SSP) method: use of
organosulphur compounds as building blocks for single
source molecular precursors

In this method, preformed metal complexes of organosulphur
compounds are used as single source precursors for develop-
ing catalytically active and stable (Chart 3) metal sulphides.
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This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d5dt01892g

Published on 08 October 2025. Downloaded on 4/16/2026 12:21:44 AM.

View Article Online

Dalton Transactions Perspective
L) @ & | | 8 | &
2 23 38 39 40 41
Cu,S nanoparticles
Nanoflowers 2
(~28-36 nm) CugSs nanocrystals Nanosized Pd(0) Nanosized Pd(0) || Pd(0) quantum dots Nanosized Pd(0)

Pd1gS7 (31-40 nm) btained from 2 (interplanar distance 0.33 nm)
; obtained from
obtained from 1 obtained from 3

(5-6 nm) (1-3 nm) (7 nm)

obtained from 13

(3-5nm)

obtained from 13 obtained from 14

obtained from 16

N

>

27,28
25 26 NiS hexagonal

CoS nanoplates(S rich) CoS nanoplates (Co rich)

nanocrystals

obtained from 4

obtained from 4

o

30 31

obtained from §

9
NiS rhombohedral

CoS nanoparticles
nanocrystals

CoS nanoparticles

obtained from 7
)

&

obtained from 6
obtained from 5

32 33 34
‘ ) NiPt; nanoparticles
CoS nanoparticles NiS nanoparticles
(~2 nm)

obtained from 8 obtained from 9
obtained from 10

& | &

35 38
S ti -
PbS nanoparticles Ag,S nanorods

(1.82-2.44 nm) (~500-700 nm long)

obtained from 12

PbS nanoparticles
(3.16-5.95 nm)

obtained from 11

obtained from 11

Chart 3 Nanocatalytic systems 22—37 developed using the SSP (single
source precursor) method.

The main advantage of this method is the ease with which it
leads to the synthesis of the product (i.e., nanomaterial). Such
an ease includes the occurrence of the reaction at a moderate
temperature and a straightforward protocol.

Additional advantages are the purity of nanostructures,
reduction in toxicity risks and negligible issues related to air
and moisture sensitivity.

Flower-shaped nanocatalyst 22 (i.e., Pd;¢S,;) has been syn-
thesized by the thermolysis route (Scheme 1). In the first step,
ligand L1 reacts with the palladium precursor Na,PdCl, to
obtain metal complex 1. Thereafter, nanosized Pd;S; is syn-
thesized by the thermolysis of complex 1 in trioctylphosphine
(TOP) at 280 °C. The size of this nanocatalyst (Fig. 1) is nearly
31-40 nm.”’

Nanocatalyst 23 (i.e., Cu,S) has been developed using the
SSP method. Complex 2 is subjected to thermolysis (Scheme 2)
at 320 °C to obtain this catalyst. The size of the nanoparticles
(Fig. 2) is in the range of 28-36 nm.>®

Nanocatalytic system 24 (ie., CusSs) has been developed
using a similar method in which copper complex 3 is used as

This journal is © The Royal Society of Chemistry 2025
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Chart 4 Nanoparticles 38—49 obtained as by-products during coup-
ling reactions.
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Chart 5 Nanocatalytic systems 50-61 developed using a reduction
method.

a single source precursor.®® This complex is synthesized
(Scheme 3) by reacting Cu(OTf), and 2-mercaptopyridine thiol
in DCM for 8 hours under an inert atmosphere. When this
complex is subjected to thermolysis in oleylamine at 250 °C, it
leads to the generation of CuySs; hexagonal nanocrystals (24).
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Scheme 3 Synthesis of the dinuclear copper(l) complex 3 and its use as
a single source precursor to generate the nanoparticle 24.3°

The HR-TEM data clearly indicate that the d(101) lattice
fringes have an interplanar distance of 0.33 nm. This confirms
the purity of the nanocatalyst.*”

Nanocatalyst 25 is CoS (sulphur rich). It is made up of
nanoplates that have a slightly sulphur-rich composition.
Similarly, nanocatalyst 26 is CoS (cobalt rich). In this case, the
nanoplates have a cobalt-rich composition. Both of them are
obtained when cobalt complex 4 is thermolyzed (Scheme 4) in
oleylamine (OLA). Temperature influences the final product in
this case. When the process of thermolysis is carried out at
200 °C, the formation of the 25 (sulphur rich CoS) occurs.
When the thermolysis is performed at 260 °C, 26 (cobalt rich
CoS) is obtained (Scheme 4). P-XRD and XPS investigations

« A
CoCl,.6H,0 s s
\/%S _LobLORO \ /

N H,0 S—Co—§

= A

200 °C / Oleylamine \ 260 °C

i 26: CoS (Corich)
25: CoS (S rich)

Scheme 4 Synthesis of the cobalt sulphide nanoplates 25 and 26.%°
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provide sufficient data to confirm the successful formation of
both the nanocatalysts.*°

Nanocatalytic systems 27, 28, and 29 have NiS (nickel sul-
phide).*" They have been synthesized using a sulphur ligated
complex of nickel (i.e., the 5). Thermal degradation of this
complex is carried out to obtain them. When thermolysis is
carried out (Scheme 5) in the mixture of n-hexadecylamine
and 1-octadecene system at 300 °C, hexagonal nanocrystals 27
are obtained. Interestingly, when a single molecular precursor
(i.e., complex 5) is thermolyzed at 400 °C under nitrogen atmo-
sphere and solvent free conditions, it yields hexagonal nano-
crystals of 28 (Scheme 5). However, when the complex is ther-
molyzed at 300 °C in tri-octylphosphine oxide and ODE, rhom-
bohedral nanocrystals of NiS (29) are obtained. P-XRD data are
sufficient to indicate that these crystals contain NiS.*!

Nanocatalytic systems 30, 31 and 32 are self-capped nano-
particles of CoS (cobalt sulphide).*” They are synthesized
(Scheme 6) by the thermal decomposition of cobalt xanthate
complexes 6, 7, and 8, respectively. The thermolytic process is
carried out at 250 °C under solvent free conditions (Scheme 6).
The composition and morphology of the synthesized systems
are verified using P-XRD, XPS, SEM and TEM analyses.*> The
TEM data reveal that nanoparticles 30, 31 and 32 are spherical
in shape. The size of the nanoparticles decreases with the
increase in alkyl chain length; this could be due to the possi-
bility of better dispersion of nanoparticles with longer alkyl
chains. The order of the size of the nanoparticles is 30 > 31 > 32.*?

