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ABSTRACT: Fly ash (FA)-supported bimetallic nanoparticles

N2 T
(Pd,Ag,/FA) with varying Pd:Ag ratios were prepared by R Peses °
coprecipitation of Pd and Ag involving in situ reduction of Pd(1I) Eog {fres °
and Ag(I) salts in aqueous medium. All the supported nano- :¢E30.6 oo ®
particles were thoroughly characterized with the aid of powder X- g 0oal @
ray diffraction (PXRD), X-ray photoelectron spectroscopy (XPS), 30.2 °
electron microscopy (field emission scanning electron microscopy k; '0 ]

(FE-SEM) and transmission electro_n microscopy (TEM)), and © 20 40 60 80 100 120
elemental analyses, which include inductively coupled plasma- Ag (mol%)

optical emission spectroscopy (ICP-OES) and energy-dispersive

X-ray spectroscopy (EDS). A gradual broadening and shifting of PXRD peaks, ascribable to Ag, to higher angles with an increase in
the Pd:Ag ratio affirms the alloying of interface between Pd and Ag nanoparticles. The coexistence of Pd and Ag was further
confirmed by EDS elemental mapping as well as by the presence of bimetallic lattices on the FA surface, as evident from the high-
resolution TEM analysis. The dependency of crystallite size and average size of bimetallic nanoparticles on Ag loading (mol %) was
elucidated with the help of a combination of PXRD and TEM studies. Based on XPS analysis, the charge transfer phenomenon
between contacting Pd—Ag sites could be evident from the shifting of 3d core electron binding energy for both Pd and Ag compared
with monometallic Pd and Ag nanoparticles. Following a pseudo-first-order reaction kinetics, all the nanocatalysts were able to
efficiently reduce 4-nitrophenol into 4-aminophenol in aqueous NaBH,. The superior catalytic performance of the bimetallic
nanocatalysts (deAgy/ FA) over their monometallic (Pd;4/FA and Ag0/FA) analogues has been demonstrated. Moreover, the
tunable synergistic effect of the bimetallic systems has been explored in detail by varying the Pd:Ag mol ratio in a systematic manner
which in turn allowed us to achieve an optimum reaction rate (k = 1.050 min~") for the nitrophenol reduction using a Pd,sAg,s/FA
system. Most importantly, all the bimetallic nanocatalysts explored here exhibited excellent normalized rate constants (K ~ 6000—
15,000 min~' mmol™') compared with other supported bimetallic Pd—Ag nanocatalysts reported in the literature.

B INTRODUCTION electronegative (1.9) than Pd (2.2), the incorporation of Ag in
the lattice of Pd has been exploited to realize potential charge
redistribution and superior catalytic performance.”’~*’ Since
Pd—Ag bimetallic nanostructure can form a solid solution,™ a
gradual incorporation of Ag atom into Pd lattice was
anticipated to elevate the catalytic activity and hence the
atom economy. Nevertheless, the ratio between Pd and Ag in
the bimetallic system was also believed to play a pivotal role in
achieving optimum catalytic performance.31 Moreover, Ag
being a less active counterpart, an excess presence of it beyond
a critical level was presumed to exhibit detrimental effects. In
fact, Sun et al. reported that among the bimetallic nano-

Bimetallic nanoparticles exhibiting versatile and tunable shape-,
size-, and composition-dependent properties have gained
immense research attention due to their widespread
application in catalysis, fuel cells, organic reactions, and
sensing devices.' ® The superiority of bimetallic systems over
their monomeric analogous is often associated with the metal—
metal interaction and charge separation between the hetero
7719 By taking advantage of these features, a number of
important organic transformations including CO and oxygen
reduction,’' ™** oxidation reaction,"* dechlorination reaction,"
CO, hydrogenation,'® and dry reforming reaction'” at high
efficiency have been achieved.

atoms.

