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Abstract The current work describes the synthesis of a
new bio-waste derived cellulosic-carbon supported-
palladium nanoparticles enriched magnetic nanocatalyst
(Pd/Fe;0,@C) using a simple multi-step process under
aerobic conditions. Under mild reaction conditions, the
Pd/Fe,O,@C magnetic nanocatalyst demonstrated excel-
lent catalytic activity in the Hiyama cross-coupling
reaction for a variety of substrates. Also, the Pd/Fe;0,@C
magnetic nanocatalyst exhibited excellent catalytic activity
up to five recycles without significant catalytic activity loss
in the Hiyama cross-coupling reaction. Also, we explored
the use of Pd/Fe;O,@C magnetic nanocatalyst as an
electrocatalyst for hydrogen evolution reaction. Interest-
ingly, the Pd/Fe;O,@C magnetic nanocatalyst exhibited
better electrochemical activity compared to bare carbon
and magnetite (Fe,O, nanoparticles) with an overpotential
of 293 mV at a current density of 10 mA-cm™2.

Keywords bio-waste, cellulosic-carbon, Pd/Fe;0,,
Hiyama cross-coupling, hydrogen evolution reaction,
recyclability

1 Introduction

Wherever feasible, the bulk of innovation and technology
is currently attempting to shift towards a green and
sustainable approach [1]. Because of growing awareness
of environmental damage, there has been a surge in
interest in creating new approaches to chemical synthesis
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and processing that reduce energy use while also
minimizing emissions [2,3]. Among the approaches to
implementing green chemistry principles, heterogeneous
catalysis can play a vital role in chemical synthesis [4,5].
The ease of recovering and recycling makes the
heterogeneous catalytic systems more cost-efficient and
environmentally friendly [6—8]. Carbon is a major support
that is used as a heterogeneous support for a wide range
of catalyst systems because of its excellent stability,
surface area, porous structure and availability [9—11].

Biomass is a huge source of carbon in nature [12]. A lot
of agricultural residues are usually burnt in the fields,
which results in environmental pollution and are wasted
without being used [13]. Only a small portion of this
biomass is converted into value-added products [14,15].
The major component of bio-mass is cellulose, which is a
bio-polymer [16,17]. Some of the characteristics of
cellulose are biodegradability, ease of availability, non-
toxicity, cost effectiveness, and eco-friendliness [18,19].
Cellulose and the carbon generated from it have been
successfully used in a range of materials science
applications, including heterogeneous catalysis, where the
availability of hydroxyl groups on cellulose can promote
chemical and surface modification [20,21]. The carbon
generated from cellulose is often fibrous, has a high
purity, and is thermally and chemically stable [22]. A
banana pseudostem is a false stem made up of folded leaf
blades and sheaths that encircle the growth point and can
be used as a source of cellulosic biomass [23]. Cellulose
is the main constituent apart from hemicelluloses, pectin,
and lignin [23].

The future of catalysis lies in the innovative design and
development of unique, highly active, and recyclable
nanocomposite catalysts, which will pave the way for
green and sustainable technologies to emerge. Carbon as
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a heterogeneous support has certain limitations, parti-
cularly in terms of recovering the catalyst from the
reaction mass. The inclusion of magnetic nanoparticles
into the carbon support improves the catalyst’s ease and
efficiency of recovery, which in turn increases the
number of recycles [20]. The increased number of recy-
cles is beneficial, particularly when the heterogeneous
catalyst’s active site is a noble metal, which will have a
direct impact on process cost. Pd is one of the most
studied transition metals because it catalyzes the synthesis
of a wide range of C—C coupling reactions, in addition to
being an effective hydrogenation catalyst [24—26]. Cross-
couplings and related reactions, such as the Hiyama
cross-coupling and the Suzuki-Miyaura cross-coupling,
are extremely beneficial in the synthesis of numerous
essential chemicals [27-29]. However, a transition metal
catalyst is required for any of these to proceed at a
reasonable rate. Although other metal centers are capable
of catalyzing the various steps of these reactions in
principle, there is little doubt that Pd catalysts dominate
the scene, to the point where, in addition to their synthetic
application on a laboratory and industrial scale, these
reactions have also become standard procedures for
evaluating the reactivity of Pd species as possible
catalysts [30].

