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Palladium nanoparticles supported on fluorine-doped tin oxide
as an efficient heterogeneous catalyst for Suzuki coupling
and 4-nitrophenol reduction
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Abstract. Immobilization of palladium nanoparticles onto the fluorine-doped tin oxide (FTO) as support
Pd/FTO, resulted in a highly active heterogeneous catalyst for Suzuki-Miyaura cross-coupling reactions and
4-nitrophenol reduction. The Pd/FTO catalyst has been synthesized by immobilization of palladium
nanoparticles onto FTO via a simple impregnation method. ICP-MS analysis confirmed that there is
0.11 mmol/g of palladium was loaded successfully on FTO support. The crystallinity, morphologies, com-
positions and surface properties of Pd/FTO were fully characterized by various techniques. It was further
examined for its catalytic activity and robustness in Suzuki coupling reaction with different aryl halides and
solvents. The yields obtained from Suzuki coupling reactions were basically over 80%. The prepared catalyst
was also tested on mild reaction such as reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP). Pd/FTO
catalyst exhibited high catalytic activity towards 4-NP reduction with a rate constant of 1.776 min~' and
turnover frequency (TOF) value of 29.1 hr~'. The findings revealed that Pd/FTO also maintained its high
stability for five consecutive runs in Suzuki reactions and 4-NP reductions. The catalyst showed excellent
catalytic activities by using a small amount of Pd/FTO for the Suzuki coupling reaction and 4-NP reduction.

Keywords. Pd/FTO; Suzuki coupling; 4-NP reduction.

1. Introduction industries, material science, natural products and
polymers.”*
Nano-sized palladlum (Pd) is a crucial transition metal The use of heterogeneous Pd Catalyst is increased

especially in its function as a catalyst in cross-coupling  dramatically in both organic and inorganic chemistry
reactions such as Suzuki-Miyaura, Mizoroki-Heck, research studies as well as the industrial field.""'" This
Sonogashira, Hiyama, Kumada and Stille reactions.'™  is due to the difficulty of homogeneous Pd catalyst for
These cross-coupling reactions are utilized in many separation from the reaction medium and makes it
industrial applications due to the formation of aryl-  almost impossible to be reused after the reaction.'’
aryl, C-C and C-X chemical bonds which are primary  Various types of matrixes have been used in the syn-
steps to synthesize essential intermediates. These  thesis of versatile, stable, robust and efficient hetero-
remarkable reactions are synthesized products which  geneous catalyst without hindering its catalytic

are important intermediates for pharmaceutical sjtes.'* The outstanding organometallic-supported
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catalyst is highly desirable and becomes a good can-
didate in the industry due to its economic value, ability
in solving product contamination and environmental
problems.?

Besides, much attention has been paid to the
transformation of harmful organic pollutants to useful
products. Primary aromatic amine is very important in
the manufacture of pharmaceuticals and polymers
compounds such as 4-aminophenol (4-AP) and
4-phenylenediamine (4-PDA)."*'* In this work, the
reduction of 4-nitrophenol (4-NP) will be conducted to
test the catalytic activity of Pd/FTO. The nitroarene
reduction has become very important in the research
area in transforming the toxic industrial waste, 4-NP,
into a useful product, 4-AP. 4-AP can be easily pro-
duced via the reduction of 4-NP in mild conditions. 4-
AP is an intermediate product for manufacturing drugs
in medication such as analgesic and antipyretic, anti-
corrosion lubricants and hair drying agents.'>'®

