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ABSTRACT: The effective utilization of solar energy in synthetic organic chemistry has
gained extensive attention owing to its enormous energy and environmentally benign nature.
In this context, we designed and synthesized a magnetically retrievable, sole palladium (Pd)-
supported polydopamine-coated core@shell (NiFe,0,@TiO,) heterogeneous nanophoto-
catalyst for Suzuki and Sonogashira coupling reactions under sunlight irradiation. The
synthesized catalyst was characterized by powder X-ray diffraction (PXRD), Fourier-
transform infrared, UV—vis, scanning electron microscopy, energy-dispersive X-ray
spectroscopy, transmission electron microscopy, X-ray photoelectron spectroscopy, and
vibrating sample magnetometer analysis. The photocatalytic activity of the synthesized
nanocatalyst under sunlight irradiation was assessed for both Suzuki and Sonogashira
coupling reactions, where it worked excellently well with a high yield of the product up to 98
and 96%, respectively. Its efficacy was also investigated in the conversion of substituted
substrates in both the coupling reactions into desired biaryls and diarylacetylenes. Unique
features of the synthesized catalyst are (i) its effective performance for both the aforesaid coupling reactions under ambient reaction
conditions for a short reaction time in polar protic solvents (ethanolic water/EtOH) with good yield without any byproduct, (ii)
magnetic retrieval of the catalyst from the reaction mixture employing an external magnet is an added advantage, and (iii) the
retrieved catalyst could potentially be reutilized for up to five consecutive runs without appreciable diminution of catalytic efficacy,
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and its stability was confirmed by inductively coupled plasma optical emission spectroscopy analysis and XRD.

1. INTRODUCTION

Solar energy has considerable potential as a green energy
resource owing to its superabundance, cost efliciency, and non-
polluting nature. The use of sunlight to carry out chemical
reactions, frequently named photo-catalysis, is a significant
method to harness solar energy.' ™ It shows good potency in a
number of chemical processes such as photocatalytic
degradation of pollutants, photocatalyzed organic reactions in
the presence of various nanostructures, and so forth.*”® Two
important phenomena in the photocatalysis process are
efficient photogeneration of the electron—hole (e™—h") pair
and their separation.”® The use of photo-generated holes or
electrons for oxidation or reduction of organic molecules is an
important aspect in light-driven chemical reactions. Regardless,
the simultaneous application of both the photo-generated e™—
h" pairs for organic chemical reactions provides an outstanding
catalytic perspective for cost-efficient and environmentally
benign synthesis. Very limited reports are available on this
aspect, and it has grabbed the attention of researchers to take it
as a challenge in synthetic organic chemistry.””"’

Organic reactions involving C—C bond coupling (Suzuki
and Sonogashira) are extremely significant with convenient
approaches in synthetic organic chemistry in the preparation of
natural products, pharmaceutical drugs, functional conjugated
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organic molecular materials, and so forth.">™'> The traditional
way of carrying out coupling reactions is the homogeneous
catalysis using Pd/Pd complexes.'® The notable limitations
associated with the homogeneous Pd/Pd complex catalyst are
its non-reusability, air and water sensitivity, and product
contamination by residual Pd/ligands, thus making it
inseparable.'” These limitations accompanying the homoge-
neous catalysis motivated the scientific community to develop
novel approaches in the form of heterogeneous catalysis with a
focus on catalyst recovery and reuse.'®”>' Thus, development
of eco-friendly heterogeneous photocatalysts for various
organic coupling reactions with excellent stability, reusability,
separability, and activity under ambient reaction conditions is
crucial for synthetic organic applications.”>*’

For the efficacious harvest of solar energy, several photo-
catalysts have been developed. TiO, is a well-known
photocatalyst, but its usage is restricted due to a wide band
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gap (3.2 eV) that falls in the UV region. Due to environmental
concerns, there is an urgency to perform the photocatalytic
activity under visible light irradiation.”*>® Consequently, the
photocatalyst that absorbs visible light and that can be easily
separable from the reaction mixture is the pressing priority.
Incorporating magnetic materials into solid matrices is the best
choice that enables the integration of prominent methods for
both photo-catalysis and magnetic separation.”” Among the
magnetic materials, spinel ferrites have extraordinary properties
such as a low band gap, good stability against photo-corrosion,
unique superparamagnetic nature, easy preparation, low cost,
high adsorption capacity, and so forth.”® Among the magnetic
spinel ferrites, NiFe,O,, as an n-type semiconductor with a low
band gap (~1.63 €V), has attracted much attention due to its
effective light absorption capacity and stable physical and
chemical properties. In accordance with the aforesaid facts, it is
expected and reported that the integration of TiO, (high band
gap) with NiFe,O, (low band gap) leads to a core—shell
material with a tuned band gap for visible light absorption. The
resulting material thus possesses better magnetic separation for
use as a good photocatalyst.””*

To make this photocatalyst suitable for Suzuki and
Sonogashira coupling reactions, we propose incorporating Pd
nanoparticles (NPs) onto the NiFe,0,@TiO, core@shell
material owing to the effectiveness of Pd in catalyzing the
coupling reactions. For the past few years, it has been reported
that the supported Pd NPs have been explored to be a
substitute for Pd complexes as a catalyst to overcome its
limitations.”’ ~** For good binding of Pd particles on the
surface of the catalyst, it is an established fact that
polydopamine (PDA) could be used as a universal surface
modifying agent. It is because of the fact that PDA can form
coordinate bonds with transition metal ions via its N- and O-
binding sites, which can easily be reduced to metal NPs. Thus,
it results in the formation of metal-supported PDA that could
be used as an effective catalyst.”> >