Catalytic reduction of highly toxic nitroaromatics into Received: ~ September 20, 2023
commercially demanding amine derivatives by using appro- Revised:  October 23, 2023
priate heterometallic nanocatalysts has gained significant Accepted: December 5, 2023

current research interest.'*™>* In particular, Pd-based systems, Published: December 20, 2023

such as Pd—Au, Pd—Cu, Pd—Ni, Pd—Pt, and Pd—Ag, have
been studied extensively.'®'***™*° Considering Ag is less
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particles with varying Pd:Ag ratios (PdyAg;;, PdscAgu,
PdgAgse PdjyAgs, and PdgAg),), the optimum activity for
the generation of hydrogen from ammonia borane (via
methanolysis) could be achieved by the Pd,,Ags, system.>”

Dispersion of metal nanoparticles on a suitable support is an
important aspect of catalysis as this provides stability to the
nanoparticles by restricting their agglomeration and retaining
catalytic activity under a wide range of reaction condi-
tions.>>™>° In our previous study,29 we have shown for the
first time that Pd—Ag bimetallic nanoparticles supported on fly
ash (FA), a good absorption solid material primarily composed
of silica and alumina,”” ~*° could exhibit an excellent synergistic
activity toward reducing 4-nitrophenol in aqueous NaBH,
medium under ambient conditions. Herein, we report an
easy synthesis method, an alternative of relatively costly, more
time-consuming, and involving complex reaction steps such as
hydrothermal method,”" electrochemical deposition,™ seed-
mediated growth,”’ and galvanic replacement,” to prepare
novel FA-supported bimetallic nanoparticles (Pd,Ag,/FA).
The impact of Pd:Ag ratio toward tuning the synergistic effect
of the bimetallic system to efficiently reduce nitrophenol into
aminophenol in an aqueous NaBH, medium (Scheme 1) has
been investigated. Moreover, a structure—activity correlation
has been explored with the help of microscopic and
spectroscopic analysis techniques.

Scheme 1. Schematic Representation of the Bimetallic
Nanoparticle Synthesis and the Targeted Catalytic
Transformation of Nitrophenol to Aminophenol Using FA-
Supported Monometallic (Pd,o,/FA and Ag,;,,/FA) and
Bimetallic (Pd,Ag,/FA) Nanocatalysts in Aqueous NaBH,
Solution

NO,
O
(i) Na,PdCl, OH
(i) Ag NO, !
NaBH,/H,0
(iii) NaBH,
. NH,
=
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Q &
5 8 o
Pd Ag PdAg,

B EXPERIMENTAL SECTION

General Procedures. All of the chemicals purchased from
the commercial sources were used as received. Deionized water
was used for the preparation of all of the aqueous solutions. FA
was collected from National Aluminum Company Limited
(NALCO), Bhubaneswar, India.

Instrumentation. Powder X-ray diffraction (PXRD) of the
nanomaterials was conducted using a Rigaku diffractometer
(40 kV and 40 mA) equipped with Cu Ka radiation (1 = 1.54
A) at a scanning rate 4°/min and within a 26 range of 10—
110°. The average crystallite sizes (D) of Pd, Ag, and Pd,Ag, in
Pdo/FA, Pdg;sAgi,s/FA, Pd;sAg,s/FA, PdgoAgse/FA,
Pd,sAg,s/FA, Pd), Agg,s/FA, and Ag,q/FA were evaluated
using the Debye—Scherrer equation D = KA/(f cos ), where
K is the Scherrer constant (0.89), 4 is the X-ray wavelength
(0.154 nm), f3 is the full-width at half-maxima of the diffraction
peak, and 6 is the diffraction angle.**™*® Advanced PHI-5000

1021

Versa-probe setup was used to perform an X-ray photoelectron
spectroscopic (XPS) study. The binding energies were
referenced to the adventitious C s peak at 284.8 eV."” The
field emission scanning electron microscopy (FE-SEM) and
energy-dispersive X-ray spectroscopy (EDS) studies were
performed using the Zeiss SUPRA SS5-VP instrument. The
JEOL-JEM 2100 electron microscope was used to collect high-
resolution transmission electron microscopy (HR-TEM)
images, where the samples were prepared by sonicating
suspended nanomaterials in ethanol, followed by depositing
the suspension on carbon-coated copper grids. Inductively
coupled plasma-optical emission spectroscopy (ICP-OES)
related analyses were conducted on Thermo Fisher Scientific
(iCAP 7400 Duo) equipment. The UV—visible spectra of
liquid samples were collected using a Neumann & Miiller NM-
1900S spectrophotometer.