The Pd catalyzed Hiyama cross-coupling reaction has
proven to be an effective approach for generating new
C—C bonds with high chemo- and region-selectivity [27].
The Hiyama cross-coupling reaction involves the Pd-
catalyzed cross-coupling of organo-silanes activated in
the presence of fluoride ions with organic halides, and
was promoted as an efficient method of cross-coupling
without the use of ultra-reactive (organo-magnesium),
toxic (organo-tin), or moisture-sensitive (organo-zinc)
main group organometallic compounds. Because of the
low polarity of the C—Si bond, organosilicon reagents are
inert to standard Pd-catalyzed conditions, unlike other
reagents. Nucleophilic fluoride sources, such as tris(dime-
thylamino)sulfonium difluorotrimethylsilicate [31], tetra-
n-butylammonium fluoride [32], and, in rare circumstan-
ces, KF [33], and CsF [34], were found to be the most
popular additives for Hiyama cross-coupling. Some of the
drawbacks to employing fluoride activation include the
cost and corrosiveness of fluoride ion sources, as well as
their incompatibility with common protective groups.
Several fluoride-free approaches based on alternate
activators or organosilicon reagents have been reported,
strengthening the scientific community’s acceptance of
Hiyama cross-coupling among other C—C bond forming
reactions [35].

Hydrogen production is considered as one of the most
essential prerequisites for the hydrogen economy. In this
context, the hydrogen evolution reaction (HER) provides
an effortless and effective solution to the hydrogen
economy. Pt is considered as the best electrocatalyst for
HER due to its excellent activity and current density, but
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the limited source and high cost constrain its further
development. As an alternative to Pt, Pd remains the best
choice according to the volcano plot and is more effective
and cheaper catalyst when compared to Pt. Considering
the high cost of Pd and to enhance the electroactivity,
numerous support materials have been investigated which
show improved electronic conductivity and surface area.
Li et al. [36] reported Pd coated MoS, nanoflowers as an
efficient heterostructure catalyst for HER. Numerous
strategies have been developed to produce highly
electrocatalytically active Pd-based catalysts, but the cost-
effectiveness of the system has been one of the major
concerns. In this regard, deposition of a small amount of
nanosized Pd on a suitable support catalyst could be an
effective approach to develop a cost-effective catalyst.
The use of various carbon-based support materials such
as carbon black, carbon nanotubes, graphene, carbon fiber
and Vulcan XC-72 have been successfully used to
improve charge transfer and conductivity [3741]. A
limited amount of work has been done on utilizing metal
oxides as a support for electrocatalytic HER.

Herein, we report the utilization of bio-waste derived
cellulosic-carbon  supported-palladium  nanoparticles
(PdNPs) enriched magnetic nanocatalyst (Pd/Fe;0,@C)
using a simple multi-step process under aerobic condi-
tions and its efficient utilization in Hiyama cross-coupling
reaction and electrochemical HER. The Fe,O,@C compo-
site serves as an efficient support for the catalyst which
can provide a large surface area and can be magnetically
separated and recycled.

2 Experimental

2.1 Materials

All the reactions were carried out in oven-dried glassware
with magnetic stirring under aerobic conditions.
FeCl;-6H,0 (99%), FeCl,-4H,0 (99%), K,CO; (99%),
NH,OH (~25%), palladium acetate (Pd(OAc),, 99.98%),
Na,CO; (99%), Cs,CO; (99%), KF (98%), NaOH (97%),
KOH (97%), aryl halides, trimethoxyphenylsilane
((CH;0),SiCH;, 97%), and nafion (= 90%) were
purchased from Sigma-Aldrich and Avra chemical
company which were used without further purification.
Banana waste pseudostem (Musa acuminata, Musaceae
family) was gathered from local farmers in Yeduvana-
halli, Ramanagaram district, Karnataka, India. A silicone
oil bath was used to heat the reaction mass. Thin-layer
chromatography (TLC) on 0.25 mm Merck TLC silica gel
plates with ultra-violet light as a visualizing agent was
used to monitor reactions. Flash column chromatography
using silica gel 60 (230—400 mesh) was used to purify
reaction products. Yields refer to material that is
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chromatographically pure. The elimination of volatile
solvent with a rotary evaporator equipped with a dry
diaphragm pump (1333-1999 Pa), followed by pumping
to a constant weight with an oil pump (40 Pa), is referred
to as concentration in vacuo.