Moreover, 33 and 34 are interesting nanocatalytic systems.*?
Both of them contain nickel sulphide (NiS). Nanocatalyst 34 is

O/
300°
Hexadecylamine-octadecene, N,
27 (NiS)
/O\/\ Hexagonal nanocrystals
e
s7 |
S
,li/ 400°C
s7|
| _s Solvent-free, N, N ~
P 28 (NiS)
e
\/\0 Hexagonal nanocrystals
300°C & (\
Trioctylphosphine oxide-octadecene, N, \(\Skg
s K =
-~
5 29 (NiS)

Rhombohedral nanocrystals

Scheme 5 Synthesis of the nanocatalytic systems 27—-29.4

/—R 250°C, N.
/ - - = @
0—< C >0 Solvent-Free
R S/ O\S

. 30: CoS obtained from 6
6:R:Me 31: CoS obtained from 7

7: R:CsHg 32: CoS obtained from 8
8: R:C;Hy3

Scheme 6 Synthesis of nanoparticles 30—32 by thermolyzing the com-
plexes 6-8 in solvent-free conditions.*?
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a core-shell bimetallic alloy system. It has a nickel-platinum
alloy (NiPt;) protected by amorphous NiS structures
(Scheme 7). Additionally, 33 is synthesized (Scheme 7) by the
thermolysis of complex 9 under N, atmosphere at 200 °C.
Interestingly, the development of 34 involves the thermolysis
of a hetero-bimetallic complex of nickel and platinum (ie.,
complex 10) under similar conditions.*> The Ni-Pt nano-
particles, i.e., 34, are approximately 2 nm in size. The EDX
data revealed that the compositions of Ni, Pt and S in the
nanoparticles are 40%, 30% and 30%, respectively.*®
Nanocatalytic systems 35 and 36 are the nanoparticles of
PbS.** Nanocatalytic system 35 is developed (Scheme 8) by dis-
solving complex 11 (the Pb complex of an organosulphur com-
pound) in oleic acid and thereafter infusing the same into hex-
adecylamine (HDA) at 360 °C for 1 hour. Similarly, nanocataly-
tic system 36 is synthesized (Scheme 8) using a thermo-
gravimetric analyzer (TGA), in which complex 11 is placed in
an alumina pan and the temperature is gradually increased
from 30-900 °C with a continuous flow of nitrogen, yielding
nanoparticles 36.** Nanoparticles 35 and 36 are spherical in
shape. The nanoparticles synthesized using a solvent (oleic
acid and HDA), i.e., 35, are smaller in size (1.82-2.44 nm) in

\/\/—
\ /\/\ /
vss(ms

Oleylamine, 200°C, N,

34 (NiPty)

Scheme 7 Synthesis of nanoparticles 33 and 34.4°

Oleic acid-hexadecylamine ] /)
360°C,1h )\/9

N,, 900°C
Solvent Free

-

36 (PbS)

Scheme 8 Synthesis of nanoparticles 35 and 36 using complex 11.4*
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comparison to the nanoparticles synthesized without any
solvent, i.e., 36, with a size in the range of 3.16-5.95 nm.**
Nanocatalytic system 37 contains extremely thin Ag,S nano-
wires. The wires crystallize in a monoclinic system. They are
synthesized by the thermal degradation of molecular complex
12 at a moderate temperature (Scheme 9), i.e., 140 °C in a
mixture of octadecylamine, oleylamine, and n-decylboronic
acid. These nanowires have an average diameter of 2.5 nm.
However, their length is approximately 500-700 nm.*

3.2. Nanocatalysts as by-products: use of molecular
complexes of organosulphur compounds as dispensers

There are some remarkable reports on the generation of nano-
catalysts during the course of homogeneous catalysis by palla-
dium complexes (Chart 4) of organosulphur compounds.
These nanocatalysts are either nanosized binary phases of pal-
ladium sulphide or palladium(0) species. The properties of
such nanocatalysts are greatly dependent on the molecular
structure of the organosulphur ligands. These nanocatalysts,
which are probably the true catalytic species in the reactions,
can be isolated and separated from the reaction mixtures. They
have a good shelf-life and can be stored.

Nanocatalysts 38 and 39 have palladium in a zero oxidation
state.*® The size (5-6 nm) of the particles in 39 is larger than
that (3-5 nm) in 38. Both of them are generated (Scheme 10)
by complex 13 in which the Pd(u) is bound to the nitrogen of
the 1,2,3-triazole unit of the ligand. When complex 13 is used
to catalyze Suzuki-Miyaura coupling (Scheme 10), 38 is
formed. When the same complex is used for the catalysis of
Heck coupling reactions (Scheme 10), 39 is obtained.*®

Nanocatalyst 40 has the quantum dots of palladium.?
Their size is approximately 1-3 nm (Fig. 3). When complex 14
is used to catalyze the Suzuki coupling reaction, quantum dots
are formed and released (Scheme 11) in the reaction mixture.
They are stabilized by the fragments of the organosulphur
ligand of complex 14. They can be isolated and separated from
the reaction mixture. They can be stored. They have the ability
to show independent catalytic activity."”

Nanocatalytic system 41 has nanosized species of Pd(0).*?
Their size is approximately 7 nm. When Pd(un) complex 15 is
used (Scheme 12) as a catalyst for the SMC reaction, the gene-
ration of 41 occurs (Scheme 12) in the reaction mixture.
During the Suzuki coupling reaction, the nucleation of discrete
palladium is likely to occur, leading to the formation of

/
0—P— s A
/ Ph 140°C, N,

s/
Ag—P—Ph Octadecyamine
| \Ph oleylamine
P n-decylboronic acid

Ph”" | >Ph
Ph 37 (Ag;S)

Scheme 9 Synthesis of the silver nanowire 37 using complex 12.4°
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Cl cl
Br 13
Catalyst Heck Coupling
L2 > C00Bu KoCOs, DMF, 110°C
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/@/\/COOBU
% OHC
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Nanosized Pd(0)
(5-6 nm)

Scheme 10 Generation of nanoparticles 38 and 39 as by-products of
the reactions (SMC and Heck coupling) catalyzed by the preformed
molecular complex 13.4¢

0.61-1.20

1.21-1.80 1.81-2.40
Size (nm)

2.41-3.00

Fig. 3 Size distribution of the Pd(0) quantum dot nanocatalyst 40.
Reproduced from ref. 47 with permission from the Royal Society of
Chemistry, Copyright {2013}.
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Scheme 11 Generation of nanoparticle 40 as a by-product of the SMC
reaction catalyzed by the preformed molecular complex 14.%”
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4

Suzuki Miyaura Coupling

Scheme 12 Generation of nanoparticle 41 as a by-product of the
Suzuki—Miyaura coupling reaction catalyzed by the preformed mole-
cular complex 15.4®

peanut-shaped nanoparticles (Scheme 12). The size and shape
of the nanoparticles depend on the nature of the coordinated
atoms of the organosulphur ligand with palladium in complex
15.%%

Nanocatalysts 42 and 43 contain nanoparticles of palla-
dium.* In the case of 42, the size of the NPs is 5 nm.
However, 43 contains NPs of a slightly larger size (6 nm).
Moreover, 42 is generated (Scheme 13) by complex 16 during
the catalysis of the Suzuki coupling reaction. In this complex,
an organosulphur ligand is coordinated with palladium in
bidentate mode. Palladium(u) complex 17 (in which an organo-
sulphur ligand is coordinated to the metal in tridentate mode)
leads to the formation of 43. Both complexes have nitrogen as

Gl

Cl Nanosized Pd(0)
Catalyst @ (5 nm)
42

K,CO3, DMF:H,0, 90-110°C

CHO

Br
e _100° Nanosized Pd(0)
K,CO3, DMF:H,0, 90-100°C @ )

BN N/7 s
‘ Pd—S
|
17

Catalyst

Scheme 13 Generation of nanoparticles 42 and 43 as by-products of
the SMC reaction catalyzed by the preformed molecular complexes 16
and 17.4°
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a hard donor and sulphur as a soft donor (Scheme 13) in their
molecular structures.*® Interestingly, in complex 17, the ligand
is a pincer-type (S, N, C donor) compound.*®

When Pd(u) complexes 16 and 17 are used for catalyzing the
Sonogashira coupling reaction, they lead to the formation of
nanoparticles (Scheme 14) 44 and 45, respectively. The differ-
ence in size between 44 and 45 is greater than that in the cases
of 42 and 43. The sizes of the nanoparticles are 3 nm and
6 nm for 44 and 45, respectively.*®