Preparation of FA-Supported Pd Nanoparticles
(Pd;o/FA). Over a slurry of FA (1 g) in water (S mL), an
aqueous solution (5 mL) of Na,PdCl, (28 mg, 0.095 mmol)
was added under stirring at ambient temperature. After the
stirring was continued for 30 min, a freshly prepared S mL
solution of NaBH, (0.095M) was added dropwise over a time
period of 2 min. After 1 h, FA-supported Pd nanoparticles
(Pd,0/FA) were filtered and sequentially washed with water
and acetone. Finally, the solid material was dried under a
dynamic vacuum for 2 h at 50 °C.

Preparation of FA-Supported Ag Nanoparticles
(Ag100/FA). An aqueous solution (S mL) of AgNO; (16 mg,
0.094 mmol) was added to a slurry of FA (1.0 g) in water (S
mL) under stirring. After 30 min, a freshly prepared S mL of
aqueous NaBH, solution (0.094 M) was added at room
temperature. After continuing the stirring for another 1 h, the
FA-supported Ag nanoparticles (Ag;o/FA) were filtered and
washed subsequently with water and acetone. Finally, the solid
material was dried under a dynamic vacuum for 2 h at 50 °C.

Preparation of FA-Supported Pd,Ag, Bimetallic
Nanoparticles (Pd,Ag,/FA). Preparation of Pdg;sAg:,s/
FA. Over a slurry of FA (1.0 g) in water (S mL), aqueous
solutions (5 mL each) of Na,PdCl, (24.5 mg, 0.082 mmol)
and AgNO; (2 mg, 0.0117 mmol) were added consecutively.
After 30 min, a freshly prepared NaBH, solution (5 mL) in
water (0.094 M) was added to the mixture over S min at
ambient temperature. After stirring was continued for 1 h, the
material was filtered and washed with water and acetone.
Finally, the FA-supported Pdg;sAg;,s nanoparticles
(Pdg;5Agy,s/FA) was dried at S0 °C under a dynamic vacuum
for 2 h.

Preparation of Pd;;Ag,s/FA, Pds)Agsy/FA, Pd,sAg,s/FA,
and Pd;;sAgg; s/FA. For the preparation of (i) Pd,;sAg,s/FA,
Na,PdCl, (21 mg, 0.0705S mmol) and AgNO; (4 mg, 0.0235
mmol); (ii) Pds,Agso/FA, Na,PdCl, (14 mg, 0.047 mmol) and
AgNO; (8 mg, 0.047 mmol); (iii) Pd,sAg,s/FA, Na,PdCl, (7
mg, 0.0235 mmol) and AgNO; (12 mg, 0.705 mol); and (iv)
Pd,, ;Agg;s/FA, Na,PdCl, (3.5 mg, 0.0117 mmol) and AgNO,
(14 mg, 0.08225 mmol) were considered while keeping all the
other reaction parameters used for the synthesis of
Pdg; sAg1,.s/FA unchanged.

The experimental Pd and Ag loadings of all the
monometallic (Pd,y/FA and Ag;4/FA) and bimetallic
(Pd,Ag,/FA) nanoparticles were estimated using ICP-OES
analysis (Table S1).

Catalytic Reduction of 4-Nitrophenol Using FA-
Supported Nanoparticles. Catalytic reduction of 4-nitro-
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phenol (4-NP) into 4-aminophenol (4-AP) was monitored by
UV-—visible spectroscopy within the range of 210—550 nm.
First, aqueous solutions of 4-NP (0.1 mM, 1.5 mL) and
NaBH, (10 mM, 1.5 mL) were added sequentially to a quartz
cuvette. The catalytic reaction was started after the addition of
0.5 mL of dispersed Pd,4/FA (2 mg/mL H,0) into the 4-NP
and NaBH, mixture. Reduction of 4-NP was measured from a
change in the absorption intensity of the band appearing at 400
nm. UV-—visible spectra were collected at different time
intervals to study the reaction kinetics.