Reports on the availability of a sunlight-driven sole magnetic
photocatalyst under ambient conditions for both Suzuki and
Sonogashira coupling reactions are scarce. Hence, in the
present work, we propose to synthesize Pd(0) NPs supported
on PDA-coated NiFe,0,@TiO, (NiFe,0,@TiO,@PDA-Pd)
as a nanophotocatalyst for C—C coupling reactions. Pd(0) NPs
can be supported on the NiFe,O,@TiO,@PDA material via a
simple method involving immersion of Pd(II) ions in
NiFe,0,@TiO,@PDA followed by their reduction with
sodium borohydride. In Suzuki and Sonogashira coupling
reactions, this catalyst is expected to exhibit effective photo-
catalytic activity under sunlight absorption and is validated in
the present work. Furthermore, the NiFe,O,@TiO,@PDA-Pd
can be easily separated with an external magnet for its
reusability, without appreciable loss in catalytic efficacy.

2. EXPERIMENTAL SECTION

2.1. Materials. Ferric nitrate (Finar, 99%); nickel nitrate
(Finar, 99%); titanium(IV) isopropoxide (Sigma-Aldrich,
99%); dopamine hydrochloride (98%); PdCl, (Sigma-Aldrich,
99%); NaBH, (Finar, 99%); NaOH (Finar, 96%); HNO,
(Finar, 69%); methanol (MeOH, Finar, 99%); ethanol (EtOH,
Finar, 99%); ethyl acetate (EtAC, Finar, 99%); and n-hexane
(Finar, 98%) were used as starting materials, and double
distilled (DD) water was used all through the experiments.

2.2. Synthesis of NiFe,0, NPs. Nickel ferrite (NiFe,0,)
NPs were synthesized using the hydrothermal method. In this

method, Ni(NO;),:6H,0 and Fe(NO;);-9H,0 were taken in
a 1:2 ratio and dissolved in 40 mL of DD water. A clear
solution was obtained after 15 min of stirring at room
temperature (RT). The pH of the solution was adjusted to 12
using 2 M NaOH solution with continuous stirring for 30 min.
The resulting solution was placed in a stainless-steel autoclave
and was heated at 180 °C for 12 h. Then, it was allowed to
cool to RT. The attained product was washed three times with
DD water and ethanol, followed by drying in an oven at 60 °C.
Finally, it was subjected to calcination at 800 °C for 2 h. Thus,
NiFe,0, NPs were prepared.

2.3. Synthesis of NiFe,0,@TiO, (core@shell) NPs.
Initially, 1 g of synthesized nickel ferrite (NiFe,O,) was
dispersed in 50 ml of methanol. The mixture was magnetically
stirred for 15 min. 2.5 g of titanium tetraisopropoxide [yield of
TiO, (anatase): 1 g] was then introduced into the mixture and
stirred for 10 min, followed by the addition of 10 mL of DD
water. After 10 min, HNO; was added slowly to maintain the
pH of the solution at 2. The resulting solution was
continuously stirred for 90 min, turning into a gel-like material.
The gel was dried in an oven at 60 °C for 1 h and calcined at
500 °C for 2 h. NiFe,O,@TiO, NPs were thus prepared.

2.4, Surface Modification of NiFe,0,@TiO, with PDA.
1 g of synthesized NiFe,0,@TiO, NPs was added to 500 mL
of Tris buffer (10 mM, pH 8.5). 1 g of dopamine was then
introduced into the resulting solution. The resulting mix was
mechanically stirred at RT for 24 h. During the process,
dopamine was polymerized to PDA and got coated over
NiFe,0,@TiO,, resulting in the formation of NiFe,O,@
TiO,@PDA NPs. PDA-coated NiFe,O,@TiO, was separated
employing an external magnet at the end of the reaction and
was washed with DD water and ethanol, followed by drying in
an oven at 40 °C to form the surface-modified NiFe,O,@TiO,
with PDA.

2.5. Synthesis of the NiFe,0,@TiO,@PDA-Pd Catalyst.
1 g of synthesized NiFe,0,@TiO,@PDA was dispersed in 200
mL of DD water for 20 min. Subsequently, 0.05 g of PdCI, in
20 mL of water was introduced into the reaction mixture with
stirring for 24 h. Consequently, with vigorous stirring, 0.05 g of
NaBH, was added to the reaction mixture. During the process,
PA(II) got reduced to Pd(0) and deposited on NiFe,0,@
TiO,@PDA. After 1 h of stirring, the resulting Pd-supported
NiFe,0,@TiO,@PDA (NiFe,0,@TiO,@PDA-Pd) was iso-
lated with the aid of an external magnet, washed thoroughly
with DD water, and then dried at 60 °C under vacuum for 12
h.