2.2 Characterization

A PerkinElmer Spectrum Two spectrometer was used for
Fourier transform infrared spectroscopy. By physisorp-
tion of N,, Brunauer-Emmett-Teller (BET) surface areas
were obtained using a Microtrac BELSORPMAX equip-
ment by physisorption of N, after degassing the samples
at 180 °C for 2 h. A Perkin Elmer Optima 5300 DV
inductively coupled plasma optical emission spectrometer
(ICP-OES) was used to measure the elemental Pd
concentration of Pd/Fe,O,@C. Images of transmission
electron microscopy (TEM) were taken with a Jeol/JEM
2100 microscope. A JEOL model JSM7100F was used
for field emission scanning electron microscopy
(FESEM) and energy dispersive X-ray spectroscopy
(EDAX). Thermogravimetric (TG) analysis was
performed using a PerkinElmer Diamond TG/DTA at a
heating rate of 10.0 °C-min"! and a N, gas flow rate of
20 mL-min~'. Powder X-ray diffraction (XRD) patterns
were obtained using a Rigaku Ultima-IV XRD system.
The electrochemical studies and the catalytic properties of
the electrode materials were carried out using a 3-
electrode setup with catalysts modified glassy carbon
(GC) electrode (geometric area 0.0706 cm?) as a working
electrode, a Pt wire (diameter of 1 mm) as a counter
electrode and a saturated calomel electrode (SCE) as a
reference electrode. The hydrogen evolution properties
were investigated using the electrochemical characteriza-
tion such as the linear sweep voltammetry (LSV) (Wuhan
Corrtest Instruments Corp., Ltd.) in the potential range
from 0.05 to —0.3 V (vs. SCE) at a scan rate of 5 mV-s!
in 0.5 mol'L”! H,S0,. Electrochemical impedance
spectroscopy (EIS) was carried out in a frequency range
of 0.01 to 0.1 MHz with 5 mV amplitude at a bias
potential of 0.02 V (vs. reversible hydrogen electrode
(RHE)) using CHI660D potentiostat (CH Instruments,
Austin, Texas). All the potentials reported in this work
were converted to the RHE by adding a value of (0.242 +
0.059 x pH) V.

2.3 Isolation of cellulose from waste pseudostem of banana
The delignification process was carried out as per
reported procedure [18,20]. Briefly, the air-dried pseu-
dostem of banana was sliced into small pieces (~250 g)
and placed in a 1000 mL beaker to fill up to 75% of its
volume. The beaker was filled with 800 mL of 8% NaOH
solution. The mixture was then heated on a magnetic
stirrer with a hot plate at 90 °C for 7 h, and during that
time, the colour of the contents turned brown. Following
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delignification, the pulp material was subsequently
filtered through cloth and washed multiple times with
water until it attained neutral pH, before drying in an air
oven at 80 °C. To make cellulose powder, dry cellulose
was powdered.

2.4 Preparation of Fe;O, magnetic nanoparticles

Fe;0, magnetic nanoparticles were prepared by chemical
coprecipitation method as per our previous reports
[42,43]. Briefly, about 2.35 g of FeCl;-6H,0 and 0.86 g
of FeCl,-4H,0 were put into a clean round bottom (R.B)
flask containing 40 mL of water. The mixture was then
maintained in an oil bath at 85 °C for 30 min with
magnetic stirring. After 30 min, added 5 mL of NH,OH
to the mixture to get a black solution. The mixture was
then maintained at 85 °C for further 30 min under
stirring. The reaction mass was then brought to room
temperature and the magnetic Fe,O, nanoparticles were
separated from the reaction mass using an external
magnet, and the contents were rinsed multiple times with
distilled water until the washing reached neutral pH. The
Fe,0, particles were then dried at 60 °C.

2.5 Preparation of Pd/Fe;0,@C magnetic nanocatalyst

Weighed and transferred 100 mg of Pd(OAc),, 0.25 g
Fe;0,4, and 1 g of cellulose powder into a 100 mL beaker
with a magnetic stir bar. To this beaker, added a
minimum quantity of ethylene glycol solvent and kept it
in an oil bath for one hour under stirring. The reaction
mass turned dark, showing the formation of PANPs. The
contents of the beaker were then transferred to a silica
crucible and heated at 300 °C for 4 h inside the muffle
furnace. It was then allowed to cool to room temperature
before being powdered and weighed to obtain the
Pd/Fe;0,@C magnetic nanocatalyst.

2.6 General procedure for Hiyama cross-coupling reaction

Aryl halide (1 equiv.), organosilane (1.5 equiv.), Na,CO,
(3 equiv.), and Pd/Fe;0,@C magnetic nanocatalyst (0.2
mol% Pd) were added to a clean round-bottom flask.
Ethylene glycol was then added to the reaction mixture.
After that, the contents of the round-bottom flask were
sonicated for 30 s to make the reactants uniform. The
sonicated mixture was then kept in an oil bath at 100 °C
under stirring until the reaction was complete, which was
monitored using the TLC technique. After the reaction
completion, Pd/Fe;O,@C magnetic nanocatalyst was
separated using an external magnet, washed with meth-
anol and dried and kept for further use. The reaction mass
was then passed through a celite bed to remove any
suspended particles. Dichloromethane and distilled water
were added and the product was extracted in dichlorome-
thane. The organic layer was then dried with sodium
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sulphate and then evaporated to get the crude product. All
of the cross-coupled products synthesized were known
compounds, which were confirmed by comparing them to
the TLC of standard products and by 'H NMR (nuclear
magnetic resonance, cf. Electronic Supplementary
Material, ESM).