Tin oxide (Sn0O,) is a semiconducting metal oxide
material with high energy bandgap (3.8 eV)."” SnO,
has unique sensing properties which are able to
improve its electronic conductivity, IR reflectivity,
selectivity and sensitivity through doping of impurities
such as copper (Cu) and indium (In).'*2° It is also
noteworthy that the doping of high electronegative
fluorine (F) content onto SnO, to form FTO displayed
remarkable improvements in terms of electronic con-
ductivity and selectivity.'”*' Besides, FTO shows
higher stability in the aspect of chemical and ther-
mal.”> These outstanding properties of FTO are
desirable to be applied in gases sensors, transparent
conductive coating or glass, and conducting elec-
trode.'”1%2!23-25 Recently, Samad and her coworkers
were the first to use FTO as a carrier for ruthenium
(Ru) nanoparticles and reported its capability in
glycerol conversion to methanol.”® The article also
revealed that Ru/FTO had performed high catalytic
activity and selectivity toward hydrogenolysis of
glycerol. The effectiveness of the heterogeneous
Ru/FTO may be contributed by the synergistic effect
of fluorine additive and SnO, as catalyst support. The
doping process is able to stabilize the special active
sites at the interface between the fluorine additive and
Sn02.27 In addition, SnO, has excellent acidic, basic
and redox surface properties which are concerned in
catalysis.”® Therefore, the amphoteric FTO has a great
potential to be a sustainable matrix as a Pd heteroge-
neous catalyst due to its porous properties, good
thermal and chemical stability.?® Herein, a new and
versatile supported Pd catalyst is synthesized via
immobilization of Pd NPs on FTO as shown in
Figure 1 and its catalytic activity is further evaluated
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in  Suzuki
reduction.

coupling reaction and 4-nitrophenol

2. Experimental
2.1 Reagents

Palladium acetate (Pd(OAc),), 4-nitrophenol (=98 %) and
sodium borohydride, NaBH, (98%) were purchased from
Sigma Aldrich and FTO used as catalyst support was sup-
plied by Keeling & Walker. Toluene was obtained from
DuLAB and hydrazine hydrate and methanol was produced
by Merck. Solvents such as diethyl ether, N,N’-dimethyl-
foramide (DMF) and dichloromethane (DCM) were pur-
chased from JT Baker. All chemicals were used as received
and without any further purification.

2.2 Synthesis of Pd/FTO catalyst

Pd/FTO was synthesized according to the following pro-
cedure as shown in Figure 1.7 Pd(OAc), (0.2 g, 10% w/w)
and FTO (2.0 g) were added into 25 mL of toluene solvent
in a round-bottom vial. The mixed solution was stirred and
heated up to 80 °C for 10 min. After heating, the mixture
was continued to stir at room temperature for 3 h. Subse-
quently, the resin was filtered and then treated with
hydrazine hydrate in methanol (10% v/v) to reduce the Pd**
to metallic Pd. The resulted resin was then filtered and
washed with DCM (5 x 20 mL), methanol (5 x 20 mL),
DMF (5 x 20 mL) to remove any impurities from Pd/FTO
catalyst.30 Afterwards, Pd/FTO was dried to get the final
Pd/FTO catalysts.

2.3 Characterization

Nitrogen gas adsorption/desorption measurements were
carried out at 77 K using ASAP 2020, Micromeritics system
to determine the surface properties of the commercial FTO
support and as-prepared Pd/FTO catalyst. The structures
and morphologies of the FTO and Pd/FTO were analyzed
using a SUPRA 55VP field-emission scanning electron
microscopy (FESEM) equipped with an Energy-dispersive
X-ray spectroscopy (EDX) and a FEI/Tecnai F-20 X-Twin
high-resolution  transmission  electron  microscopy
(HRTEM) operated at 200 kV equipped with EDX to
identify elements present in sample. X-ray Diffraction
(XRD) analysis of the FTO and Pd/FTO were performed
with a Bruker D§-Advance diffractometry to characterize
their crystalline structures and sizes. The synthesized
Pd/FTO nanocatalysts were characterized by using a Perkin
Elmer ELAN 9000, USA inductively-coupled plasma mass
spectrometry (ICP-MS). The synthesized Pd/FTO were
digested by using aqua regia (HNO;5: HCI) and diluted with
DI water (< 2% acidity). The solution prepared was then
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sent to ICP-MS analysis to determine the Pd content in
FTO. X-ray photoelectron spectroscopy (AXIS Ultra
‘DLD’, Kratos Analytical) was used to confirm the presence
of the palladium metal catalyst. Fourier-transform infrared
(FTIR-ATR) spectroscopy analysis was used to determine
the functional groups of the materials and it performed in
the range of 650 cm™' to 4000 cm™' by using a Perkin
Elmer Spectrum 400 FT-IR/FT-NIR spectrometry equipped
with a Universal ATR. 'H nuclear magnetic resonance
(NMR) and "*C NMR spectra of isolated products of Suzuki
coupling reactions were recorded on a Bruker Avance 400
IIT HD spectrometry at 400 MHz and 100 MHz, respec-
tively. Reduction of 4-NP was monitored by UV-Vis
spectrometry and the spectra were collected with a Shi-
madzu UV 2450.