Similarly, an equimolar metal was employed in every
catalytic run under identical conditions to conduct the
reduction of 4-NP using Ag,o/FA and Pd,Ag,/FA nanoma-
terials.

Since a large excess (ca. 100 times) of NaBH, was typically
used as compared to the substrate 4-NP, the reaction rate can
be considered independent of NaBH, concentration. There-
fore, the rate of the reaction can be expressed as —(dC/dt) =
kC or In(C/C,) = —kt, where C and C, are the 4-NP
concentrations at times t and 0, respectively. The rate constant
is represented by k. The ratio of C/C, can directly be obtained
from the ratio of A/A, (absorbance intensity of 4-NP at time 0
and time t, respectively). The rate constant (k) of the reaction
can be received from the slope of the straight line in a In(C/
C,) vs time (t) plot.

The recyclability of Pd,sAg,s/FA nanocatalyst for the
reduction of 4-NP was tested following a slightly modified
literature protocol.”>** In the beginning, 50 4L (3 M) of 4-NP
was added to a quartz cuvette, followed by sequential addition
of 1.5 mL of water and 1.5 mL (0.1 M) of freshly prepared
aqueous NaBH, solution. Catalytic reaction was started by
adding 0.5 mL of dispersed Pd,sAg;s/FA (2 mg/mL) to the
reaction mixture. After completion of the first cycle, fresh S0
UL of 4-NP solution was added to start the second cycle, and
the procedure was repeated for additional three cycles.

B RESULTS AND DISCUSSION

The FA-supported nanoparticles Pd,z0/FA, Agio/FA,
Pdy, Ag)>s/FA, Pd,sAg,s/FA, PdgAge/FA, PdysAg,s/FA,
and Pd;,Agg;s/FA were prepared by in situ reduction of
Pd(II) and Ag(I) precursors in aqueous medium. The isolated
and dried samples were characterized using various spectro-
scopic, microscopic, and analytical techniques.

In order to understand the crystalline nature of the materials,
a freshly prepared powder sample of FA, the supported
monometallic Pd,;/FA and Ag;o/FA and bimetallic
Pdg; sAgios/FA, Pd;sAgys/FA, PdspAgs/FA, PdysAgys/FA,
and Pdj, sAgs;s/FA nanoparticles were analyzed by PXRD
(Figure 1A), which reveals that the pristine sample of FA
mainly consists of crystalline mullite (JPCDS card number: 15-
0776) and quartz (JPCDS card number: 46-1045) phases
along with a part of amorphous phase appears as a broad hump
in the 20 range of 20—30° (Figure 1a)."® No clearly
identifiable Pd diffraction peaks (expected at 39.20 and 45.6°
for the Pd(111) and Pd(200) lattice planes, respectively
(JCPDS card number: 05-0681)),* could be observed for Pd
containing nanomaterials due to peaks overlapping with
mullite (M) phase of FA support. The PXRD spectrum of
Ag00/FA (Figure 1B-h), however, exhibited two distinctly
isolable peaks at 26 values of 38.20 and 44.35° corresponding
to Ag(111) and Ag(200) lattice planes, respectively (JCPDS
card number: 04-0783).>° Thus, affirming the presence of
crystalline Ag nanoparticles in the Ag;o/FA sample.
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Figure 1. (A) PXRD pattern of (a) FA, (b) Pd;o/FA, (c)
Pdg; sAg, s/ FA, (d) Pd;sAgys/FA, (e) PdspAgso/FA, () PdysAg;s/
FA, (g) Pdj,sAgs;s/FA, and (h) Ag,o0/FA. (B) Expanded view of the
PXRD spectra in the 20 range of 36—48°. (C) Plot of diffraction angle
of Ag(111) plane vs Ag mole fraction (%) in Pdg,Ag;,s/FA,
Pd;sAgys/FA, PdsoAgso/FA, PdysAgys/FA, Pd; sAge; s/ FA, and Agyee/
FA.
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Interestingly, an alteration of the peak position as well as the
broadening of the signals corresponding to Ag(111) and
Ag(200) lattice planes (Figure 1B-c—h) was observed for all
the FA-supported Ag containing bimetallic nanoparticles
Pdg; sAgi,s/FA, Pd;sAgys/FA, PdsoAgso/FA, PdysAgss/FA,
and Pd,,Agg;s/FA. Notably, the peak related to Ag(200)
lattice plane almost disappeared due to excessive broadening,
while the peak corresponding to the Ag(111) plane gradually
broadened and shifted to a higher angle with increasing Ag mol
% (Figure 1C and Table 1) loading. Such observation led us to