2.7 Electrode preparation

The electrocatalyst ink was prepared using 2 mg of
Pd/Fe;0,@C magnetic nanocatalyst and dispersed in a
mixture of 200 pL isopropanol, 10 puL Nafion solution
and ultrasonicated at high frequency for 30 min. The
cleaned GC electrodes were casted with 5 pL of the
Pd/Fe;0,@C magnetic nanocatalyst and dried in oven for
few hours. All the electrode materials were casted on the
GC electrodes with 3 mm diameters. Prior to modifica-
tion, the GC electrodes were polished with different
particle sizes (1, 0.3, and 0.05 um) of alumina particles to
ensure proper cleaning. Then the electrodes were rinsed
with deionized water and further sonicated in ethanol-
water mixture for 10 min. All the electrochemical
measurements were carried out at room temperature in
0.5 mol-L™! aqueous H,SO, solution as the supporting
electrolyte.

3 Results and discussion

3.1 Synthesis of Pd/Fe;O0,@C magnetic nanocatalyst

A facile multistep synthesis method was used to synthe-
size the Pd/Fe,O,@C magnetic nanocatalyst. Following a
previously described base hydrolysis procedure, the
cellulose was isolated from the bio-waste pseudostem of
the banana plant, which was subjected to carbonization to
form the cellulosic-carbon [18]. The added benefits of
cellulose include its easy availability, low cost, and
biodegradability, as well as the greater stability and purity
of the fibrous carbon formed from it. The primary
motivation for using magnetite in this catalytic system
was to improve the efficiency of recovering the catalyst
after the reaction, thereby increasing the recycling. A

Dried and chopped stem Cellulose

* Banana plant
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coprecipitation strategy was used to synthesize magnetite.
The graphical representation of the synthetic technique
used to make the Pd/Fe;O,@C magnetic nanocatalyst is
shown in Fig. 1.

Before being mixed with ethylene glycol solvent,
cellulose powder, Fe;O,, and Pd(OAc), were combined in
a 1:0.25:0.1 ratio. The polyol process occurs when heated
to 100 °C with stirring, resulting in the reduction of Pd**
to Pd® nanoparticles [20]. Furthermore, as described by
Gu et al. [44,45] recently, there is a possibility that the
cellulose present can function as a reducing and
stabilising agent, but the reduction process by cellulose
may occur in a lesser proportion here due to the presence
of excess ethylene glycol. The reduction process can be
observed by a shift in colour from brown to black. After a
one-hour reduction process, the reaction mass was
calcined in a silica crucible at 300 °C for four hours.
Cellulose will be aromatized and depolymerized, result-
ing in the creation of cellulosic-carbon shielding PdNPs
as well as Fe;O, during calcination. After grinding the
product to make a homogeneous powder of Pd/Fe,O,@C
magnetic nanocatalyst, it was used for further studies.

3.2 Structural characterization

After the successful preparation of the Pd/Fe,O,@C
magnetic nanocatalyst, various physico-chemical charac-
terizations were carried out to confirm the structure and
properties of the catalyst (Figs. 2 and 3). The Pd/Fe;0,@
C magnetic nanocatalyst was subjected to FTIR analysis
in order to validate the presence of several functional
groups. The FTIR spectrum of cellulosic-carbon and the
synthesized Pd/Fe;O,@C magnetic nanocatalyst are
shown in Fig. 2(a). In the cellulosic-carbon FTIR spect-
rum, the aromatic C=C stretching is responsible for the
band at 1592 cm™!. Aromatic C=C is formed through the
aromatization of cellulose, as well as its dehydration
and ring opening, which occurs at 300 °C. The band at
2927 ecm! shows the aliphatic C—H stretching and the
band at 1056 cm™' can be attributed to the C—O-C
skeletal vibrations of the pyranose ring. Characteristic
bands at 601 and 638 cm™! of Fe—O stretching vibrations
can be seen in the FTIR spectrum of the Pd/Fe;O0,@C
magnetic nanocatalyst (Fig. 2(a)). Fe—~OH stretching is

0 CH,
H,C )J\O/P dﬁ/&o

Palladium acetate

—4
Ethylene glycol, 100 °C;
300°C, 4 h
Fe~
| S0
O\Fe/O
Fe,0,

Fig.1 Schematic representation of synthesis of Pd/Fe;O,@C magnetic nanocatalyst.
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Fig. 2 (a) FTIR spectra of cellulosic-carbon and Pd/Fe;0,@C magnetic nanocatalyst; (b) N, adsorption—desorption curve and BJH
pore size distribution plot (inset) of Pd/Fe;0,@C magnetic nanocatalyst; (c) XRD pattern of Pd/Fe;O,@C magnetic nanocatalyst;

(d) TG curve of Pd/Fe;0,@C magnetic nanocatalyst.