A variety of binary phases of Pd,S, (Pd,S, Pd;S, Pd,sS,
Pd;6S;, PdS, and PdS,) are known. The majority of such phases
are prepared by gas sulphuration with H,S-H,.”°>® Moreover,
46 and 47 are the nanoparticles of the different binary phases
of palladium sulphide. Additionally, 46 contains the nano-
particles of Pd,S (Scheme 15).”” In addition, 47 has a different
composition. Its nanoparticles are made up of PdsS,
(Scheme 15). They have significant differences in their sizes.
The sizes of these nanoparticles are 19 nm and 5 nm for 46
and 47, respectively.’” The structure of Pd,S was reported in
1962.%8 It is isostructural with Pd,Se. The electrical conduc-
tivity of Pd,S is similar to that of the metal,>*® but its ten-
dency for the permeability of H, is different from that of the
metallic Pd.°>®* In the recent past, palladium sulphides have
attracted the attention of chemists. Due to the interactions
between Pd and S, their physicochemical properties are
unique. Such properties include tunable catalytic behaviour,
enhanced electron density modulation and improved thermal
stability.®® Their catalytic applications have not been given
sufficient attention. Only a few reports on Pd,S exist to under-
stand its catalytic potential,®>®> electrocatalytic potential,®®°”

Cl Nanosized Pd(0)
Catalyst @ (3 nm)
44

| ’ K,CO3, DMF:H,0, 90°C
NO,

+ Sonogashira Coupling

Br
K,CO3, DMF:H,0, 90°C

Nanosized Pd(0)
@ (6 nm)
O A Nﬁ 45

P(‘i—S\

17
Catalyst

Scheme 14 Generation of nanoparticles 44 and 45 as by-products of
the Sonogashira coupling reaction catalyzed by the preformed mole-
cular complexes 16 and 17.%°
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Scheme 15 Generation of nanoparticles 46 and 47 as by-products of
the SMC reaction catalysed by the preformed molecular complexes 18
and 19.%7

photocatalytic potential®® and hydrogen permeability.®* It has

been found to show catalytic potential for selective gas phase
alkyne hydrogenation,®* liquid phase alkyne hydrogena-
tion,>"®® Suzuki coupling,®® oxidation of methane®® and
oxygen reduction reaction.®® As far as the methodologies of its
synthesis are concerned, gas sulphuration with H,S-H, >°™>°
has also been reported as a method for its synthesis. It has
also been synthesized using direct methods. However, such
methods are challenging due to the harsh reaction conditions
typically required.*>**°>°® The SSP route has rarely been
reported for this.®® To overcome these limitations, single-
source precursor (SSP) methodologies have emerged as elegant
and controllable strategies for the synthesis of metal chalco-
genide nanomaterials.®*””> Another interesting approach for
its synthesis is in situ generation. Moreover, 46 and 47 are gen-
erated (Scheme 15) by complexes 18 and 19 during the cataly-
sis of the Suzuki-Miyaura coupling reaction, respectively.
Complex 19 has a tridentate ligand with two nitrogen and one
sulphur donor atom (Scheme 15), and complex 18 has a biden-
tate (N, S donor) ligand.”” Interestingly, the nanoparticles gen-
erated via these complexes are not Pd(0) nanoparticles; they
are Pd,S (46) and Pd;S, (47).””

Nanocatalysts 48 and 49 also contain the binary phases of
palladium sulphide.” Thus, 48 contains the nanoparticles of
PdS, which are 10-12 nm in size. However, 49 has the nano-
particles of Pdi¢S;,, which are agglomerated (revealed by
HR-TEM analysis). When the Suzuki-Miyaura coupling reac-
tion is carried out using Pd(u) complexes 20 and 21
(Scheme 16) as catalysts, 48 and 49 are generated. These nano-
particles are isolated and separated for their independent use
as the catalysts.”?
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3.3. Use of organosulphur compounds as stabilizers for the
development of nanocatalysts

The synthesis of nanoparticles can be achieved through
various techniques, such as sol-gel,”*””° hydrothermal,®°"*?
microemulsion,®®** chemical co-precipitation,®*®” and spray
pyrolysis.®®®® The science of nanoparticles hinges on two key
factors: achieving the development of the nanoparticles with
controlled size and shape, and rendering them the potential
for specific applications. Such applications also include cataly-
sis and electrocatalysis. Controlled size and shape are primar-
ily achieved through the use of stabilizing agents, such as
ligands (thiols, amines, and phosphines), surfactants
(ammonium salts), and polymers (polyvinyl alcohols). The
selectivity>”'>'® and reactivity of nanoparticles play crucial
roles in influencing the outcome of a reaction. The activity is
dependent on many factors, including the surface area of
nanoparticles. The involvement of inter-atomic interactions
and the adjustment of under-coordinated/less coordinated
surface atoms constitute the basis on which the properties of
nanomaterials may be tuned. Such a possibility is rarely
present in their bulk counterparts. Reduction in atomic
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coordination significantly impacts the performance of sur-
faces, nano-solids, and amorphous solids in terms of bond
relaxation and energy.”>°*

The stability of nanoparticles against aggregation can be
achieved using thermodynamic and kinetic approaches. The
thermodynamic approach is adopted to suppress Ostwald
ripening by minimizing the difference in chemical potential
and surface energy between the nanoparticles (NPs).”> On the
basis of the results of the study on the thermodynamic behav-
iour of supported metal particles in various reaction environ-
ments, a general strategy has been suggested for the inhibition
of the sintering of such NPs through theoretical calculations.’>
In this study, it has been observed that the stability of the par-
ticles and the rate of Ostwald ripening are determined by their
size and distribution. When the sizes of the NPs are in a
narrow range and their distribution is homogeneous, they
have similar chemical potential and surface energy. In such
cases, the Ostwald ripening rate is very low. Moreover, this
objective can be achieved using a support with high surface
activation energy. Therefore, in the preparation of NPs with
uniform size and distribution, the selection of a suitable
support is crucial for enhancing the stability of supported
nano-catalysts.”® The kinetic approach provides the basis for
the use of an external medium (such as high temperature or
high pressure) to limit the size of the nanoparticles. The rate
of aggregation can be determined using various techniques,
such as spectral turbidimetry, time-resolved dynamic light
scattering (TR-DLS), and fluorescence correlation spectroscopy
(FCs).”

Organosulphur compounds have sulphur as the donor site.
They behave as very good stabilizers in the development of
metal nanoparticles.> Nanoparticles of palladium with high
catalytic potential have been developed using such compounds
as stabilizers. In this method, a source of palladium (e.g
Na,PdCl,) is reduced in the presence of an organosulphur
compound, and catalytically active and stable nanoparticles of
metal (Chart 5), which are stabilized with such a compound,
are produced. Such nanoparticles can be isolated and stored.
The stabilizing ligands play an important role in dictating the
size, shape, dispersion, and inter-particle spacing of nano-
particles. These compounds also affect the catalytic efficiency
and recyclability of the synthesized NPs through ligation. The
stabilizer compounds, which have functional groups such as
amine, alcohol, carbonyl, thiol, hydroxy and phosphine,
inhibit strong chemisorptions to the metal surface.”
Therefore, the stabilizing ligand must be strong enough to
stabilize the nanoparticle but should not have extremely strong
interactions that hinder the catalytic activity of the NPs.