Table 1. Diffraction Angle for Ag(111) Lattice Plane in
Pd,Ag,/FA and Crystallite Size of the Metal Nanoparticles

empirical Ag 20 (°) crystallite size

Pd Ag,/FA mol % (Ag(111)) (nm)“
Pd,o0/FA 0 ND?
Pdy, Agy,.s/FA 125 38.56 8.10
PdosAg,s/FA 25 38.52 8.74
Pds,Agso/FA 50 38.46 938
Pd,sAgys/FA 75 38.38 9.43
Pd,, ;Agq, s/FA 87.5 3825 1020
Agy00/FA 100 38.20 20.06

“Estimated using the Debye—Scherrer equation. *Not determined.

assume a gotential alloy formation between Pd and Ag
interphase.’””" Further, the crystallite size of the FA-supported
nanoparticles was estimated for Pdg; Ag;,s/FA (8.10 nm),
Pd;sAg,s/FA (8.74 nm), PdsyAgs,/FA (9.38 nm), Pd,sAg,s/
FA (9.43 nm), Pdj,sAgs;s/FA (1020 nm), and Ag;/FA
(20.06 nm) using the Debye—Scherrer equation (Table 1). A
gradual increase in crystallite size was observed with increasing
Ag loading (mol %) for the bimetallic nanomaterials. The
dependence of the size of the bimetallic alloy nanoparticles on
the metal molar ratio has been reported to be correlated with
collision energy, sticking coefficient, rates of nucleation, and
growth.”” Nevertheless, due to peaks overlapping, as discussed
earlier (Figure 1B-b), the size of the Pd crystallite could not be
determined using the Debye—Scherrer equation.

The FE-SEM image of FA shows the presence of spherical
and agglomerated particles, which are mostly composed of O,
Si, Al, Ca, Fe, and Ti atoms, and are complemented by the
EDS spectrum (Figure S1 and Table S2). From the element
mapping of FA, it could be evident that these elements are
evenly distributed throughout the particles (Figure S2).
Similarly, the FE-SEM images and element mapping of
monometallic Pd,y/FA, Ag;o/FA also exhibited uniform
distribution of Pd and Ag over the surface of FA, while both
of these elements coexist in bimetallic Pd,Ag,/FA systems
(Figures S3—S9). The uniform distribution and coexistence of
both Pd and Ag further support the formation of an alloy
structure in bimetallic Pd,Ag,/FA systems.

The surface morphology of the supported nanomaterials was
further investigated by using TEM analysis. This reveals a clear
dispersion of Pd and Ag nanoparticles throughout the support
(Figures 2 and S10—S13). The coexistence of Pd and Ag in the
bimetallic nanoparticles was also authenticated by EDS
elemental mapping (Figures 2¢,d and S10—S13c,d). Moreover,
the HR-TEM images (Figures 2b and S10—S13b) showing the
presence of lattice fringes further confirm the bimetallic
crystalline structures of the nanoparticles. While the lattice
spacing around 0224 and 0.195 nm corresponds to the
Pd(111) and Pd(200) planes, the spacings of 0.235 and 0.203
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Figure 2. (a) TEM image of Pd,;Ag;s/FA and (b) lattice spacings for
Pd,;Ag;s nanoparticles. EDS element maps for Pd (c) and Ag (d).

nm are likely to be associated with the Ag(111) and Ag(200)
planes, respectively.'”*” Further, the average size of Pd,Ag,
nanoparticles was estimated from TEM images (Figures S16—
S$22), which was found to increase along with Ag loading (from
Pdg;sAgi,s/FA (6.96 nm), Pd;sAg,s/FA (8.10 nm), Pdgy-
Agso/FA (8.16 nm), Pd,s—Ag;s/FA (8.57 nm) to Pd,, sAgg; s/
FA (943 nm)). The size of the bimetallic nanoparticles
typically lies between those of monometallic Pd (5.59 nm) and
Ag (11.08 nm) nanoparticles in Pd;o/FA and Ag;q0/FA,
respectively.