20 nm

Fig.3 (a) TEM image, (b) the size distribution histogram and (c) SAED pattern of Pd/Fe;O,@C magnetic nanocatalyst; FESEM

20:pm

images of (d) cellulosic-carbon, (e) Pd/Fe;O,@C magnetic nanocatalyst and (f) EDAX spectrum and elemental mapping of

Pd/Fe;0,@C magnetic nanocatalyst.

characterized by the band at 832 cm™', whereas O-H
stretching and bending vibrations are signified by the
bands at 3435 and 1318 cm'. The C-O stretching
vibration of the Pd/Fe;0,@C magnetic nanocatalyst is
observed at 1045 cm™', while the free C—H bending
vibration is observed at 442 cm™'. Furthermore, the bands

at 1614 and 1410 cm™', which match the Pd—C character-
istic bands, confirm the formation of a Pd/Fe;O0,@C
magnetic nanocatalyst.

The characteristics of the synthesized
Pd/Fe;0,@C magnetic nanocatalyst were investigated
using BET analysis. The N, adsorption—desorption isotherm

surface
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for the Pd/Fe;O0,@C magnetic nanocatalyst is shown in
Fig. 2(b), and it has a characteristic type-IV isotherm with
a tiny hysteresis loop. The Pd/Fe,O,@C magnetic
nanocatalyst was found to have a BET surface area of
98.4 m*>g!. According to the Barrett—Joyner—Halenda
(BJH) pore size distribution plot, the pore diameter and
pore volume of the Pd/Fe;O,@C magnetic nanocatalyst
were 12.2 nm and 0.31 cm® g, respectively (inset of
Fig. 2(b)).

The XRD pattern of the Pd/Fe;O,@C magnetic
nanocatalyst was investigated (Fig.2(c)). The result
indicates a cubic spinel structure with peaks attributed to
Fe O, at 20 30.06°, 35.66°, 43.34°, 54.62°, 57.22°, and
62.9° corresponding to reflection planes of (220), (311),
(400), (422), (511), and (440) respectively. Three peaks at
20 40.04°, 46.5° and 70.46° corresponding to lattice
planes (111), (200) and (220) respectively, of PdNPs
were also observed, which confirms the face centered
cubic crystal structure for PANPs. Another prominent
peak at 33.77° indicates the presence of hematite in the
Pd/Fe;0,@C magnetic nanocatalyst, which could have
formed during the calcination process. Thus, XRD
analysis confirms the presence of both Fe;O, and PdNPs.
Also, the crystallite size of the Pd/Fe;O,@C magnetic
nanocatalyst was found to be 11.38 nm by the Scherrer
equation.

The thermal stability of the synthesized Pd/Fe,O,@C
magnetic nanocatalyst was tested using TG analysis, and
the TG curve is shown in Fig. 2(d). The elimination of
physically adsorbed moisture and solvents, if any, is res-
ponsible for the initial weight loss observed up to 150 °C.
The breakdown of cellulosic-carbon can cause steady
weight loss in the temperature range of 150 to 500 °C.
The elimination of the carbonaceous material contained in
the Pd/Fe;0,@C magnetic nanocatalyst can be linked to a
rapid fall in weight percentage from 500 °C onwards.

The morphology and size of the Pd/Fe;0,@C magnetic
nanocatalyst were investigated using TEM (Fig. 3(a)).
The Pd/Fe,0,@C magnetic nanocatalyst possesses quasi-
spherical nanoparticles dispersed on cellulosic-carbon
surfaces, according to TEM images. The average particle
size of the Pd/Fe;0,@C magnetic nanocatalyst was found
to be ~14-15 nm from the size distribution histogram
(Fig. 3(b)). The selected area electron diffraction (SAED)
pattern exhibits gritty spots in bright field, validating the
poly crystalline structure of the Pd/Fe;0,@C magnetic
nanocatalyst (Fig. 3(c)). Figures 3(d) and 3(e) display
FESEM images of cellulosic-carbon from banana
pseudostem, and Pd/Fe;O,@C magnetic nanocatalyst
respectively. The Pd/Fe,O,@C magnetic nanocatalyst is
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made up of homogenous nanometer-sized spherical Pd
and Fe,0, particles, whereas the FESEM picture of bare
cellulosic-carbon shows fibrous morphology without any
nanoparticles dispersed on them. The produced
Pd/Fe;0,@C magnetic nanocatalyst is highly dissemin-
ated and narrowly distributed. The EDAX analysis reveal-
ed the presence of all components in the Pd/Fe;O0,@C
magnetic nanocatalyst (Fig. 3(f)) with typical signals of
C, O, Fe, and Pd as major elements. We can also confirm
that all of the elements are spread nearly evenly using
elemental mapping. ICP-OES analysis was used to
determine the exact Pd content of the Pd/Fe;O0,@C
magnetic nanocatalyst. The Pd/Fe;0,@C magnetic nano-
catalyst has a Pd concentration of 27.87% w/w and Fe
concentration of 37.22% w/w, according to ICP-OES
analysis.