Nanoparticles 50 and 51 are palladium nanoparticles stabil-
ized by an organosulphur compound. They have been syn-
thesized using L17 (a reduced Schiff base) as a stabilizer
(Scheme 17). The size of nanoparticles has been found to be in
a range of 2-3 nm in 50 and 4-5 nm in 51. The only difference
between them is the ratio of metal and stabilizing ligand
(Scheme 17), with 50 having a ratio of 1:1 (metal precursor :
ligand), while 51 has a ratio of 1:4 (metal precursor : ligand).
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NazPdCl, 50: Na,PdCl,L17=1:1
+ 51: Na,PdCl,L17=1:4
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Scheme 17 Development of the Pd(0) nanoparticles 50 and 51 using
the organosulphur ligand L17 as the stabilizer.%®

Ligand L17 and palladium precursor Na,PdCl, have been
reduced using a reducing agent with different concentrations
of metal and ligand to obtain NPs 50 and 51.”°

Ultrasmall nanoparticles 52, 53 and 54 have been syn-
thesized (Scheme 18) using ligand L18 (containing the combi-
nation of sulphur and nitrogen donors) as a stabilizer.”®
Similar to the above-described NPs, the difference between
these NPs is the ratio between the ligand and metal precursor.
The reaction between ligand L18 and Na,PdCl, with different
ratios (metal precursor :ligand) is utilized to obtain 52 (1:1),
53 (1:4) and 54 (4:1) NPs. The size of NPs has been found to
be in the range of 1-2 nm for 52, 2-3 nm for 53 and 4-6 nm
for 54.%¢

Nanoparticles 55-60 have been formed by n-didocosyl sul-
phide ligand L16 (Scheme 19). The nanoparticles have been
synthesized by the reaction between different palladium pre-
cursors [ie., Na,PdCl,, Pd(OAc), and Pd(MeCN),Cl,] and
ligand L16 with different ratios, such as 4:1,1:2 and 1: 4, for
each precursor to give nanoparticles 55-60. The NPs syn-
thesized using Na,PdCl, are found to be uniformly dispersed
and hence have better catalytic activity among all.”

Pd-Ni-based nanocatalytic system 61 has been synthesized
(Scheme 20) by reducing Ni(NO3), and Pd(OAc), in the pres-

/Ph
)
NH
L18
Stabilizer DCM-MeOH. RT
- . o
Pd(0)NPs
Na,PdCl, (1-6 nm)
+ 52:Na,PdCl,:L18=1:1
NaBH,4 53: Na,PdCl,L18=1:4

54: Na,PdCl,:L18=4:1

Scheme 18 Development of the Pd(0) nanoparticles 52—-54 using the
organosulphur ligand L18 as the stabilizer.®®
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Scheme 19 Development of the Pd(0) nanoparticles 55-60 using the
organosulphur ligand L16 as the stabilizer.”
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NaOH, H,0, 150 °C
61
Pd-Ni NPs
Pd(OAc), (8.6 nm)
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Scheme 20 Development of the Pd-Ni nanoparticle 61 using the
organosulphur ligand L24 as the stabilizer.%®

ence of 2-mercaptoethanol (L24) as a stabilizer’® in an
aqueous basic (NaOH) solution. The pH of the mixture is
maintained at around 11.5. The nanoparticles have been
characterized using PXRD, SEM, IR and UV spectroscopic tech-
niques. The majority of the nanoparticles have been obtained
with less than 20 nm. The average particle size of nanoparticle

61 is 8.6 nm.”®

4. Application in catalysis
4.1. Suzuki-Miyaura C-C cross coupling reaction

The Suzuki-Miyaura coupling reaction involves forming a C-C

bond (Scheme 21) between an aryl halide and organoborane

compounds.’® This reaction is highly valued due to the simpli-
B(HO), |

X
NS
X Catalyst
| /\/ KQCO3 DMF:H,0
R

Scheme 21 Synthetic methodology for the Suzuki—Miyaura C-C coup-
ling reaction.

%
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city of its process, such as mild conditions, the use of non-
hazardous reagents, and its adaptability and utility across
various industries, including the production of natural pro-
ducts and agrochemicals.”®'°® Extensive research has been
conducted on the catalysts (developed using organosulphur
compounds) for this reaction. Numerous nanocatalytic
systems are also among them. Their applications provide quite
interesting results.

4.1.1. Catalysis in short durations. Nanocatalysts such as
22, 38, 41-43 and 46-49 are very efficient for the Suzuki-
Miyaura coupling reactions. All of them can catalyze this reac-
tion within a few hours, i.e., 2-3 hours.

Pd;S; nanoflowers (22) are highly active nanocatalysts for
the SMC reaction. Low catalyst loading (i.e., 0.5 mol%) is
sufficient for catalyzing this reaction within 3 hours. When
4-bromoacetophenone and phenyl boronic acid are reacted
(Scheme 22) in the presence of its low (0.5 mol%) concen-
tration, the coupled product is obtained with 91% yield.?” It is
recyclable up to four runs, and the yield obtained after the 4™
cycle is 38%.”

Nanocatalyst 38 (developed from complex 13) is very much
useful.”® It has the ability to catalyse the SMC reactions inde-
pendently. The substrates including 4-bromobenzaldehyde,
4-bromoanisole and 4-bromoacetophenone react with phenyl-
boronic acid in the presence of a very low quantity (nearly
5 mg) of this catalyst. The reaction between p-bromobenzalde-
hyde and phenyl boronic acid results in a 94% yield of the
coupled product (Scheme 23) in a short duration of just
3 hours.*®

However, nanocatalyst 47 (i.e., NPs of PdsS,) works at a rela-
tively high (10 mg) catalyst loading for the same reaction
(Scheme 23) and allows for the formation of the product in
02 hours.

Moreover, 41 (peanut-shaped nanoparticles) is used as a
nanocatalyst for the SMC reaction (Scheme 24) of phenyl-
boronic acid with 4-bromobenzaldehyde. Its low quantity
(10 mg) gives the coupled products, i.e., biphenyl-4-carboxal-
dehyde, in a very high (94%) yield in a very short duration of
02 hours at 100 °C. The reaction of 4-bromoanisole suffers
from a low reaction rate due to the presence of the OMe
group (an electron donating substituent) at the para position
to the C-Br bond. It is converted to 4-methoxybiphenyl (the

3

22 (Pd46S7)
Br [Cat]: 0.5 mol%]
Time:3 h O
Yield : 91 %
K,CO3, DMF:H,0, 100°C
COCHg O

COCHs

B(HO),

Scheme 22 Suzuki—Miyaura coupling using Pd;6S; (22) nanoflowers.*”
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48

38 [Pd(0) NPs]
3-5nm
[Cat.]: 5 mg

Time:3h
Yield : 94 %
K,COj, aq.DMF, 90-100 °C

Br B(OH O

Suzuki Miyaura Coupllng

K2C03 aq.DMF, 90-100 °C
@ CHO
47 (PdsS;)

5nm
[Cat] : 10 mg
Time=2h
Yield : 95 %

Scheme 23 Variation in the performance of in situ generated nanoca-
talysts 38 and 47 in the Suzuki—Miyaura coupling reaction.*¢>”

\/Conversion 194 %

K,COg3, aq.DMF,100 °C, 2 h

{ B(OH! @

g ; 41 [Pd(0)]
i ! 7 nm
.......... ! [Cat]: 10 mg

K,COg3, aq.DMF,100 °C, 12 h

Conversion : 78 %
Scheme 24 Effects of electron-withdrawing and electron-donating

substrates on the performance of nanocatalyst 41.4

cross-coupled product) with a relatively low (78%) yield after
a long duration of 12 hours under the same reaction
conditions.*®

Nanocatalysts 42 and 43 (generated by complex 16 and pal-
ladacycle 17) also catalyze the Suzuki coupling reactions.*
Their low quantity (2.0 mol%) allows the reactions to proceed
and gives the coupled product with good yields, i.e., 71-95%.
Nanocatalyst 42 performs better than nanocatalyst 43 in all the
coupling reactions. The size of 42 (5 nm) is slightly larger than
that of 43 (4 nm). The particles of 42 are more dispersed than
those of 43. This could be the reason for the better activity of
42 in the coupling reactions. For example, when 4-bromoben-
zonitrile is reacted with phenyl boronic acid, the presence of
42 gives the product in a 91% yield. The same reaction gives