2.4 Catalytic Performance Test on Suzuki
Coupling Reaction

The catalytic performance of Pd/FTO heterogeneous cata-
lyst was evaluated in the Suzuki coupling reaction. Gener-
ally, Suzuki coupling reaction was conducted using
1.0 mmol of aryl halide, 1.5 mmol of phenylboronic acid,
3.0 mmol of potassium carbonate (K,COj), a known
amount of Pd/FTO catalyst and 4 mL of solvent in a 25 mL
round-bottom vial at 80 °C under atmospheric condition.”’
For the Suzuki coupling reaction, two types of solvents,
DMF and deionized water were used as reaction medium. In
addition, 1.0 mmol of tetrabutylammonium bromide
(TBAB), which acts as a phase transfer agent, was added to
the Suzuki coupling reaction using deionized water as a
solvent.”> A magnetic stirrer was then added into the vial
and sealed by the septum. The sealed mixture was then
heated at 80 °C under magnetic stirring. The reaction was
stopped after 15 h upon completion which was monitored
by thin-layer chromatography (TLC).

The mixture was then cooled down to room temperature
before centrifuged to separate the Pd/FTO catalyst from the
reaction mixture. For the reaction using DMF as the reac-
tion solvent, isolated Pd/FTO was washed with DCM (5 x
20 mL), methanol (5 x 20 mL), DMF (5 x 20 mL) and dried
in the oven for 24 h. The reaction mixture was diluted in
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100 mL of DCM and subsequently neutralized by 1M
hydrochloric acid (HCI) to pH 7. The aqueous phase was
extracted with DCM (3 x 50 mL). The combined DCM
organic solvent was dried over sodium sulfate anhydrous
before filtration. The filtrate, DCM organic solvent was then
concentrated and dried using rotary evaporator. On the other
hand, for the reaction mixture using H,O as solvent, the
separated catalyst was washed with ethyl acetate and dried
in an oven for 24 h. The reaction mixture was extracted with
ethyl acetate (3 x 50 mL) and 1M HCI was added for the
purpose of well separation. The organic phase was dried
over sodium sulfate anhydrous and followed by filtration.
Next, the organic phase was concentrated and dried using
rotary evaporator. Purification of product was performed by
flash column chromatography on silica gel (hexane: ethyl
acetate). Finally, the pure product was collected and its
percentage yield was calculated and characterized by NMR
spectroscopy and FTIR spectroscopy.

The optimization of the concentration of Pd/FTO was
carried out with the following conditions: 1-bromo-4-ni-
trobenzene (204 mg, 1.0 mmol), phenylboronic acid
(182.9 mg, 1.5 mmol) and K,CO3 (414.6 mg, 3.0 mmol),
different molarity of Pd/FTO and 4 mL of DMF as a sol-
vent. In addition, the reusability of Pd/FTO was also
examined in DMF and deionized water, respectively.