To determine the oxidation state of the metals, XPS analysis
was performed for all the FA-supported mono- and bimetallic
nanoparticles (Figure 3 and Table 2). The Pd 3d binding
energies appeared at 335.70 and 341.15 eV with a spin—orbit
separation of 5.45 eV can be assigned to Pd 3d,, and Pd 3d;,,
core levels of Pd(0) nanoparticles in Pd,,,/FA.> Similarly, the

(b)

Intensity (a. u.)
Intensity (a. u.)

378

w
94
o

369 372
Binding Energy (eV)

31;6 31;9 3:12 3:15 3&8 363 366

Binding Energy (eV)

353

Figure 3. XPS binding energy spectra of (a) Pd 3d and (b) Ag 3d
core levels for Pd,o/FA (navy blue), Ag,,,/FA (wine), Pdg; sAg;, s/
FA (green), Pd;sAg,s/FA (red), PdsyAgso/FA (blue), Pd,sAg,s/FA
(purple), and Pd, sAgs; s/FA (orange).
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Table 2. Pd and Ag Core Electron Binding Energies of the

deAgy/ FA System

binding energy (eV)

Pd Ag

Pd,Ag,/FA 3ds, 3ds), 3ds) 3ds,
Pd,q0/FA 335.70 341.15
Pdy; ;Ag,, s/FA 335.61 340.95 36828 374.26
Pd,sAg,s/FA 335.55 340.90 368.20 374.20
PdyyAgso/FA 335.47 340.72 368.15 374.15
Pd,sAg,s/FA 335.42 340.70 368.05 374.05
Pdy, sAger s/FA 33541 340.85 368.06 374.00
Agio0/FA 36835 37435

binding energies appeared at 368.35 and 374.35 eV with a
spin—orbit separation of 6.0 eV can be assigned to Ag 3d;,,
and Ag 3d;, cores for Ag(0) nanoparticles in Ag,oo/FA.”* A
difference in spin—orbit separation of approximately 5.4 and
6.0 eV for all the bimetallic systems suggests the formation of
zerovalent Pd and Ag nanoparticles, respectively, in freshly
prepared Pd,Ag/FA samples. Notably, for the bimetallic
systems, binding energies for both Pd and Ag 3d core levels
shifted to a lower value than those for analogous monometallic
systems. A similar observation was recently reported for the
TiO,-supported Pd,Ag, bimetallic system.” Such shifting of
binding energy is indicative of charge transfer between
contactin$ Pd and Ag atoms due to the formation of alloy
structure.” >’ For the bimetallic Pd—Ag alloy system, Pd
and Ag atoms are regorted to lose s and p (non-d electrons)
but gain d electrons.”® Such changes in charge distribution in
the bimetallic alloy system were reported to be beneficial to
achieve better catalytic activity compared with monometallic
analogues.*”*’

Overall, the PXRD, TEM, and EDS elemental mapping data
suggest the coexistence of Pd and Ag forming alloy structures
in all the deAgy/ FA bimetallic nanostructures. In addition,
shifting of binding energies for the Pdj; and Agsy core
electrons of the Pd and Ag atoms in Pd,Ag,/FA supports the
charge redistribution between Pd and Ag centers.

The catalytic activity of FA-supported nanomaterials was
evaluated toward the reduction of 4-NP to 4-AP using aqueous
NaBH, at room temperature (Scheme 1). Although the
reduction of 4-NP by NaBH, is proposed to be thermodynami-
cally favorable (AE® = (E°(4NP/4AP) — E°(H;BO,/BH,") =
—0.76 — (—1.33) = 0.67 V), this reaction was found to be
kinetically restricted in the absence of an efficient catalyst.”’
Initially, the addition of NaBH, into a solution of 4-NP (4,,,, =
317 nm) resulted in the shifting of A, to a stronger band at
400 nm due to the formation of 4-nitrophenolate ion (Figure
$24),°* which can be catalytically reduced to 4-aminopenolate
ion by the addition of dispersed Pd,Ag,/FA nanoparticles in
water. The latter reduction process could be monitored by a
decrease in the intensity of the absorption band at 400 nm and
simultaneous appearance of a new band around 300 nm due to
the formation of amino phenolate ion (Figure 4a—e).