2.6. Photocatalytic Suzuki Coupling Reaction. The
photocatalytic activity of the prepared catalyst for a typical
Suzuki coupling reaction (SCR) between aryl halides and
arylboronic acid was investigated. In this process, aryl halides
(1 mmol), arylboronic acid (1.5 mmol), K,CO; (2.5 mmol),
and the NiFe,0,@TiO,@PDA-Pd catalyst (5 mg) were mixed
in a round-bottom (RB) flask with 3 mL of EtOH and H,O as
a solvent in a 1:1 volume ratio. The reaction mixture was
continuously stirred under direct sunlight from 11.00 am to
3.00 pm. The average intensity of the sunlight was measured to
be 50—60 mW/cm® using a Newport Optical Power Meter
(model 842.PE) with an average outdoor temperature of 30
°C. On completion of the reaction [as confirmed by thin-layer
chromatography (TLC)], the catalyst was isolated by simple
means with the aid of a magnet. After being extracted twice
with ethyl acetate, the products were purified using column
chromatography. 'H and C NMR spectral analysis was
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Scheme 1. Preparation Path of the NiFe,0,@TiO,@PDA-Pd Nanophotocatalyst
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Figure 1. (a) XRD spectra and (b) FTIR spectra of samples.
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performed to analyze the products. The separated catalyst was
thoroughly washed with DD water and ethanol (three times)
for recycling applications, and the dried catalyst (at 60 °C
overnight) was used in the next run.

2.7. Photocatalytic Sonogashira Coupling Reaction.
The photocatalytic performance of the prepared catalyst for a
typical Sonogashira coupling reaction between aryl halides and
arylacetylene to yield diarylacetylene was investigated. In this
experiment, aryl halides (1 mmol), arylacetylene (1.3 mmol),
K,CO; (2 mmol), and the NiFe,0,@TiO,@PDA-Pd catalyst
(10 mg) were mixed in an RB flask with 3 mL of the EtOH
solvent. The reaction was continuously stirred under the
irradiation of sunlight at an average outdoor temperature of 30
°C. On completion of the reaction (as confirmed by TLC), the
catalyst was set apart with the aid of a magnet. After being
extracted twice with ethyl acetate, the products were purified
using column chromatography. 'H and *C NMR spectral
analysis was performed to analyze the products. The separated
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catalyst was washed with DD water and ethanol for recycling
applications, and the dried catalyst (at 60 °C overnight) was
used in the next run.

2.8. Characterization of the Catalyst. Powder X-ray
diffraction (PXRD) analysis of the synthesized materials
(NiFe,0,, NiFe,0,@TiO,, and NiFe,0,@TiO,@PDA-Pd)
was carried out on a PAN Analytical Advance X-ray
diffractometer with Ni-filtered Cu Ka (4 = 1.5406 A) radiation
in a 20 scan range between 10 and 60° to assess the crystalline
nature of the catalyst. The Fourier-transform infrared (FT-IR)
spectrum for all the materials was recorded in the range of
4000—400 cm™' using the PerkinElmer Spectrum using the
KBr pellet technique. The surface morphology of the
synthesized photocatalyst was examined using scanning
electron microscopy (SEM, Carl Zeiss SMT Ltd., Zeiss EVO
18), transmission electron microscopy (TEM), and selected
area electron diffraction (SAED) (TEM, Jeol/JEM 2100 at 200
kV). X-ray photoelectron spectroscopy (Kratos/Shimadzu

https://doi.org/10.1021/acsomega.2c03603
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Figure 2. (a,b) SEM images, (c) EDX, (d) PDA layer, (e,f) TEM images with a particle size histogram, (g) HRTEM image, and (h) SAED pattern
of NiFe,0,@TiO,@PDA-Pd.

Amicus, Model: ESCA 3400) was used to determine the
binding energies of elements in the catalyst. UV—vis diffuse
reflectance spectra of all the materials was recorded on

Analytik Jena, SPECORD 210 PLUS at RT. The magnetic
hysteresis curves of the catalyst were recorded using a vibrating
sample magnetometer (VSM, Lake Shore, Model: 8600
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Figure 3. (a) Ti 2p peaks, (b) N 1s peak, (c) Pd 3d peaks, and (d) magnetization curve of NiFe,0,@TiO,@PDA-Pd; inset: zoomed-in region of

the area under the curve.

Series). Inductively coupled plasma optical emission spectros-
copy (ICP-OES) analysis was aimed to ascertain the quantity
of Pd in the synthesized nanocatalyst (PerkinElmer Optima
5300 DV). 'H NMR and *C NMR spectra were recorded on
an ADVANCED-III Bruker 400 MHz NMR spectrometer
using CDCl, as the solvent and tetramethylsilane as an internal
standard where chemical shifts are mentioned as parts per
million (ppm).

3. RESULTS AND DISCUSSION

3.1. Preparation of the NiFe,0,@TiO,@PDA-Pd Cata-
lyst. The NiFe,0,@TiO,@PDA-Pd catalyst was synthesized
by a multistep procedure (Scheme 1). In step I, the NiFe,O,
NPs were prepared by the hydrothermal method. In step I,
the in situ NiFe,O,@TiO, core@shell structure was prepared
via the sol—gel method. In step III, NiFe,O,@TiO, NPs were
surface-modified by PDA where dopamine was polymerized in
Tris buffer solution (10 mM, pH 8.5) under continuous
stirring. Finally, in step IV, palladium(0) NPs were supported
on NiFe,0,@TiO,@PDA by impregnation of Pd(II) ions over
the surface of the polymer (PDA) layer followed by its
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subsequent reduction with sodium borohydride. This led to
the synthesis of the palladium-supported PDA-coated core@
shell nanophotocatalyst (NiFe,0,@TiO,@PDA-Pd). An ex-
ternal magnet was used to isolate the synthesized photo-
catalyst, which was then dried under vacuum conditions for
further use. The overall synthesis of the nanophotocatalyst is
depicted in Scheme 1.