2.5 Catalytic test on 4-Nitrophenol reduction

The catalytic activity of Pd/FTO was further examined in
the reduction of 4-NP to 4-AP in a mild condition. The
4-NP reduction is simple and easy to monitor the reaction
progress by ultraviolet-visible (UV-Vis) spectroscopy (UV
2450 Shimadzu). The scanning range was set from 250 nm
to 550 nm with a sampling interval of 2 nm to monitor the
process of the conversion of 4-NP to 4-AP without stirring.
Typically, 0.05 mM of 4-NP stock solution was a freshly
prepared and large excess of sodium borohydride. NaBH,
was used as a reducing agent.'® Firstly, 0.15 mmol NaBH,
was added into 3 mL of 0.05 mM 4-NP in a quartz cuvette.
Subsequently, 5.0 mg of Pd/FTO was added into the mix-
ture to initiate the hydrogenation of 4-NP. At the end of the
reaction, Pd/FTO was separated by centrifugation, washed
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Figure 1. Preparation of Pd/FTO catalyst.
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with deionized (DI) water and acetone, followed by drying
in the oven for stability studies.’

3. Results and Discussion
3.1 Synthesis and characterization

ICP analysis was used to determine the content of
palladium nanoparticles in the as-prepared catalyst.
The ICP results showed that 0.11 mmol/g of Pd was
loaded onto the FTO support which confirmed the
presence of Pd nanoparticles in the catalyst. On the
other hand, N, adsorption-desorption isotherm results
have shown that Pd/FTO catalyst has mesoporous with
non-uniform pores properties which are explained in
Figure S1 and Table S1, Supplementary Information.

The XRD patterns of FTO and Pd/FTO catalysts are
compared in Figure 2. Sharp peaks in both diffrac-
tograms indicated that FTO and Pd/FTO were pre-
sented in crystalline form. Based on Figure 2, the
diffraction peaks of FTO are associated with the (110),
(101), (200), (111), (210), (211), (220), (002), (310),
(112), (301), (202) and (321) planes. All diffraction
peaks are matched well with the Bragg reflection and
presented in a tetragonal structure of SnO, which is in
agreement with the standard pattern of SnO, (JCPDS
01-070-4177).*** The presence of small diffraction
peaks at 20= 38.9° and 42.6° could be assigned to
fluorine. These peak intensities were observed but yet
not significant, implying that fluorine elements in FTO
are well-dispersed on SnO, support and most probably
are due to the small size and low amount of fluorine.*®
Moreover, the XRD pattern of Pd/FTO catalyst was
found that no significant differences with the XRD
pattern of FTO. The absence of Pd diffraction peaks is
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Pd/FTO
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(211)
3
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Figure 2. XRD diffractograms of FTO support and
Pd/FTO catalyst.
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probably due to the particle sizes of Pd that are too
small and low concentration of Pd loaded on FTO
(0.11 mmol/g Pd).*"*® The crystallite sizes of the
samples can be calculated by using the Scherrer for-
mula. It was found that the crystallite size of FTO has
increased from 36.5 nm to 40.7 nm after impregnated
with Pd implying the presence of palladium metals
which is in agreement with SEM results.

Figure 3 shows the surface morphology and size
distribution of FTO support and Pd/FTO by using
SEM. Both SEM images showed that FTO consists of
a mixture of shapes included tetragonal structures with
a diameter range of 20-100 nm and was acknowledged
by SEM results from Samad er al.>® Based on SEM
images of FTO and Pd/FTO in Figure 3, the average
size for FTO support was 35.8 nm while Pd/FTO had
an average size of 40 nm. The increase in the size of
FTO most probably is due to the agglomeration of
FTO support during synthesis steps. However, the
impregnation of palladium metal catalysts were not
destructed the morphology of FTO support. The
mapping image of Pd/FTO  catalyst in
Figure 3(c) indicates that the fluorine dopants and Pd
particles were well-dispersed in Pd/FTO while map-
ping image of FTO is showed in Figure S2(a), Sup-
plementary Information.