The catalytic rate constants of Pdg; sAg;, s/FA (kpggrs Agl2s =
0.430 min™!), Pd;Ag,s/FA (kpassages = 0.650 min~'),
PdsoAgso/FA (kpasoagso = 0.717 min™'), PdysAg,s/FA
(deZSAg75 = 1.050 min™ "), and Pd,; sAgs; s/FA (de12.5Ag87.5 =
0.826 min ") systems were determined by plotting —In(C/C,)
vs time (Figure 4f). A linear relation between In(C/C,) and
time suggests that the reduction of 4-NP using NaBH, follows
pseudo-first-order reaction kinetics. Rate constants for
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Figure 4. Time-monitored UV—visible spectra for the reduction of 4-
nitrophenol using (a) Pdg,Ag,s/FA, (b) Pd,sAg,s/FA, (c)
PdsoAgso/FA, (d) PdysAgss/FA, and (e) Pdy,sAggys/FA. (f) -In(C/
C,) vs time and (g) rate constant (k) vs Ag (mol %) plots.

monometallic Pd;o/FA (kpgieo = 0.246 min™'), Ago0/FA
(kagioo = 0.277 min™"), and their physical mixture (Pd,q0/FA +
Ag100/FA) (kpaioo+ag100 = 0.340 min™") could also be estimated
under identical reaction conditions (Figures S25—S27).

By comparing rate constants among various monometallic
and bimetallic nanocatalysts, it could be surmised that all the
bimetallic systems are able to exhibit higher reaction rates
(0.430—1.050 min~') over their monometallic analogues
Pd,o0/FA (kpgiop = 0.246 min™') and Ag,o0/FA (kagioo =
0.277 min~') as well as their physical mixture (Pd,,,/FA +
Agi00/FA) (kpaioos Agloo = 0.340 min~!). These results therefore
substantiate the synergistic effect of the bimetallic (deAgy)
nanoparticles present in the Pd,Ag /FA system. Interestingly,
among the bimetallic nanaocatalysts, the activity was found to
gradually increase with increase in Ag mol % (Pdy;;Ag;, s/FA
(de87.5Ag12.5 = 0.430 min™"), Pd;sAg,s/FA (de75Ag25 = 0.650
min~!), (PdsoAgso/FA (kpgsoagso = 0.717 min~'), and
Pd,sAg,s/FA (kpgpsagrs = 1.050 min~')); however, start to
drop when the Pd:Ag ratio surpasses the threshold of 1:3
(Pd, sAgs7s/FA (kpgirsagers= 0.826 min™')). The change in
the catalytic rate constants with respect to the Ag fraction (mol
%) in the bimetallic systems is represented in Figure 4g.
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Table 3. Performance of Supported Pd—Ag Bimetallic Nanocatalysts for the Reduction of 4-Nitrophenol

NO, Supported Pd-Ag NH,
nanocatalyst
_—
NaBH,4, H,0

OH o_
catalyst metal used [rpg,g (mmol)]“  NaBH,:4-NP:metal (mol ratio) & (min™")? t, (min)® K (min™" mmol~!)? ref
Pdg; sAgy,s/FA 7.01 x 107° 214:2.14:1 0.430 1.61 6127 this work
Pd,sAg,s/FA 7.01 X 107 214:2.14:1 0.650 1.01 9262 this work
PdsAgs,/FA 7.01 x 107 214:2.14:1 0.717 0.97 10,217 this work
Pd,sAg;s/FA 7.01 X 107 214:2.14:1 1.050 0.66 14,962 this work
Pd,, sAgs;s/FA 7.01 X 107 214:2.14:1 0.826 0.84 11,770 this work
Pd,0/FA + Agye0/FA 7.01 x 107° 214:2.14:1 0.340 2.02 6843 this work
Pd—Ag/dendrites 927 x 1073 3:0.02:1 2.34 0.29 252 19
Ag@Pd/Fe;0, 3.17 x 107* 125:0.9:1 1.98 035 6234 20
Ag@Pd/graphene 9.89 x 107° 100:2:1 0.5202 1.33 5257 3
Pd@Ag/SP* 627 x 107 1944:0.28:1 2.0058 0.34 3197 o3
Pd-Ag/rGO’ 3.57 x 107* 1399:0.98:1 2.19 0.32 6126 ot
Pd—Ag/PDA-1GO? 2.14 x 107 9000:18:1 0.324 2.14 15,161 o
Pd-Ag/rGO’ 245 x 1072 10:0.24:1 0.2413 2.87 10 oo
Pd—Ag/biopolymer NA" 1000:1 0.395 1.75 o