3.2. Characterization of the NiFe,0,@TiO,@PDA-Pd
Catalyst. The indexed XRD patterns of the synthesized
NiFe,0,, NiFe,0,@TiO,, and the NiFe,0,@TiO,@PDA-Pd
catalyst are shown in Figure 1. The broad peaks observed in
the figure reveal the nanoscale range of the particles possessing
a small crystallite size. The observed peaks in Figure 1a(I) at
20 values of 18.5, 30.4, 35.8, 37.3, 43.4, 53.8, 57.4, and 63.0°
are attributed to (111), (220), (311), (222), (422), (511), and
(440) diffractions, respectively, signifying the formation of
single-phase pure crystalline spinel NiFe,O, (ICDD card no.
10—0325). A small peak was detected in the figure at 20 of
33.2° for the NiFe,O, sample calcined at 800 °C, which
corresponds to a small quantity of the impure phase of a-
Fe,0O; that occurs naturally as hematite (ICDD card 33-
0664).”® The additional peaks appeared at 26 of 25.3 and 48.1°

https://doi.org/10.1021/acsomega.2c03603
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Figure 4. (a) UV—vis absorption spectra and (b) band gap energies of the samples.

along with the diffraction peaks of NiFe,O, in Figure 1a(Il)
attributed to (101), (200) diffractions of anatase (JCPDS card
no. 78-2486), thus signifying the formation of NiFe,0,@TiO,
NPs.” The diffraction patterns of the catalyst in Figure la(III)
depict that the crystallinity of NiFe,O,@TiO, NPs was intact
and not altered despite the PDA coating and Pd loading as
well. Also, Figure 1a(III) has no noticeable peak related to Pd
NPs owing to the low palladium content on the PDA surface.

FT-IR spectra of the prepared samples are shown in Figure
1b. Two significant peaks were noticed in the range of 600—
400 cm™' for all the samples characteristic of the spinel
structure. The peaks detected at 406 and 596 cm™" correspond
to the intrinsic vibrations of metal ion—oxygen complexes in
octahedral and tetrahedral sites in the spinel structure,
respectively, and the peaks around ~1600 and ~3400 cm™
represent the bending and stretching mode of surface-adsorbed
H,O and also the stretching mode of OH groups [Figure
1b(I)]. The peaks that appeared at 1505 and 1280 cm™' in
Figure 1b(III), which are not seen in Figure 1b(LIII), were
attributed to C=C stretching and C—N stretching modes,
respectively, that indicated the presence of —C=C—-NH
functional groups of PDA. The observed peak at around
~3390 cm™' indicates the presence of —OH of phenol in
NiFe,0,@TiO,@PDA. These outcomes infer that PDA has
been successfully deposited on the surface of NiFe,O,@TiO,
NPs by its adsorption. In the FTIR spectrum of the NiFe,O,@
TiO,@PDA-Pd nanocatalyst, no dramatic changes were
observed as evident from Figure 1b(IV). Meanwhile, the
peak intensity observed at 1505 and 1280 cm™" has shifted to a
low frequency owing to the bonding interactions between the
PDA functional groups and the Pd NPs.*"*!

The surface morphology of the synthesized nanocatalyst
NiFe,0,@TiO,@PDA-Pd was observed by SEM images
shown in Figure 2a,b that represents a near spherical cluster-
like structure of the catalyst. Keen examination of the image
depicts the presence of small particles supported on a
continuous layer over a core—shell justifying the immobiliza-
tion of Pd NPs on the PDA layer over the NiFe,O,@TiO,
core—shell structure as NiFe,O,@TiO,@PDA-Pd. Further-
more, the energy-dispersive X-ray spectroscopy (EDX)
detector attached to SEM was used to establish the existence
of Pd particles over PDA on NiFe,0,@TiO, NPs. The SEM—
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EDX spectrum shown in Figure 2¢ describes the presence of
Pd, N, Ti, Fe, Ni, C, and O elements in the catalyst. Thus, the
SEM—EDX images portray the successful coating of PDA on
NiFe,0,@TiO, and also effective loading of Pd over the
surface of NiFe,O,@TiO,@PDA. Accumulation of Pd NPs on
the surface of PDA in the catalyst was also confirmed by TEM
analysis. TEM images portray a spherical shape of the NPs in
the catalyst, thus further confirming the morphology observed
by SEM. The TEM image in Figure 2d reveals the presence of
a thin continuous PDA layer around NiFe,O,@TiO, with a
thickness of about 15.24 nm. The two TEM images shown in
Figure 2e(f noticeably represent the thick and uniform
distribution of small Pd NPs throughout the PDA surface.
They depict the magnified images at 100 and 200 nm where Pd
NPs are homogeneously decorated on the peripheral surface of
NiFe204@TiO2@PDA without large agglomeration, inferring
that Pd NPs are effectively immobilized on the surface of PDA.

The particle size distribution histogram of the catalyst which
is embedded in Figure 2e,f estimated the average size of the Pd
NPs to be around 28.6 nm. It was found that the dark Pd NPs
were coated over the gray PDA layer on the dark core—shell of
NiFe,0,@TiO,. These TEM images are in accordance with
SEM information with respect to the morphology. The high-
resolution TEM (HRTEM) image shown in Figure 2g is
indicative of the number of grains with different orientation of
the planes, thus confirming the polycrystalline nature of the
material. The lattice fringe spaces of 0.30 nm shown in the
figure could possibly be ascribed to the (111) crystal plane of
Pd NPs. The SAED pattern of NiFe,O,@TiO,@PDA-Pd is
depicted in Figure 3h. It shows diffraction rings composed of a
bright spot possessing sixfold symmetry that manifests the
polycrystalline nature of the material.