This journal is © The Royal Society of Chemistry 2025
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the product (Scheme 25) in 81% yield in the presence of 43
under the same reaction conditions.*’

Nanocatalysts 46 and 47 have also been independently uti-
lized as catalysts for the SMC reactions. There is no significant
variation between their catalytic performances. The coupling
of 4-bromobenzaldehyde with phenyl boronic acid gave 92 and
95% yields within 2 hours (Scheme 23) in the presence of
10 mg of the nanocatalyst (i.e., 46 and 47, respectively).’” The
high surface to volume ratio and uniformity in distribution of
NPs are likely to be among the reasons and the factors that are
responsible for their enhanced catalytic activity.*”

4.1.2. Green catalysis using ultrasonication. Nanocatalyst
61 has been utilized for the catalysis of the SMC reaction via a
green method, i.e., ultrasonication. This nanocatalyst catalyses
the coupling reaction at 0.1 mmol catalyst loading. When
4-bromotoluene is reacted with phenylboronic acid
(Scheme 26) under these conditions, the coupled product is
obtained with a 94% yield within 5 minutes.®®

4.1.3. Catalysis in green solvents. Nanocatalyst 40 (i.e., the
quantum dots of palladium) has shown potential for catalyzing

558

42 [Pd(0) NPs]
5nm
Yield : 91 %

[Cat]: 2 mol%, cho3 aq.DMF, 90 °C, 7 h

CN
43 [Pd(0) NPs]
4 nm
Yield : 81 %

Scheme 25 Effect of the dispersion of NPs on the efficiency of the
SMC reaction.*®

61

Pd-Ni NPs
~8.6 nm
Br B(OH), [Cat] : 0.1 mmol
Time : 5 min
N -
KoCO3, DMF, H;0, ))) O
CH,
CH,
Yield : 94 %

Scheme 26 Suzuki—Miyaura coupling reaction catalyzed by NP 61 via
ultrasonication.®®
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the SMC reaction in green solvent, i.e., water. This nanocatalyst
(obtained from metal complex 14) catalyzes the coupling reac-
tion at 2.0 mol% catalyst loading at 100 °C. When 4-bromoben-
zoic acid is reacted with phenylboronic acid (Scheme 27)
under these conditions, the coupled product is obtained with
>99% yield in 05 hours. This nanocatalyst does not become
inactive after the reaction. It can be reused for up to 2 cycles.?”

4.1.4. Effect of agglomeration of nanoparticles on catalytic
efficiency. Nanocatalysts 48 and 49 have been explored for
their independent efficiency (Scheme 28) for the catalysis of
the Suzuki-Miyaura coupling reaction.””> When 4-bromoben-
zoic acid is reacted with phenyl boronic acid in the presence of
5 mg of the nanocatalyst, the coupled product is obtained with
92% and 68% conversion for 48 and 49, respectively. This
difference could be due to the agglomeration of nanoparticles
in the case of 49.”*

48

40 [Pd(0)
quantum dots]

~1-3 nm
[Cat.] : 2 mol%

Br B(OH),
Time:5h
b
K,CO3, H,0, 100°C O
COOH
COOH
Yield : >99 %

Scheme 27 Suzuki—Miyaura coupling reaction catalyzed by NP 40 in
water.*’

£

48 (PdS)
10-12 nm
[Cat]:5mg

Time:8h
Conversion : 92 %

K»CO3, aq.DMF, 90 °C

K,CO3, aq.DMF, 90 °C

i COCH

49 (Pd16S7)
Agglomerated
[Cat] : 5mg

Time=8h

Conversion : 68 %

Scheme 28 Effect of agglomeration on the performance of in situ gen-
erated nanocatalysts 48 and 49 in Suzuki—Miyaura coupling.”®
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4.1.5. Chloroarenes as substrates. It is the most difficult
task for a catalyst to convert chloroarenes into coupled pro-
ducts in the Suzuki-Miyaura coupling (SMC) process.
Nanocatalysts 50 and 51 have this ability (Scheme 29) to
perform such a task.” The reactions are performed
(Scheme 29) at 0.1 mol% -catalyst loading to achieve the
product in an outstanding yield, i.e., >99%, in a short reaction
time. Moreover, 51 takes 2 hours, and 50 gives similar results
in 03 hours (Scheme 29). Hence, it can be concluded that
nanocatalytic system 51 is more efficient than 50. A recyclabil-
ity test of nanocatalytic system 51 is also performed using
4-bromobenzaldehyde as one of the reactants in the reaction.
The results of such a test reveal that it has good recyclability
up to three cycles, and an average yield of 41% is obtained in
the third cycle.’

4.1.6. Bromoarenes as substrates. It is relatively easy to
convert bromoarenes into cross-coupled products in the
Suzuki reaction. Nanocatalysts (i.e., palladium nanoparticle
52-54), which have good dispersion and stabilization, are
efficient catalysts for the SMC reactions involving bromoar-
enes. The stabilizer used during its development is L18,”°
which contains a thioether donor site. It exhibits the efficiency
for the catalysis of the reactions of such substrates.’® They are
used in low quantities (5 mg) and give the coupled products in
good yields (i.e., 68-99%). Among them, 53 has shown the
least potential. This could be because in nanoparticle 53, the
ligand-to-metal precursor ratio is 4: 1. Palladium is present in
low concentrations, and the stabilizing ligand is present in
high concentrations. Ligands could encapsulate the palladium
(or the active sites) in such a way that the reactants could not
reach the active sites efficiently. Nanocatalyst 52 has shown the
highest efficiency (Scheme 30) and reactivity among the three
NPs, ie., 52-54, possibly due to their relatively small size and
high uniformity in the dispersion.’®

Nanocatalytic system 55-60, developed by the reduction
method using L16 as the stabilizer, has the potential for cata-
lysing the SMC reactions of bromoarenes.”” Among them, the
highest activity is exhibited by nanoparticle 56, the develop-
ment of which is carried out using sodium tetrachloropalla-
date (Na,PdCl,). They have very high uniformity in size and

51 [Pd(0) NPs]

(~N [Cat.] : 0.1 mol%
kCI B(OH), Time : O
ime:2h

Yield : >99 %

N
K,CO3, aq.DMF, 100°C O
COOH

COOH

Scheme 29 Suzuki—Miyaura coupling reaction catalyzed by nano-
catalyst 51.9°
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52 [Pd(0) NPs]
[Cat.]: 5 mg
Br BOH), Time:6 h O

Yield : 99 %

.
K,COs, ag.DMF, 100°C O

NO,

Scheme 30 Suzuki—Miyaura coupling reaction catalyzed by nano-
catalyst 52.96

.

56 [Pd(0) NPs]
[Cat.] : 0.1 mol%
Time:1h

Yield : 100 %

Br B(OH),
+
KoCO3, aq.DMF, 100°C O

OCH;

OCH;

Scheme 31 Suzuki coupling reaction catalyzed by nanocatalyst 56.%7

dispersion. When 4-bromoanisole and phenylboronic acid are
reacted (Scheme 31) at 0.1 mol% catalyst loading, nanocatalyst
56 gives an excellent yield (i.e., >99%) in a short reaction time
of 1 hour. However, 55, 57, 58, and 59 give moderate yields.
Moreover, 60 has shown negligible efficiency for the reaction,
and the product is obtained in trace amounts. The order of
efficiency of these catalysts has been found to be 56 > 58 > 57 >
59 > 55 > 60.”