3.3 Catalytic activity study of the Pd/Fe;O,@C magnetic
nanocatalyst in the Hiyama cross-coupling reaction

After spectroscopic and microscopic structural character-
isation of the synthesized Pd/Fe;0,@C magnetic nano-
catalyst, its catalytic activity as an active and stable
magnetically separable nanomagnetic catalyst in the
Hiyama cross-coupling reaction was investigated. As
illustrated in Scheme 1, the reaction conditions were
optimised using a model Hiyama cross-coupling reaction
between p-iodoanisole and trimethoxyphenylsilane. As
indicated in Table 1, the reaction parameters were tuned
by a series of reactions. The best yield was obtained using
Na,CO, base, ethylene glycol solvent, and 0.2 mol%
Pd/Fe;0,@C magnetic nanocatalyst at 100 °C (Table 1,
entry 12).

To further understand the performance of the
Pd/Fe;0,@C magnetic nanocatalyst, we explored the role
of solvents in the Hiyama cross-coupling process for the
model reaction in several solvents such as ethylene
glycol, 1,4-dioxane, acetonitrile, and toluene. The results
showed that the reaction worked best with the polar protic
solvent ethylene glycol, whereas other solvents such as
1,4-dioxane, acetonitrile, and toluene produced lower
yields (Table 1, entries 5-7). To better evaluate the
performance of the Pd/Fe;0,@C magnetic nanocatalyst
with different bases on the Hiyama -cross-coupling
reaction, the model reaction was carried out using various
bases such as NaOH, KOH, Na,CO;, K,COj;, and Cs,CO,
(Table 1, entries 9—13). Although all of the bases were
shown to be effective, Na,CO, was picked as the optimal
base due to its mildness and inexpensiveness when
compared to other harsh bases. The reaction temperature

HRCOOI + QSKOCHQ@

Pd/Fe,0,@C

s » H.CO
Solvent,time =R
temperature

Scheme 1 Hiyama cross-coupling reaction between p-iodoanisole and trimethoxyphenylsilane in the presence of Pd/Fe;0,@C

magnetic nanocatalyst.
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Table 1 Optimization of reaction conditions for Hiyama cross-coupling reaction of p-iodoanisole with trimethoxyphenylsilane in presence of the

Pd/Fe;0,@C magnetic nanocatalyst 2)

Entry Base Solvent Pd/mol% Temperature/°C Time/h Yield/% ®
1 NaOH Ethylene glycol - 100 1 -
2 NaOH Ethylene glycol 0.3 100 0.25 90
3 NaOH Ethylene glycol 0.2 100 0.5 90
4 NaOH Ethylene glycol 0.1 100 0.5 40
5 NaOH 1,4-Dioxane 0.2 100 0.5 20
6 NaOH Acetonitrile 0.2 80 0.5 20
7 NaOH Toluene 0.2 100 0.5 35
8 NaOH Ethylene glycol 0.2 80 0.5 45
9 NaOH Ethylene glycol 0.2 120 0.25 92
10 KOH Ethylene glycol 0.2 100 0.5 80
11 K,CO, Ethylene glycol 0.2 100 0.5 80
12 Na,CO, Ethylene glycol 0.2 100 0.5 90
13 Cs,CO4 Ethylene glycol 0.2 100 0.5 85

a) Reaction condition: p-iodoanisole (1 equiv.), trimethoxyphenylsilane (1.5 equiv.), base (3 equiv.) and solvent (5 mL) in air; b) isolated yield.

has a significant impact on the Hiyama cross-coupling
reaction. At reaction temperatures above 100 °C, a
significant conversion rate was found and there was a
decrease in the yields at lower reaction temperatures
(Table 1, entries 7-9). As a result, the reactions were
carried out at a temperature of 100 °C. In the Hiyama
cross-coupling reaction, the catalyst quantity plays a
crucial role. We conducted the model Hiyama cross-
coupling reaction with varied amounts of Pd/Fe;O0,@C
magnetic nanocatalyst, ranging from 0.1 mol% Pd to 0.3
mol% Pd, in order to determine the suitable quantity of
Pd/Fe;0,@C magnetic nanocatalyst (Table 1, entries
2-4). With 0.2 mol% Pd in the Pd/Fe,O,@C magnetic
nanocatalyst, a greater conversion rate was achieved.