X-ray photoelectron spectroscopy (XPS) was employed to
confirm the effective coordination of Pd on the PDA layer. It is
a powerful tool to understand the electronic properties of the
coordinated particles on the surface such as the electron
environment, binding energy, and chemical valence states of
the metals. The XPS spectra of the NiFe,O,@TiO,@PDA-Pd
nanophotocatalyst are shown in Figure 3 where the chemical
valence states of Ti, N, and Pd in the catalyst were analyzed.

The two noticeable bands at binding energies 458.4 and
464.9 eV were ascribed to the Ti 2p;;,, and Ti 2p,,,
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photoelectrons in the Ti*" chemical state, respectively, whereas
the two peaks at 455.4 and 463.4 eV were attributed to the Ti
2ps, and Ti 2p, , photoelectrons in the Ti’* state in the TiO,
chemical state, respectively (Figure 3a).*” The peak at 399.7
eV in Figure 3b represents the N1s photoelectrons of the NH
group. It is evident from the N1s spectrum of Figure 3b that
the NiFe,O,@TiO, core@shell NPs were successfully coated
with PDA. Furthermore, the two observed bands at binding
energies 335.3 and 340.6 eV in Figure 3c can be indexed as
Pd(0) 3ds;, and Pd(0) 3ds.,, respectively. These values
confirm the presence of Pd(0) in the prepared catalyst which
was not noticeable in XRD. These results were in accordance
with the values of metallic Pd.*> The magnetic performance of
the synthesized nanocatalyst was investigated with the VSM at
RT. Figure 3d demonstrates the magnetization curve of the
NiFe,0,@TiO,@PDA-Pd catalyst. From the figure, the
saturation magnetization (M), coercivity (H.), and remanence
magnetization (M,) are found to be 31.9 emu/g, 0.146 kOe,
and 7.57 emu/g, respectively. The magnetization data reveals
the good magnetic behavior of the synthesized catalyst, thus
becoming evidential of the magnetic recovery and reusability of
the catalyst.

The UV—vis diffuse reflectance spectra of the synthesized
NiFe,0,, NiFe,0,@TiO,, NiFe,0,@TiO,@PDA, NiFe,0,@
TiO,@PDA-Pd, and pure TiO, were recorded, and the results
are depicted in Figure 4a. It is obvious from the figure that
pure TiO, and NiFe,O, show absorption bands with
absorption edges at 400 and 700 nm, respectively, as illustrated
in Figure 4a(L1I), indicating the absorption of TiO, in the UV
region and that of NiFe,O, in the visible region. However,
after the surface modification of NiFe,O, with TiO,, the
obtained core@shell (NiFe,O,@TiO,) material also exhibited
the band with the absorption edge in the visible region as seen
in Figure 4a(1ll), confirming the ability of NiFe,0,@TiO, to
absorb visible light. Even after coating NiFe,O,@TiO, with
PDA and also supported by the metal (Pd) on its surface, the
resulting NiFe,0,@TiO,@PDA-Pd magnetic photocatalyst
still exhibits absorption in the visible region as evident from
Figure 4a(IV,V). The band gap energy (E,) of all the samples
was estimated from the Tauc plot of (ahv)® versus ho as
presented in Figure 4b. Extrapolation of the hv value to @ = 0
results in absorption band gap energy (E,). As seen from
Figure 4b, E, for pure NiFe,0, and TiO, was found to be 1.67
and 3.29 eV, respectively, which is in accord with the reported
values.**** In contrast, the band gap energy of NiFe,0,@TiO,
was observed to be 1.63 eV which indicates the absorption in
the visible region. Furthermore, the decrease in energy gap
(Eg) upon core@shell formation confirms the electronic
coupling between NiFe,O, and TiO,. After surface mod-
ification with PDA supported by the Pd metal, an even
stronger visible-region band gap energy of 1.22 eV was
observed for the NiFe,0,@TiO,@PDA-Pd nanocatalyst.

3.3. Application of the NiFe,0,@TiO,@PDA-Pd Cata-
lyst in Suzuki and Sonogashira Coupling Reactions
under Sunlight. In the past few decades, Pd has been
employed as an active catalyst for C—C coupling reactions.
Nevertheless, most of the times, the coupling reactions with Pd
as a catalyst take place under heating conditions, which
consumes lot of energy. Therefore, it would be a significant
improvement if we could improve the catalytic activity of Pd as
a catalyst at ambient temperatures using the visible region of
the sunlight which is an abundant and environmentally
sustainable energy source. As our synthesized catalyst shows

absorption in the visible region, we tried to test the validity of
our catalyst for the Suzuki and Sonogashira coupling reactions
under natural sunlight under ambient conditions (photo-
catalytic coupling reactions).

3.3.1. Suzuki Coupling Reaction. A simple SCR involving
aryl halides and arylboronic acid was performed using the
synthesized NiFe,O0,@TiO,@PDA-Pd nanophotocatalyst
under sunlight, at an average outdoor temperature of 30 °C.
Optimization of various vital reaction conditions for the SCR,
viz., nature of the solvent, base, light source, and Wt % of Pd,
was performed. The effect of various solvents in the presence
of K,CO; as a base with 5% of Pd by weight on the
photocatalytic SCR was observed. The obtained yield of the
product was low in the presence of polar aprotic solvents,
namely, dimethyl sulfoxide and dimethylformamide, and also
in the presence of nonpolar solvents such as toluene (Table S1,
entries 1—3). However, observed yield of the product was high
in the presence of polar protic solvents such as ethanol and
methanol (Table S1, entries 4,5). Furthermore, the reaction in
pure H,O resulted in moderate yield (Table S1, entry 6) of the
product. It was observed that 98% yield of the product was
obtained in the presence of a mixture of EtOH and H,O as a
solvent in a 1:1 ratio, indicating the significant enhancement in
the photocatalytic activity (Table S1, entry 7). These results
infer that photocatalyzed Suzuki reactions in the presence of
the NiFe,O,@TiO,@PDA-Pd nanophotocatalyst require
protic solvents. Furthermore, the influence of other bases
(Cs,CO5, NaOH, Et;N) (Table S1, entries 12—14) in the
solvent EtOH-H,O (1:1) was also explored, but good yield was
observed in the presence of only K,COj; as a base among all
(Table S1, entry 7).