4.2. Heck coupling reaction

The Heck coupling reaction forms substituted olefins
(Scheme 32) by the treatment of an aryl halide with terminal
alkenes.'®"'%* This reaction is feasible under mild conditions
and can accommodate a variety of functional groups, such as
aldehyde, amines, esters and nitro groups, without compro-
mising the results (i.e., high yields of the products)."® It is
widely used in the production of fine chemicals.'*"'%?
Organosulphur compounds are often used to develop various
types of catalytic systems for this reaction.'® Like the Suzuki
coupling reaction, it has also been observed in this reaction

X R
@/ _ Catalyst ©/\/
. T\ _Latalyst
R Base

Scheme 32 Synthetic methodology for the Heck coupling reactions.
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that some nanoparticles or nano species are generated in situ
during the catalysis of this reaction with preformed metal
complexes. Such nanoparticles (e.g., 39) can be isolated from
the reaction mixtures and stored for their applications as inde-
pendent nanocatalysts.*®

Moreover, 39 is utilized for the Heck coupling reaction of
aryl bromides (such as 4-bromobenzaldehyde and 4-bromoace-
tophenone), which have highly active electron withdrawing
groups with n-butyl acrylate. When 4-bromobenzaldehyde and
n-butyl acrylate are reacted (Scheme 33) in the presence of
30 mg of the catalyst, i.e., 39, the yield of the product obtained
is 75%. This nanocatalyst is unable to convert 4-bromoanisole
into the product.*®

4.3. Sonogashira coupling

Sonogashira coupling is a reaction in which a terminal alkyne
and an aryl halide combine (Scheme 34) with each other
through the formation of a new C-C bond. This method is
commonly used to produce pharmaceuticals, natural products,
organic compounds and nanomaterials.'®

Like the Suzuki and Heck coupling reactions, during the
catalysis of Sonogashira coupling reactions by Pd(un) complexes
16 and 17, Pd(0) nanoparticles, i.e., 44 and 45, are generated
in situ in the reaction mixture.’® These nanoparticles (i.e., 44
and 45) are isolated and stored. They can be used indepen-
dently for catalysis. They produce moderate to high yields
(ranging from 42 to 91%) in Sonogashira coupling reactions.
When 1-bromo-4-nitrobenzene is reacted with phenyl acetylene
utilizing a 2.0 mol% concentration of the nanocatalyst without

&

39 [Pd(0) NPs]
5-6 nm
[Cat.]: 30 mg

Time: 10 h
Yield : 75 %

X _COOBu
K,COj3, DMF, 110°C, N, /©/v
OHC

Scheme 33 Heck coupling reaction using the nanocatalytic system

39.46

R
4
NS

x ol

Catalyst | l
@ . K,CO3, DMF
g

Scheme 34 Synthetic methodology for the Sonogashira coupling
reactions.

. >coosu

CHO
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the addition of any co-catalyst, 44 and 45 (Scheme 35) give the
desired product in 76% and 91% yields, respectively.®® This
high performance of 45 could be attributed to the smaller size
of Pd(0) NPs in this case.

4.4. O-Arylation of phenol

In O-arylation, phenol combines with aryl halides (Scheme 36)
to form diaryl ethers. This type of C-O coupling is widely used
in the production of polymers'®® and agrochemicals.'®® Many
palladium-based nanocatalytic systems have been developed
for this reaction."®

Nanocatalyst 22 (i.e., flower-shaped nanoparticles of
Pd;¢S;), obtained from palladium complex 1 using the single
source precursor method, has the ability to carry out the cataly-
sis of this reaction.?” This nanocatalyst is used for the coupling
of phenol with a variety of aryl bromides at a low catalyst
loading of 0.5 mol% under mild reaction conditions. When
1-bromo-4-nitrobenzene and phenol are reacted at 100 °C
(Scheme 37) in the presence of a 0.5 mol% concentration of
the catalyst, the coupled product is obtained with a 92% yield.
The bromides with electron donating groups, such as -CHj,
-H or ~-OCH3;, show less reactivity compared to the ArBr, which
has electron withdrawing groups, such as -CHO, -NO,, -CN or
-COCH,.*’

&

44 [Pd(0) NPs]
(6 nm)

[Cat.] : 2 mol%
Time :10 h O
Yield: 76 %

Sonogashira |

K,CO3, DMF, 90°C
Coupling

&

45 [Pd(0) NPs]
(3nm) NO,
[Cat.] : 2 mol%

Time :10 h
Yield: 91 %

Br | |
+
NO,

Scheme 35 Variation in the performance (due to the size of nano-
particles) of in situ-generated nanocatalysts 44 and 45 in Sonogashira
coupling.*®

OH
N Catalyst
| . —= . o
v K,CO3, DMSO

X

Scheme 36 Synthetic methodology for the O-arylation of phenol.
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NO,

22 (Pd46S7)
[Cat.] : 0.5 mol%
OH

Br Time : 3h

Yield : 92 %
* K,COs, DMSO, 100°C
NO,

Scheme 37 O-Arylation of phenol using nanocatalyst 22.3”

4.5. Cross-dehydrogenative coupling (CDC)

Cross-dehydrogenative coupling is a chemical reaction
(Scheme 38) that forms a C-C bond or C-heteroatom bond by
removing two hydrogen atoms from two compounds.'®”'®
The formation of such bonds is significant in the synthesis
and functionalization of complex organic molecules, including
natural products and pharmaceuticals. CDC reactions are
often catalyzed by metals and can proceed under mild con-
ditions, offering a versatile and efficient approach to C-C or C-
heteroatom bond formation in organic synthesis."'®”

Nanocatalytic system 23 has been explored for cross dehy-
drogenative coupling (Scheme 39) of N,N-dimethyl-
benzylamines with azoles under solvent free conditions.*®
When N,N-dimethyl-1-phenylmethanamine and 1H-1,2,3-tri-
azole are reacted together in the presence of 1.0 mol% concen-
tration of this catalyst (Scheme 39), the desired product is
obtained with a 74% yield. This catalyst is also reusable for up
to 5 reaction cycles with only a slight loss in activity.
Depending on the substrate used, the yield of the product can
reach up to 89% in the case of catalysis with the 23.%®

The proposed mechanism of the reaction using nano-
catalyst 23 is depicted in Scheme 40.?® In the first step, copper-

. A\ A l,f" /o
.‘ H o+ H=Z Catalyst .‘ 7 !

Z : C or Heteroatom

Scheme 38 Synthetic methodology for cross-dehydrogenative coup-
ling (CDC).

&

H 23 (Cu,S)
L / [Cat.]: 1 mol%
N ime :
H Time:1h

\ .
;! Yield : 74 % | N §>
- |
* N\\NE TBHP, 90°C, N, N N~ N/

Scheme 39 Cross-dehydrogenative coupling reaction catalyzed by
nanocatalyst 23.38
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Scheme 40 Proposed mechanism of cross-dehydrogenative coupling
reaction catalyzed by nanocatalyst 23.38

catalyzed decomposition of tert-butyl hydroperoxide (TBHP)
takes place (Scheme 40) to generate a tert-butoxyl radical. A
radical cation is generated via a single electron transfer (SET)
from an amine. After this step, the abstraction of the sp’
hydrogen of the radical cation takes place to generate
iminium-type intermediate I or II (Scheme 40). In the next
step, triazole/carbazole reacts with compound I, which results
in the formation of compound HI (Scheme 40). In the last
step, the C-N coupled product is formed (Scheme 40) via a
nucleophilic substitution reaction between the azole and
iminium ion, regenerating nanocatalyst 23 for the next cata-
lytic cycle. The organosulphur compound (i.e., 2) utilized for
the synthesis of nanocatalyst 23 does not directly influence the
reaction mechanism; however, it has a role in the development
of the particular binary phase Cu,S nanoparticles (23), which
are used as catalysts for this reaction.>®

5. Applications in electrocatalysis

Metal sulphides have emerged as highly promising catalysts in
electrochemical processes over the last decade owing to their
diverse range of properties. Such properties encompass high

View Article Online
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surface area, excellent electrical conductivity, metallic struc-
ture and unique morphology. It is worth noting that these
materials have demonstrated high potential in electrocatalytic
reactions, like the hydrogen evolution reaction (HER), oxygen
evolution reaction (OER) and overall water splitting. These pro-
perties make them useful and crucial for advancement in
electrocatalysis.