The TEM bright-field image in Figure 4(a) shows
the catalyst in the range of nanometer which is
matching the crystallite size obtained from XRD
diffraction pattern using the Scherrer’s equation. In
Figure 4(a), palladium particles embedded on FTO
support with an average diameter of 4 nm. As shown
in lattice-resolved HRTEM image (Figure 4(b)), there
are two different crystalline fringe patterns. Consistent
with XRD results, characteristic lattice fringes of 0.33
nm spacing confirmed the (110) planes of tetragonal
phase Sn0,.*” Lattice fringes of d= 0.23 nm which
agreed well with (111) lattice spacing of face-
centred cubic (fcc) of metallic palladium.40’41
Figure 4(c) shows the selected area electron diffrac-
tion (SAED) pattern of Pd/FTO catalyst. The co-ex-
istence of a ring (hexagonal shape) and bright
diffraction spots in SAED indicated polycrystalline
nature of palladium and SnO, nanoparticles in the
catalyst.*>** This assumption is supported by the FTO
analysis done by Zhi and colleagues whereby the
SAED pattern of FTO is a single crystalline in nat-
ure.** In addition, the presence of palladium element
in Pd/FTO is detected by HRTEM-EDX spectrum as
shown in Figure S3, Supplementary Information.

Figure 5(a) shows the XPS survey scan of the
Pd/FTO catalyst and revealed that fluorine, oxygen,
tin, palladium and carbon were present in the catalyst
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Figure 3. SEM images and size distribution of FTO (a), Pd/FTO catalyst (b) and mapping image of fluorine (purple) and

palladium (blue) elements on Pd/FTO (c).

Figure 4. HRTEM image of Pd/FTO in 20 nm magnification (a), HRTEM

magnification (b) and SAED pattern (c).
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Figure 5. XPS survey scan of spectra of the Pd/FTO (a), high-resolution XPS spectra of Pd 3d (b) and F 1s (c).

which was in agreement with the EDX result in
Table 1. XPS spectra are used to identify their
chemical states and components. The C 1s peak was
attributed to C-C bonds and acted as a reference peak

at 284.6 eV for measuring the range of the chemical
shifts.*>*® XPS spectra of C 1s, Sn 3d and O 1s are
showed in Figure S4(a—c), Supplementary Informa-
tion. On the other hand, the high-resolution XPS scan
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Table 1. Elements present in Pd/FTO determined by XPS.
Element Atomic percentage (%)
O Is 16.4

Sn 3d 68.1

Pd 3d 1.3

Cls 11.7

F 1s 2.5

Total 100

of Pd 3d (Figure 5(b)) shows doublet peak that splits
at 335.0 eV and 340.4 eV that were assigned to
metallic Pd 3ds,, and Pd 3d3,, respectively.47 The Pd
3d spectrum confirmed that all Pd** ions were reduced
to metallic Pd.*® XPS analysis confirmed the presence
of fluorine element in Pd/FTO as shown in
Figure 5(c). The related peak of F 1s at 684.3 eV was
assigned to Sn-F complexes formed in the SnO,
framework after the doping process.*®* The weak F
1s peak indicated the presence of fluorine in FTO in a
very small amount, which is only 2.5% in Pd/FTO.*®
On the other hand, the 1.3% atomic percentage of
palladium exists on the surface of Pd/FTO is detected
and is the metal catalyst on surface of FTO that
involved in catalysis.

The FTIR transmission spectra of FTO support,
Pd*"/FTO and Pd/FTO catalyst are shown in Figure 6,
confirming the successful impregnation of Pd on FTO
support using Pd(OAc), as a precursor. The absorption
peak at 1740 cm™" of synthesized Pd**/FTO can be
ascribed to the C=0 stretching of the acetate group
from Pd(OAc), precursor.50 However, the absorption
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Figure 7. The product yield of Suzuki coupling reaction
by using a different concentration of Pd/FTO catalyst.

peak of C=0O stretching was absent in absorption
spectra of FTO and Pd/FTO after reduction of Pd*" to
Pd°. This feature strongly assured that the Pd*" par-
ticles had been reduced to metallic Pd in Pd/FTO.