To study the influence of light on the SCR, the reaction was
performed in dark at RT and also at 60 °C. It was found that
moderate yields (30 and 64%) (Table S1, entries 15,16) were
obtained in dark at RT and at 60 °C, respectively. While
performing the reaction under visible light (Hg lamp 250W),
the product yield was improved (85%) (Table S1, entry 17).
To test the feasibility of environmental concerns, the reaction
was initiated in natural sunlight, and an excellent yield (98%)
of the product was observed. Furthermore, no product was
observed in the presence of NiFe,O,, NiFe,0,@TiO,, and
NiFe,0,@TiO,@PDA separately. Thus, this study indicates
the significance of Pd presence in the synthesized nanocatalyst
(NiFe,0,@TiO,@PDA-Pd) in carrying out the SCR.

The choice of Pd loading as 5% by weight in all the
aforementioned optimization experiments was made based on
the previously reported values in different catalysts.*”*" Even
though we got good yield (98%) with 5% loading of Pd, to test
the effect of Pd loading, we performed the reaction, and the
yield was monitored with different Pd loadings such as 1, 2.5%
(<5%), and with 7.5% (>5%) for the same reaction time as that
of 5% Pd loading (Table 1). Low yield was observed with 1
and 2.5% (30% and 65%, respectively), whereas the same yield
(98%) was observed with 7.5%. Thus, the efficacy of the
catalyst in the coupling reaction was proved to be good with a
Pd loading of $% by weight (Table 1, entry 3).

The reaction generality was further investigated by
NiFe,0,@TiO,@PDA-Pd under the sunlight using several
aryl halides and substituted arylboronic acids to validate the
scope of the synthesized catalyst (Table 2). It is observed that
the presence of electron-withdrawing groups (EWGs) and
electron-donating groups (EDGs) produces outstanding yields
for para-substituted aryl halides. The reaction progressed
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Table 1. Influence of Catalyst Loading on the Suzuki
Coupling Reaction”

S. No. catalyst loading (wt %) yield (%)”
1 1 30
2 2.5 65
3 S 98
4 7.5 98

“Reaction conditions: iodo benzene (1.0 mmol), phenyl boronic acid
(1.5 mmol), NiFe,0,@TiO,@PDA-Pd catalyst (S mg), and K,CO,
(2.5 mmol) in EtOH-H,O (3 mL) under sunlight at 30 °C for 0.5 h.
YIsolated yields.

effectively regardless of substrates with the EWG and EDG
yielding more than 85% in most of the cases, except in case of
aryl bromides and chlorides due to the stronger C—halogen
bond than the C—I bond (Table 2, entries 10—12).
Furthermore, it was observed that the reaction progressed
faster on substrates with EDGs than on substrates with EWGs.

This fact could be addressed by the inductive effects of the
substituent groups on the substrates.*’

3.3.2. Sonogashira Coupling Reaction. The catalytic
potential of the synthesized NiFe,O,@TiO,@PDA-Pd catalyst
with 5% by weight of Pd loading was further extended to test
the feasibility of the Sonogashira coupling reaction involving
aryl halides and arylacetylenes under sunlight, at an average
outdoor temperature of 30 °C. Optimization of various vital
reaction conditions, viz., nature of the solvent, base, and light
source for the Sonogashira reaction, was performed. In this
reaction, the solvent played a significant role. EtOH was found
to be an excellent solvent for this reaction out of a variety of
solvents tested (Table S2, entries 1—5). High yield of the
product was obtained in the presence of K,COj; as the base
when compared to other bases (Cs,CO;, NaOH, and Et;N)
(Table S2, entries 6—8).

Influence of the light source on the Sonogashira reaction was
also established in the presence of the synthesized catalyst. The
product yield was very low in dark at RT and moderate (59%)
at 60 °C. Under vis light (Hg lamp 250W), the yield was 81%,

Table 2. Substrate Scope of the SCR Catalyzed by NiFe,0,@TiO,@PDA-Pd under Sunlight Irradiation®

7 N\ 7 N\
L (Doom

NiFe,0,@TiO,@PDA-Pd

K,CO;, EtOH:H,0(1:1)

2

Sunlight
S. No. Aryl halides Arylboronic acid Time (h) | Yield (%)

O O T
I B(OH),

2 @—1 MeOOB(OH)Z 05 92

3 @—1 CHg 1 82
C-vom

4 @—1 O3N 1 75
s

OO T
I | NC B(OH),

6 Me0—©—1 <i>73(0H)2 05 %6

O O T
O,N I B(OH),

8 Me0—©—1 MeOOB(OH)Z 05 %

9 _@_ O 0.5 93
O,N I | MeO B(OH),

O O T
Br B(OH),

T Y (weo psom| 2|

O] O T
Cl B(OH),

“Reaction conditions: aryl halide (1.0 mmol), phenyl boronic acid (1.5 mmol), NiFe,0,@TiO,@PDA-Pd catalyst (5 mg), and K,CO; (2.5 mmol)

in EtOH-H,0 (3 mL) under sunlight at 30 °C. “Isolated yields.
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Table 3. Substrate Scope of the Sonogashira Coupling Reaction Catalyzed by NiFe,0,@TiO,@PDA-Pd under Sunlight