5.1. Hydrogen evolution reaction (HER)

Nanocatalysts 25, 26, 33, 34 and 37 are interesting species for
the hydrogen evolution reaction (HER) (Table 1). This reaction
involves the electrochemical process in which molecular
hydrogen is generated (Scheme 41).

Overpotentials of 132 mV and 153 mV have been observed
when 25 and 26 are employed as catalysts (Scheme 39) for the
hydrogen evolution process.*® These are cobalt sulphide (CoS)
nanoparticles. The value of the Tafel slope is 159 mV dec™" for
25. However, this value is slightly low (154 mV dec™") for 26.
When they are applied for hydrogen evolution studies, a stan-
dard three-electrode system [with samples on nickel foam as
the working electrode, platinum wire as the counter electrode,
and saturated calomel electrode (SCE) as a reference in 1.0 M
KOH electrolyte] is used for the experiments. Nyquist plots at
various overpotentials were also obtained and understood. It
can be noticed that with the increase in potential, the curves
from the Nyquist plots begin to transform from a straight line
into a slightly semicircle for both 25 and 26. This is because a
high level of potential results in a faster reaction, showing
enhanced activity of CoS electrodes (ie., electrocatalysts 25
and 26).*°

The potentials of 33 and 34 have also been studied in elec-
trocatalysis for the HER.*” When a reductive potential is
applied at a rate of 1 mV per second, nanocatalyst 34 shows

2H,0 + 26" VSt oM™

Scheme 41 Synthetic molecular

generation.

methodology  for hydrogen

Table 1 Current density, overpotential values and Tafel slopes exhibited by various metal sulphides towards the hydrogen evolution reaction (HER)

and oxygen evolution reaction (OER)

Current Overpotential Tafel slope for Overpotential Tafel slope

density towards the the HER towards the for the OER
S. no. Catalyst (mA cm™?) HER (mV) (mV dec™) OER (mV) (mV dec™) Ref.
1. 24 (Cu,Ss) 10 — — 293 67+3 39
2. 25 (CoS S rich) 10 132 159 307 96 40
3. 26 (CoS Co rich) 10 153 154 276 82 40
4. 27 (NiS hexagonal nanocrystals) 50 273 — 389 — 41
5. 28 (NiS hexagonal nanocrystals) 50 259 — 389 — 41
6. 29 (NiS rhombohedral nanocrystals) 50 231 — 371 — 41
7. 30 (CoS obtained from 6) 10 200 126 325 77 42
8. 31 (CoS obtained from 7) 10 232 138 361 67 42
9. 32 (CoS obtained from 8) 10 235 101 339 77 42
10. 33 (NiS) -10 107 71 — — 43
11. 34 (NiPt; coated with NiS) -10 12 31 — — 43
12. 37 (Ag,S) 10 -88 52 — — 45

This journal is © The Royal Society of Chemistry 2025

Dalton Trans., 2025, 54,17360-17382 | 17377


https://doi.org/10.1039/d5dt01892g

Published on 08 October 2025. Downloaded on 4/16/2026 12:21:44 AM.

Perspective

overpotential values of just 12 mV and 73 mV at the HER
current densities of —10 and —100 mA cm™?, respectively.
However, 33 shows the efficiency towards the HER with overpo-
tential values of 107 and 229 mV at current densities of —10
and —100 mA cm?, respectively. The values of Tafel slopes
provide important information to enhance understanding and
compare kinetics. This value is 71 mV dec ™" for 33 and 31 mV
dec™ for 34. Chronoamperometry has also been performed on
33 and 34 coated nickel foam electrodes. Moreover, 34 exhibits
consistent stability over 24 hours at the HER overpotentials of
12 and 75 mV. However, 33 requires a greater overpotential
(107 mV) to maintain a steady current density of —10 mA cm™>
for two days.*

In addition, 37 (i.e., Ag,S nanowires) exhibits strong HER
activity in comparison to the bulk form of Ag,S.*® It is ultrathin
in size. It has high electrocatalytic activity (Scheme 42), a highly
reduced level of resistance, and significantly high durability for
the HER process.”> At 10 mA cm >, it has a substantially
reduced overpotential of —88 mV, while bulk Ag,S has an over-
potential of 242 mV (Scheme 42) at the same current density.
Furthermore, 37 has a Tafel slope value of 52 mV dec™?, indicat-
ing a more effective HER mechanism than the bulk material
(bulk counterpart) for which 141 mV dec ™ is the value of the
Tafel slope. An electrochemical impedance spectroscopic (EIS)
study has also been carried out. The results of this study reveal
that 37 has a lower charge transfer resistance (51.4 Q) than the
bulk material (138.2 Q), indicating greater electrocatalytic
activity. When 37 is subjected to chronoamperometric studies,
it is found to demonstrate outstanding stability, with a
reduction of only 11% in starting current density after 12 hours.
The electrochemically active surface area (ECSA) of 37 is rela-
tively larger than the bulk Ag,S. This is likely to be the main
reason for its enhanced electrocatalytic activity.*

5.2. Oxygen evolution reaction (OER)

24, 25 and 26 are interesting nanosized species for the oxygen
evolution reaction (OER) (Table 1). This reaction involves the

25 (CoS)
Current Density: 10 mA/cm?

Overpotential: 132 mV
Tafel Slope: 159 mV/dec

2H,0 + 2¢” Hp + 20H

37 (Ag2S)
Current Density: 10 mA/cm?
Overpotential: -88 mV
Tafel Slope: 52 mV/dec

Scheme 42 Electrocatalytic HER using nanocatalysts 25 and 37.4%4%
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electrochemical process in which molecular oxygen is gener-
ated (Scheme 43) and evolved.

The potential of nanocatalytic system 24 has been studied
for the OER.*” It is deposited on a highly conducting nickel
foam electrode. The value of the overpotential achieved using
this material is only 293 mV (Scheme 44) to obtain a current
density of 10 mA em™. In the past, CuO and Cu nanoparticles
were synthesised and deposited on NF*° in the same manner
as adopted in the case of 24. The values of Tafel slopes are
used to evaluate the OER kinetics for 24/NF, CuO/NF, and Cu/
NF, which are 67 + 3 mV dec™, 92 + 4 mV dec™, and 146 +
3 mV dec™', respectively. Tafel slope value for 24/NF is lower
than that for CuO/NF and Cu/NF. This indicates that 24/NF
has high ease for electron transport, favourable electrocatalytic
reaction kinetics, and considerable catalytic activity towards
the OER. In addition, 24/NF has a high ECSA (0.89 em?), indi-
cating the presence of more active OER sites, as well as a low
charge transfer resistance. This is also an indication of the
increased charge transport across the electrode/electrolyte and
vice versa. Its long-term durability has been assessed using
chronoamperometry at 1.55 V (vs. RHE) and maintained at a
current density value >10 mA cm™> for 12 hours, demonstrat-
ing the catalyst’s intrinsic stability over a longer run.*®