3.2 Catalytic performance test

The catalytic performance of Pd/FTO catalyst was
evaluated in the Suzuki coupling reaction by using
various concentrations of Pd/FTO as shown in
Figure 7. The Pd/FTO used in Suzuki coupling reac-
tion of phenylboronic acid with 1-bromo-4-nitroben-
zene reactant were varied from 0.05, 0.1, 0.2, 0.3, 0.5,
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Figure 6. FTIR spectra of FTO (black), Pd>*/FTO (blue) and Pd/FTO (green).
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Figure 8. Catalytic test of Pd/FTO on Suzuki coupling
reaction.

Table 2. Suzuki coupling reaction catalysed by Pd/FTO
using different reactants and solvents.

Isolated yield (%)

Entry X R H,0* DMF®
1 Br 4-NO, 85 96
2 I 4-NO, 93.4 90
3 I 4-H 78 70
4 I 4-CF; 90 80
5 I 4-CH, 85 76
6 I 4-OCHs 80 78
7 Cl 4-NO, 25 22
8 Cl 4-CH, 20 16

Conditions: Aryl halide (1.0 mmol), phenylboronic acid
(1.5 mmol), K>CO3 (3.0 mmol), PdA/FTO (0.1 mmol%),
80 °C, 15 h.

% 4 mL H,O, TBAB (1.0 mmol).
® 4 mL DMF.

Isolated yield is determined by flash column chromatogra-
phy purification.

1.0 and 1.5 mmol%. The obtained result showed that
Pd/FTO catalyst exhibited excellent conversion in the
Suzuki coupling reaction with low mmol% of Pd/FTO.
From Figure 7, there is an obvious increment of con-
version yield from 80.7% (0.05 mmol%) to 96% (0.1
mmol%) and yield more than 90% of conversion yield
when higher mmol% was used. Optimal reaction
condition for Pd/FTO catalyst in Suzuki coupling
reaction is 0.1 mmol% and thus it has been chosen as
the best concentration for further studies. The final
products obtained were characterized by '*C NMR and
'H NMR in Figure S5-S14, Supplementary
Information.

3.3 Pd/FTO-catalyzed Suzuki coupling reaction

The as-prepared Pd/FTO was employed as a hetero-
geneous catalyst in the Suzuki coupling reaction with
the conditions shown in Figure 8. The effect of dif-
ferent solvent systems, DMF and H,O in the Suzuki
coupling reaction catalyzed by Pd/FTO was illustrated
in Table 2. Results related to the study on the effect of
the different solvent systems, DMF and H,O on the
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Suzuki coupling reaction catalyzed by Pd/FTO was
illustrated in Table 2. In Table 2, the optimal solvent
of the Suzuki coupling reaction catalyzed by Pd/FTO
was determined. With the comparable conversion,
water is more preferable over DMF in the Suzuki
coupling reaction since it is also an effective solvent to
obtain high conversion and most importantly, it is a
green solvent.”' Based on the results showed in
Table 2, the product yields of arylbromide and
aryliodides are higher than arylchlorides. This is due to
the poor reactivity of arylchlorides while both elec-
tron-donating (CH3z, OCH3) and electron-withdrawing
groups (NO,, CF3) on para position of high reactive
arylbromides and aryliodides have negligible effect on
the reactivity and gives the corresponding biphenyl
with excellent yields.’*>*

3.4 Recyclability of catalyst on Suzuki coupling
reaction

The reusability of Pd/FTO is a significant factor in
the heterogeneous system for practical industrial
application in Suzuki coupling reaction. To study the
reusability of the catalyst, the recovered catalyst was
employed in the following cycle under optimum
reaction condition. At the same time, the effect of
different solvent systems including H,O (polar protic
solvent) and DMF (polar aprotic solvent) were con-
ducted due to the nature of solvent is playing an

HO
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NQZ_Q_‘ £ B 0.1 mmol% PIFT 02”
HO 3.0m ! KzCOy
1-iodo-4-nitrobenzene  Phenylboronic acid 80°C’
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0.1 mmoi% P/FTO, mgi%e BA/ETO
3.0 mmo) K,CO3 T 3.0 mmol K,CO, | 02N Q Q