Irradiation®
@X R / s NiFe,0,@TiO,@PDA-Pd // \ _ / s
— — K,COs, EtOH — —
Ry R 2Suniight Ry R,
S. No. | Aryl halides Arylacetylenes Time (hrs) | Yield (%)°

1 Q ( > . 2.5 96
1 ——H

2 @ _ 3 94
H,C I < >—_ H

3 @ ( > _ 3 93
MeO 1 ——H

4 OzN@I @%1—1 3 %0

5 Q < > _ 3 92
1 Cl ——H

6 Q < > _ 3 88
1 F ——H

7 @ < > _ 3 90
MeO 1 Cl ——H

8 @ < > _ 3 85
MeO 1 F ——H

9 @ ( ) _ 4 85
Br ——H

10 QCI ( > — 4 5.5 60

“Reaction conditions: aryl halide (1.0 mmol), phenyl acetylene (1.3 mmol), NiFe,0,@TiO,@PDA-Pd catalyst (10 mg), and K,CO; (2 mmol) in

EtOH (3 mL) under sunlight at 30 °C. bIsolated yields.

and under sunlight, higher yield (96%) was obtained (Table
S2, entries 9—11). Thus, the fact of using sunlight in getting
high yield was established. The feasibility of the Sonogashira
reaction was verified with NiFe,O,, NiFe,O,@TiO,, and
NiFe,O0,@TiO,@PDA separately, and no products were
observed.

The substrate scope of the Sonogashira coupling reaction
over the NiFe,0,@TiO,@PDA-Pd nanophotocatalyst was also
investigated using the optimized conditions. The aryl halides
with EWGs or EDGs have resulted in a higher yield of the
product (Table 3).

The efficacy of the catalyst was compared with that of
already reported catalysts for Suzuki and Sonogashira coupling
reactions (Table S3). It is evident from Table S3 that our
proposed NiFe,O,@TiO,@PDA-Pd nanophotocatalyst acts
efficiently in producing the desired products in both Suzuki
and Sonogashira coupling reactions with an excellently good
yield (98 and 96%) in short reaction time (0.5 and 2.5 h)
under natural sunlight. Thus, our catalyst shows its supremacy
in its activity among other reported systems.

3.4. Stability and Recyclability of the Catalyst. Two
significant parameters to be examined while evaluating a
photocatalytic reaction are photo-stability and recyclability.
The photo-stability and recyclability of our NiFe,O,@TiO,@
PDA-Pd catalyst in photocatalytic Suzuki and Sonogashira

coupling reactions were investigated in this study. Owing to
the magnetic nature of the photocatalyst, it was retrieved from
the reaction mixture in a simple manner with the aid of an
external magnet after each cycle. The magnetically retrieved
catalyst was washed with EtOH and dried, and its catalytic
performance was assessed in the next run. Figure 5 shows the
reuse of the recovered catalyst five times without any
substantial loss of its photocatalytic activity, indicating the
good stability of the catalyst.

Many heterogeneous catalysts have leaching issues, and the
leached Pd NPs into the solution lead to the decrease in the Pd
content in the catalyst which was mainly responsible for its
activity. To test the Pd leaching, ICP-OES analysis of the
recovered catalyst was performed. It was observed that the Pd
content of the nanocatalyst had decreased from (3.61) wt % to
(2.26) wt % in the Suzuki reaction and to (2.45) wt % in the
Sonogashira reaction after five time use. To further confirm the
recyclable nature of the magnetic reusable catalyst, XRD
analysis and FT-IR analysis on the recovered photocatalyst
were performed. Figure S1 shows the XRD spectra of the
NiFe,O0,@TiO,@PDA-Pd photocatalyst after five times of
reused experiments. No impurity peaks were detected in the
XRD spectra of the reused photocatalyst, thus confirming the
stability and recyclability of the catalyst. Furthermore, FT-IR
analysis of the photocatalyst after five cycles of reuse was
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Figure S. Recyclability of NiFe,0,@TiO,@PDA-Pd for photocatalytic activity. (a) Suzuki and (b) Sonogashira reactions.

performed where it confirmed the fact that absorption peaks of
the reused catalyst are intact like those of the fresh catalyst
(Figure S2).

3.5. Heterogeneity of the Catalyst. Heterogeneity of the
designed catalyst was tested via the hot filtration method and
leaching test. In this method, Suzuki and Sonogashira coupling
reactions were carried out separately in the presence of the
synthesized photocatalyst NiFe,O,@TiO,@PDA-Pd in direct
sunlight under optimum reaction conditions. The SCR was
carried out for 15 min (half the reaction time) under the
reaction conditions, and subsequently, the reaction mixture
was separated into two equal halves. From one half of the
reaction mixture, the catalyst was separated and retrieved
employing an external magnet, and the reaction was allowed to
continue in both portions for an extra 15 min. In the same way,
the Sonogashira coupling reaction was also performed using
the prepared catalyst under optimal conditions for 90 min in
sunlight, followed by the separation of the reaction mixture
into two equal halves. By following the aforementioned
procedure, the catalyst in one part is magnetically separated,
and the reaction in both halves was allowed to progress for
extra 60 min. From both the coupling reactions, it is evident
that in the absence of the catalyst, no further progress in the
reaction was observed, whereas the other half portion of the
reaction mixture, in the absence of the catalyst, has progressed
to the complete conversion of the substrates into desired
products, as mentioned in the Figure S3. This infers the fact
that there is trivial leaching of Pd into the reaction mixture,
confirming the heterogeneity of the developed catalyst.
Furthermore, Pd leaching from the catalyst was also assessed
by ICP-OES analysis which confirmed the Pd leaching to be
<0.2% (nominal).