Moreover, 25 and 26 exhibit the ability to carry out the
oxygen evolution reaction (OER), with overpotentials of
307 mV and 276 mV, respectively.*’ The values of Tafel slopes
for 25 and 26 are 96 and 82 mV dec™", respectively. It can be
observed that the value of the Tafel slope for 26 is lesser than
that of 25. This indicates greater electrocatalytic performance
(Scheme 44) of 26 due to faster electron transfer and OER kine-

Catalyst
2H,0 ———> Oyt aH’

Scheme 43 Synthetic methodology for oxygen generation.
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25 (CoS Sulphur rich nanoplates)
Current Density : 10 mA/cm?
Overpotential : 307 mV
Tafel Slope : 96 mVdec™

24 (CugSs)
Current Density : 10 mA/cm?
Overpotential : 293 mV
Tafel Slope : 67+3 mVdec™

2H,0 0y + 4H"
I/\([\/\
(S
ety ]
CShO>

26 (CoS Cobalt rich nanoplates)
Current Density : 10 mA/cm'
Overpotential : 276 mV
Tafel Slope : 82 mVdec™

Scheme 44 Electrocatalytic OER using nanocatalysts 24, 25 and
26,3940
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tics in this case. Electrochemical impedance spectroscopic
(EIS) measurements at various potentials were also performed
and studied using Nyquist plots. Additionally, 26 has a smaller
semicircle diameter at 0.45 V. This also indicates a reduced
level of charge transport resistance and a quick rate of electron
transfer. As a result, enhanced electrocatalytic performance
and quick electron transfer are observed in the case of 26, and
it shows an improved electrocatalytic performance.*’

5.3. Overall water splitting

27, 28, and 29 have nickel sulphide (NiS) nanoparticles, and
they show electrocatalytic performance (for overall water split-
ting) for the oxygen evolution reaction (OER).*' When the
polarisation curves are compared using linear sweep voltam-
metry (LSV) at a current density of 50 mA cm >, it is noticed
that 29 has the lowest overpotential of 371 mV, while the value
of overpotentials for 27 and 28 is 389 mV. Thus, 29 also has
superior electrochemical stability. Low potential variations of
roughly 5 mV are present between the 1st and 1000th cycles of
LSV at 50 mA cm ™. The combination of low overpotential and
high electrochemical stability demonstrates that 29 is an excel-
lent electrocatalyst for the oxygen evolution process. Similarly,
the electrocatalytic activities of nickel sulphide samples for the
hydrogen evolution processes (HERs) have been investigated
and understood. To obtain a current density of 50 mA cm™?,
29 requires the lowest overpotential of 231 mV, while 27 and
28 have overpotentials of 273 mV and 259 mV, respectively.
Interestingly, 29 outperforms the other samples in terms of
efficiency for both processes, i.e., the OER and HER. It is
worth noting that 27 (with the millerite phase) is the most
efficient in terms of charge storage efficiency. As a result, it
can be concluded that different phases may perform differ-
ently in energy generation and storage applications.**
Nanocatalyst 30-32 has cobalt sulphide (CoS) nanoparticles.
They have also been utilized for the study of overall water split-
ting processes.’” Their electrocatalytic activity for the OER is
investigated, studied and understood using LSV. The polaris-
ation curves demonstrate that 30 has the lowest overpotential
value (325 mV) at a current density of 10 mA cm ™. They have
quick and efficient reaction kinetics in electrocatalytic pro-
cesses. The values of the Tafel slope for 30, 31, and 32 are
77 mV dec™', 67 mV dec”’, and 77 mV dec™’, respectively.
When the nanosized electrocatalyst has small particles, it has
a large active surface area, leading to an improvement in
electrochemical behaviour and characteristics. All the three
species display stable current density during the 18-hour long-
term stability test. Nanocatalyst 30-32 has also been investi-
gated for the hydrogen evolution process (HER). Moreover, 30
is the most effective electrocatalyst for the HER reaction, with
a Tafel slope of 126 mV dec™' and the lowest overpotential of
200 mV at 10 mA cm > The size and surface area of its nano-
particles also have a direct and visible effect on HER efficiency.
For both the OER and HER reactions, 30 exhibits better
efficiency in comparison to 31 and 32. The studies reveal that
30 has a reduced level of over potential of 325 mV for the OER
and 200 mV for the HER at a current density of 10 mA cm™~>.*?

This journal is © The Royal Society of Chemistry 2025

View Article Online

Perspective

6. Challenges and alternative
approaches

Nanocatalytic systems developed utilizing organosulphur com-
pounds offer the advantage of being recyclable and reusable
for multiple cycles without any significant loss in catalytic
activity. Advancements in this field can lead to the develop-
ment of a comparatively stable, highly active, and efficient cata-
Iytic system, as the bonding of sulphur with metal is likely to
create favourable electronic properties on the metal centre
with a stable environment for catalytic reactions. Moreover, the
scope of catalytic systems (developed using organosulphur
compounds) encompasses a wide range of chemical transform-
ations, such as Heck coupling, cross-dehydrogenative coupling
(CDC), Suzuki coupling and O-arylation of phenols. There are
several other chemical transformations to which the use of
such nanocatalysts can be extended. In the field of electrocata-
lysis, although various noble and non-noble metal sulfides
have been utilized, there is still a need for the development of
novel electrocatalytic systems with improved activity for electro-
chemical reactions using organosulphur compounds.
Therefore, diverse approaches can be followed for synthesising
novel organosulphur compounds and for applying them in the
development of nanocatalytic systems. The potential of such
systems in various fields, such as catalysis and electrocatalysis,
can be harnessed at a wider level.

7. Future scope and conclusion

This article focuses on advancements related to the synthesis
and employment of organosulphur compounds in the field of
the development of nanocatalysts and electrocatalysts.
Nowadays, nanocatalysis is a crucial aspect of both academic
and industrial research and development. Nanocatalysts are
obtained using organosulphur compounds using three distinct
methods, specifically the single source precursor route, in situ
generation during homogeneous catalysis of coupling reac-
tions by preformed sulphur ligated palladium complexes, and
the reduction method involving the utilization of organosul-
phur compounds as stabilizers. This article delves into the
applications of nanocatalytic systems in catalyzing various
chemical transformations, including Suzuki-Miyaura coup-
ling, Heck coupling, Sonogashira coupling, O-arylation of
phenol, and cross-dehydrogenative coupling (CDC). It also
highlights their utilization in electrochemical applications,
such as the hydrogen evolution reaction (HER), oxygen evol-
ution reaction (OER), and overall water splitting. This article
provides a critical analysis of these catalytic systems in terms
of the advantages of their use. It also emphasizes the potential
and scope for further extensive and in-depth studies on the
design and application of such catalysts, highlighting the
immense possibilities in the field of catalysis for various other
transformations and electrocatalysis. It has been demonstrated
that small-sized and highly dispersed nanoparticles are more
efficient in catalysis. In the reduction method, when Na,PdCl,
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is used as a precursor, it gives more uniformly dispersed nano-
particles than those obtained using Pd(OAc), and Pd
(MeCN),Cl, as the source of palladium. Therefore, Na,PdCl, is
the better choice in terms of precursor for the development of
palladium containing nanocatalysts using organosulphur com-
pounds as the stabilizers and reduction process as the
method. In the field of catalysis, the use of mainly palladium-
based nanocatalysts has been discussed. There is a scope of
development and use of other metal nanoparticles, such as Ni
and Cu, using similar strategies. The development of such
nanoparticles using the reduction method or the single source
precursor (SSP) route would be interesting. In terms of electro-
catalysis, although various non-noble metal-based nano-
particles have been utilized, Pt and Ag containing nano-
particles outperform other systems. Therefore, there is a gap
that can be filled by developing such non-noble metal-based
nanoparticles, which can perform better than or at par with
noble metal-based catalysts.
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