1-bromo-4-nilrobenzene  ppenviboronic acid

1-nitro-4-phenylbenzene

1-nitro-4-phenylbenzene

1.0 mmol .5 mmol
120
N \Water BN DMF
99.7
100 4 . 96 98_794 95 g7.8

80

60

Yield (%)

40

1 2 3 4 5
Mumber of regeneration cycle

Figure 9. Reusability of prepared Pd/FTO for the Suzuki
coupling reaction in H,Oand DMF.
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Table 3. Comparison of catalyst’s efficiency in Suzuki coupling reaction between 4-iodotoluene and phenylboronic acid.

Temp  Yield
Catalyst [Catalyst] Base Solvent Time (hr) (°C) (%) Reference
Pd/FTO 0.1 mmol%  K,CO; H,0 15 80 85.0  This work
Pd@CC-SO;H-NH, 10 wt% K,CO; H,0 3 100 750 !
Pd@PANI 2 mol% KOH H,0 24 25 85 37
Pd-isatin-boehmite 10 mg K,CO;  PEG-400 1.5 80 93 58
Pd/chitosan-biguanidine 0.15 mol% K,CO; EtOH-H,O (1:1) 0.4 40 98 59
Pd@chitosan/starch 0.005 mol%  K,CO; - 0.1, MW 50 75 2
composite

important role in the efficiency of most of the
chemical reactions included Suzuki coupling
reaction.”~°

As shown in Figure 9, the catalytic activity of Pd/
FTO in the Suzuki coupling reaction of aryl halide to
biphenyl preserved its activity up to the fifth cycle. The
catalytic activity of Pd/FTO in Suzuki coupling reaction
in DMF solvent system preserved its activity up to four
reaction runs. The yield on the 5™ cycle of the reaction
was slightly decreased to 85%, which implied that Pd/
FTO could be reused at least four runs with excellent
catalytic activity in DMF. Meanwhile, Pd/FTO catalyst
demonstrated unchanged high catalytic behaviour
(above 90% yield) in deionized H,O after each cycle
and can be reused five times without significant decrease
in its catalytic activity. However, the fluctuation of the
yields obtained in each cycle most probably due to
inevitable lost in filtration and purification steps. These
findings indicated that the performance of Pd/FTO
catalyst is slightly better in H,O solvent than in DMF
solvent for Suzuki coupling reaction. Nonetheless, the
Pd/FTO catalyst can be used as an effective heteroge-
neous catalyst in cross-coupling reaction with excellent
catalytic activity and good reusability.

3.5 Comparison of the effectiveness
of the catalyst in the Suzuki coupling reaction

In order to confirm the efficiency and advantages of Pd/
FTO, the catalytic activity of the present catalyst was
compared with previous studies in Suzuki reaction using
4-iodotoluene and phenylboronic acid as shown in
Table 3. It is noticeable that the present catalyst was
potentially performed to yield 4-methylbiphenyl, rela-
tively in the presence of a low concentration of catalyst,
moderate temperature and water as a green solvent.

3.6 Reduction of 4-NP to 4-AP

The hydrogenation of 4-NP to 4-AP can be tracked by
following the changes of absorbance peaks in UV-Vis

spectra at 400 nm and 300 nm as shown in
Figure 10(a).?® Peak at 400 nm appeared immediately
upon the addition of NaBH, due to the presence of
4-nitrophenolate ion. After the addition of Pd/FTO
catalyst, the peak at 400 nm experienced hypochromic
effect successively within 110 seconds, whereas a new
peak was presented at 300 nm corresponding to the
4-AP product.®!

The mechanism of 4-nitrophenol reduction on Pd/
FTO catalyst based on Langmuir-Hinshelwood model
is proposed schematically in Figure S15, Supple-
mentary Information.®*®* On the surface of Pd/FTO
catalyst, adsorption of hydrogen (sources from
sodium borohydride) and 4-nitrophenol reactants
occurred prior to reduction of the nitro group. Fol-
lowed by the series of electron transfers, the reduc-
tion occurred to form the corresponding
aminobenzene and finally desorbed from the metal
surface.