3.6. Active Species Trapping Experiment. Active
species trapping experiments were performed using scavengers
to understand the role of photogenerated active species (e™—
h* pair) in the photocatalytic mechanism of the NiFe,0,@
TiO,@PDA-Pd photocatalyst. In this experiment, K,S,05 was
used as an e~ scavenger, and ammonium oxalate (AO) was
used as a h* scavenger. In the presence of K,S,0g, poor yield
(38%) of the product was observed (Table SI, entry 18),
whereas in the presence of AO, 51% yield of the product was
observed (Table S1, entry 19). Thus, the trapping experiments
indicate that both the photogenerated active species play a
significant role in the C—C coupling reaction with a major
contribution from photogenerated electrons.

3.7. Photocatalytic Mechanism of Suzuki and
Sonogashira Coupling Reactions. A plausible photo-
catalytic mechanism for the Suzuki and Sonogashira coupling
reactions in the presence of the NiFe,O,@TiO,@PDA-Pd
photocatalyst was proposed based on the performed
experimental observations and previously reported data.*’~*
Simulated visible light irradiation of the catalyst led to the
simultaneous formation of photogenerated electrons (e”) and
holes (h*) in NiFe,0, and TiO,, as illustrated in Figure 6. It is
because light irradiation led to the promotion of an e~ from the
valence band (VB) to the conduction band (CB) leaving a h*
in the VB. Thus, photogenerated e™—h" pairs are formed
simultaneously in NiFe,0, and TiO,. The photogenerated e~
from the CB of NiFe,O, can be easily transferred to the CB of
TiO, by the simultaneous transfer of photogenerated h* from
the VB of TiO, to the VB of NiFe,0,. This is ascribed to the
more negative CB potential of NiFe,O, than that of TiO, and
more positive VB potential of TiO, than that of NiFe,O,.
Furthermore, it is also evident by the fact that the combination
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Figure 6. Plausible photocatalytic mechanism over the NiFe,O,@
TiO,@PDA-Pd nanophotocatalyst of Suzuki and Sonogashira
coupling reactions.

of NiFe,O, and TiO, develops interfacial contact between
them, thus creating a pathway for easy transfer of e” from the
CB of NiFe,0, to the CB of TiO, and therefore hinders the
e —h" pair recombination. The photogenerated e~ available in
the CB of TiO, will be transported through the PDA layer to
the Pd surface. Active Pd NPs act as electron reservoirs and
thus trap the electrons reaching their surface. These photo-
generated electrons and Pd NPs act as active sites and attack
the C—X bond of the adsorbed aryl halides forming the aryl—
Pd complex via oxidative addition. On the other hand,
arylboronic acid combines with OH™ in a basic reaction
medium to produce aryl-B(OH);”. Furthermore, C—B bond
cleavage occurs to generate the biaryl-Pd complex in the
presence of h* (transmetalation). In the final step, a biaryl
product is obtained via reductive elimination.’”

For the Sonogashira coupling reaction also, the photo-
generated electrons and Pd NPs act as active sites attacking the
C—X bond of the adsorbed aryl halide and resulting in the
aryl-Pd complex. Simultaneously, photogenerated holes
attract the electronic clouds of the alkyne units in phenyl
acetylene, making the terminal *C—H more acidic. Then,
K,COj; deprotonates terminal H of the alkyne unit, and the
resulting species combines with the aryl-Pd complex to form
an alkynated Pd complex. In the final reductive elimination
step, diarylacetylene is formed.>*>’

The proposed mechanism reveals the uniqueness of the
synthesized photocatalyst as a sole catalyst for both Suzuki and
Sonogashira coupling reactions under sunlight irradiation.

4. CONCLUSIONS

In summary, we have designed and developed a magnetically
recyclable Pd-supported PDA-coated core@shell NiFe,O,@
TiO, nanocatalyst, with good photocatalytic activity for both
Suzuki and Sonogashira coupling reactions under sunlight
irradiation under ambient conditions. The activity of the
catalyst was validated for both coupling reactions, and its
effectiveness for reactions involving a variety of substrates
under sunlight irradiation to yield biaryls and diarylacetylenes

was tested. The reactions were facilitated by low Pd loading in
the presence of eco-friendly polar protic solvents (ethanolic
water/ethanol) in a very short reaction duration with an
excellent yield (96—98%). The catalyst is validated for
substituted substrates in both Suzuki and Sonogashira
reactions to give a good yield of the product, indicating its
efficacy. The plausible mechanism has been proposed for the
coupling reactions where the simultaneous utilization of both
the photogenerated e™—h* pairs in various steps of the
coupling reactions denotes an exceptional catalytic view point
of the catalyst. The catalyst was retrieved with the aid of an
external magnet and was reutilized for five cycles. ICP-OES
analysis indicated the stability of the catalyst without
considerable loss after reusing five times which was further
confirmed by FTIR and XRD analysis. It was found that the
NiFe,0,@TiO,@PDA-Pd nanophotocatalyst exhibits greater
activity with high yield in comparison to a number of reported
catalysts.
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