The Pd/Fe;0,@C magnetic nanocatalyst was used in
Hiyama cross-coupling for a variety of aryl bromides
and aryl iodides using optimized reaction conditions
(Scheme 2) and the findings are summarized in Table 2.
When aryl halides were substituted with an electron-
donating group, the yield was lower than when the
electron-withdrawing substituent was used. All of the aryl
iodides produced satisfactory to excellent results. Aryl
bromides, on the other hand, produced a lower yield, with
the exception of bromobenzene and 4-bromotoluene
(Table 2, entries 9 and 14). This is due to the fact that
iodides are less electronegative than bromides. These
findings corroborated our Pd/Fe;O,@C magnetic nano-
catalyst's excellent performance in the Hiyama cross-
coupling reaction.

A comparative catalytic activity study of the
Pd/Fe;0,@C magnetic nanocatalyst with a previously
reported nanocatalyst with an almost similar Pd loading

Si(OCH,),

was performed (Table S1, cf. ESM) in the Hiyama cross-
coupling reaction [20]. It was found that the catalytic
activity of the Pd/Fe,O,@C magnetic nanocatalyst in
Hiyama cross-coupling was better than that of the Pd-
MNP@SCB, which can be attributed to the slightly
higher availability of active Pd sites. Further, to
understand the advantages of the Pd/Fe;0,@C magnetic
nanocatalyst in the Hiyama cross-coupling reaction when
compared with other reports, we have compared the
results and reaction conditions and summarized them in
Table S2 (cf. ESM). By the comparison of activities, we
can clearly understand that the Pd/Fe;0,@C magnetic
nanocatalyst has comparable yields at the same time the
reaction is completed in less time with comparatively
lower catalyst loadings.

3.4 Recyclability study of the Pd/Fe;0,@C magnetic
nanocatalyst

The model Hiyama cross-coupling reaction was chosen
for the recyclability study using Pd/Fe;O,@C magnetic
nanocatalyst and the result obtained is depicted in Fig. 4.
The Pd/Fe,O,@C magnetic nanocatalyst was retrieved
from the reaction mixture using an external magnet after
the reaction was completed, and was utilized in the next
run after washing with distilled water, followed by
methanol wash and drying. According to the results
obtained, the Pd/Fe,O,@C magnetic nanocatalyst may be
recycled up to five times without losing significant yield.
There is a considerable reduction in catalytic activity
from the sixth recycle forward. The activity loss can be
ascribed to the palladium leaching from the Pd/Fe;O0,@C

Pd/Fe,0,@C
Na,CO, / \
:
Ethylene glycol R/

100 °C

Scheme 2 Hiyama cross-coupling reaction in the presence of Pd/Fe;O,@C magnetic nanocatalyst.
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Table 2 Hiyama cross-coupling reaction between aryl halides and trimethoxyphenylsilane catalyzed by Pd/Fe,0,@C magnetic nanocatalyst ¥

Entry Aryl halide Product Time/min Yield/% ®
I
5 ©i 15 92
F F
, OENQ—& ozN 0 6
H,C H,C
(0] (0]
10 ozN@l oqN 0 o8
H H
(6] (6]
12 90 50
(6] o
H H
HO HO
O o
(0]
(0]
15 O O 240 70

o~}
=

a) Reaction conditions: aryl halide (1 equiv.), trimethoxyphenylsilane (1.5 equiv.), base (3 equiv.), Pd/Fe;0,@C magnetic nanocatalyst (0.2 mol% of Pd

with respect to aryl halide) and solvent (5 mL) in air; b) isolated yield.

magnetic nanocatalyst. The Pd/Fe;O0,@C magnetic nano-
catalyst was analyzed using FTIR and FESEM techniques
after five recycles to understand the structural and
morphological changes that might have happened during
the reaction (Fig. 5). The FTIR spectrum of five times
recycled Pd/Fe;0,@C magnetic nanocatalyst (Fig. 5(a))
indicates there is slow disintegration in the chemical

composition of the catalyst when compared with the fresh
one. The FESEM images of five times recycled
Pd/Fe;0,@C magnetic nanocatalyst (Figs. 5(b) and 5(c))
reveal that the morphology of the Pd/Fe,O,@C magnetic
nanocatalyst does not change significantly even though
there is some enhancement in the agglomeration of
particles after five recycles.
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Fig. 4 The recycling efficiency of the Pd/Fe;O,@C magnetic
nanocatalyst in the model Hiyama cross-coupling reaction.
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Fig.5 (a) FT-IR spectra of fresh and five times recycled
Pd/Fe;0,@C magnetic nanocatalyst; (b, c) FESEM images of
Pd/Fe;0,@C magnetic nanocatalyst after five recycles.