Kinetic measurements of Pd/FTO were performed
as shown in Figure 10(b). Notably, the reduction
started after 10 s upon addition of the Pd/FTO. There
is an induction period for the first 10 s and followed
by a linear behaviour are observed in the pseudo-
first-order plot. The induction period occurred
because time is required for the catalyst to diffuse
from the surface into the reaction medium. This
action is essential to allow reactant and reducing
species to be adsorbed onto the nanocatalyst sur-
face.®> In addition, 4-NP reduction is not feasible
when FTO support is added to the reaction medium.
This observation implies that the FTO support with-
out Pd catalyst impregnated has low or negligible
catalytic activity towards the reaction (data not
shown).

The rate of the reaction is determined by the slope
of linear In (A/A() versus reaction time based on the
rate equation In (A/Ag) = —kt.%® As shown in Fig-
ure (b), the calculated value of k was 1.776 min~" with
good linear regression of R* of 0.967. To further
evaluate the catalytic performance of the Pd/FTO, the
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Figure 10. Kinetic study of the reduction of 4-NP to 4-AP using NaBH, over the prepared Pd/FTO catalyst (a) Plot of In (A/A)
at 400 nm as a function of reaction time for the first run of Pd/FTO in the 4-NP reduction (b) Plot of In(A/Ag) at 400 nm as a
function of reaction time at different runs (c) Graphical illustration of the catalytic stability of Pd/FTO in the 4-NP reduction (d).

turnover frequency (TOF) was calculated to be 29.1
hr™" using the equation below>”:

TOF — knOreactam
npq
The recyclability of the catalyst was also tested on
4-NP reduction. The reaction rates for each cycle are
shown in Figure 10(c). Pd/FTO was ably reused up to
five consecutive runs with the same reaction conditions
and each cycle was maintained above 90% conversion

as illustrated in Figure 10(d). In conclusion, the pre-
pared Pd/FTO showed excellent catalytic ability and
reusability for the reduction of 4-NP to 4-AP.

3.7 Comparison of the effect of the catalyst in 4-
nitrophenol reduction

The catalytic activity of the present catalyst in 4-ni-
trophenol reduction has been compared with other

Table 4. Comparison of the activity of Pd/FTO with other catalysts used in 4-nitrophenol reduction.

Amount of catalyst [4-NP] [NaBH,] Reaction rate constant, TOF

Catalyst used (mg) (mM) ™M) time (s) k (minfl) (hr*l) Reference
Pd/FTO 5.0 0.05 0.15 110 1.776 29.1 This work
CuNiOS-0.6 10 0.15 0.1 90 42 - 62
Pt@Ag core- 0.05 0.10 0.0001 480 0.355 5.28 67

shell
Pd@rGO 0.25 1.0 1.00 130 - - 68
Au/Ce0,@ 1.0 0.12 0.04 40 6.38 - 69

2-C3Ny
Ni@N-doped 0.32 3.0 0.02 270 0.761 - 70

C
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catalysts as shown in Table 4. In 4-nitrophenol
reduction, the present catalyst is comparable in terms
of amount of catalyst used, reaction time, rate constant
and TOF.

4. Conclusions

The present study has proved that the nano-sized FTO
is a promising catalyst support in catalysis. The effi-
ciency of the Pd/FTO was examined in the Suzuki
coupling reaction and 4-NP reduction using UV-Vis
spectroscopy. Pd/FTO was performed excellently in
both harsh and milder reaction conditions. Moreover,
this promising recoverable catalyst exhibited high
catalytic performance and recyclability in Suzuki
coupling reaction and 4-nitrophenol reduction over
low concentration of catalyst.

Supplementary Information (SI)

Table S1 and Figures S1-S15 are available at www.ias.ac.
in/chemsci.
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