3.5 Leaching study

A leaching experiment on the model Hiyama cross-
coupling reaction was conducted to further demonstrate
the heterogeneity of the Pd/Fe,O,@C magnetic nano-
catalyst. Initially, a calculated quantity of Pd/Fe,O,@C
magnetic nanocatalyst was added to the solvent system
containing the base and agitated at 100 °C for 1 h. The
Pd/Fe;0,@C magnetic nanocatalyst was subsequently
separated and the aryl halide and organosilane were
added to the same reaction mass and stirred. The absence
of any product formation confirmed by reaction
monitoring even after 2 h at optimized reaction conditions
proved that the reaction mass did not contain any leached-
out palladium. In addition, the ICP-OES analysis was

Front. Chem. Sci. Eng. 2022, 16(10): 1514—1525

performed on the above reaction mass and the palladium
content obtained was < 0.01 x 10® which further proves
the lack of Pd in this reaction mass. It is therefore
possible to conclude that the Pd/Fe,O,@C magnetic
nanocatalyst is heterogeneous in nature. The abundance
of functional groups on the biomass carbon can be
attributed to the electrostatic attachment of PANPs in the
Pd/Fe;0,@C magnetic nanocatalyst and thereby prevent-
ing the leaching out of the active centers.

3.6 Electrocatalytic performance

To evaluate the electrocatalytic activities of the as
synthesized Pd/Fe;O0,@C magnetic nanocatalyst as an
electrocatalyst for HER (Fig. 6), LSV was carried out in
0.5 mol-L™! H,SO, at a scan rate of 5 mV-s™!, as shown
in Fig. 6(a). For comparison, the contribution of bare
carbon and Fe,O, towards HER were studied (inset of
Fig. 6(a)). Figure 6(a) shows an overpotential of 229 mV
at current density of 5 mA-cm2 and 293 mV at current
density of 10 mA-cm2 for Pd/Fe,0,@C magnetic nano-
catalyst vs. RHE. When compared to the Pd/Fe;O,@
C magnetic nanocatalyst, the current density for bare C
and Fe;0,@C was relatively low, indicating that the
latter had less activity in the HER. The presence of a
small amount of Pd in the composite enhanced the electro-
catalytic activity. The Tafel slope was calculated from the
slope of the overpotential vs. logarithmic current density
and was found to be 227.05 mV-dec™! for the Pd/Fe;0,@
C magnetic nanocatalyst (Fig. 6(b)). EIS was carried out
to obtain further insights into the catalytic activity as
shown in Fig. 6(c). The Nyquist plot shows a large charge
transfer of 712 Q for the bare GC electrode. In the case of
bare Fe,O,@C support, a charge transfer resistance of
204 Q was obtained; whereas the Pd/Fe;O,@C magnetic
nanocatalyst displayed a low charge transfer resistance,
which could be attributed to the presence of a trace
quantity of PdNPs in the hybrid composite. This
improved charge transfer property resulted in better
electrocatalytic activity towards HER. A comparison of
the electrochemical activity of Pd/Fe;0,@C magnetic
nanocatalyst with different supports has been tabulated in
Table S3 (cf. ESM). From comparison data, it can be
understood that palladium-based catalysts generally show
high activity towards HER and our catalyst also shows
activity which is comparable with other systems.

4 Conclusions

In summary, the carbonized pseudostem of banana and
synthesized magnetite nanoparticles were used as a
recyclable support for PANPs in the Hiyama cross-
coupling reaction as well as in electrocatalysis, resulting
in an efficient and green nanocatalyst. Spectroscopic,
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Fig. 6 Electrochemical measurements of the electrocatalyst (a) polarization curves of pure bare carbon, Fe;O0, and Pd/Fe;0,@C
heterostructure. (b) Tafel plots for Pd/Fe;0,@C and (c) EIS of glassy carbon, Fe;O, and Pd/Fe;0,@C heterostructures.

microscopic, thermal, and surface investigations were
carried out to characterize the produced Pd/Fe,O0,@C
magnetic nanocatalyst. The present approach stresses the
utilization of waste banana pseudostem as a carbon
source, avoiding poisonous and dangerous chemicals as
catalyst support. Furthermore, the Hiyama cross-coupling
reaction was performed without using any fluoride
source. The organic transformation yields were compara-
ble to previously published catalytic systems, and in some
cases, outperformed them. The proposed method also has
the benefits of green synthesis, ligand-free conditions,
and recyclability. Interestingly, the as synthesized
Pd/Fe;0,@C magnetic nanocatalyst showed an overpoten-
tial of 293 mV at 10 mA-cm™2 with a Tafel slope of
227.05 mV-dec™!, which was better than its counter parts.
The Pd/Fe;O,@C magnetic nanocatalyst showed lower
charge transfer resistance and good electrochemical
activity as an electrocatalyst for HER. Thus, the
Pd/Fe;O0,@C magnetic nanocatalyst was successfully
investigated for its dual role in the C—C coupling reaction
and the HER.
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