“Npasag = mmol of Ag + Pd used for catalysis. *Determined from the slope of In(C/C,) vs ¢ plots. “t,, = half-ife reaction time (t,,, = 0.693/k).

Normalized rate constant K = [k (min_l)/11pd+Ag (mmol)].% ©

polydopamine-reduced graphene oxide. "NA = not available.

SP = Spirulina platensis. TGO = reduced graphene oxide. ¥PDA-rGO =

Overall, catalytic results demonstrate the fact that the
formation of an alloy structure, evident by PXRD analysis and
EDS elemental mapping, in the FA-supported bimetallic
nanocatalysts played a crucial role in achieving superior
catalytic performance. As supported by XPS analysis, the
redistribution of electron charge density at the Pd—Ag
interface is presumed to act as an electron donor to the
substrate.”” Additionally, the presence of small Pd,Ag,
nanocrystallites (indicated by PXRD and TEM analysis) in
bimetallic systems also appears to be more beneficial.

To comprehend the catalytic nitrophenol reduction
efficiency of Pd,Ag,/FA systems over other literature known
supported Pd—Ag bimetallic nanocatalysts, the rate constant
(k), half-life reaction time (#,,,), and normalized rate constant
(K) data are compared in Table 3, which shows that all the FA-
supported Pd,Ag, nanocatalysts can achieve comparable rate
constants (k = 0.43—1.05 min™') and half-life reaction time
(t;5= 1.61—0.66 min). However, an outstanding normalized
rate constant (K = 14,962 min~' mmol™}, calculated on the
basis of rate constant per mol of metal atoms) could be
achieved by Pd,;Ag;s/FA system. Therefore, tuning of the
Pd:Ag ratio turned out to be an important aspect to attain an
optimum synergistic effect of the bimetallic nanocatalysts.

Next, we studied the reusability of the best-performing
catalyst system Pd,sAg;s/FA. As evident from conversion
efficiency plots (Figure S), no significant change in conversion
was observed up to five catalytic cycles examined. The
noticeable minor loss of the activity could be due to
unavoidable dissolution and Ostwald ripening of the metal
nanoparticles during the catalytic procedures.”” Moreover,
from TEM and HR-TEM images (Figure S28) of the used
Pd,sAg,s/FA nanocatalyst, no observable change in surface
morphology could be identified. Such evidence could affirm
high stability and recyclability of the system.

Depending on the nature of the catalyst and reducing agent,
various types of reaction mechanisms including Langmuir—
Hinshelwood, Eley—Rideal, semiconductor, and photocatalysis
have been proposed in the literature for the reduction of
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Figure 5. (a) C/C, vs reaction time and (b) conversion (%) plots
toward the catalytic reduction of 4-NP for five successive cycles using
Pd,sAg;s/FA nanocatalyst.

nitroarenes into their corresponding amino derivatives.”” The
reduction of nitrophenol in particular is believed to follow the
Langmuir—Hinshelwood-type mechanism when suitable metal
nanoparticles are combined with NaBH, to serve as a catalyst
system.”' Considering this, a hypothetical reaction mechanism
for the reduction of nitrophenol over various novel FA-
supported nanonocatalysts could be proposed in Scheme SI.
At the beginning, the nitrophenol is converted into nitro-
phenolate ion by NaBH, (Figure S24) and adsorbed over
metal nanoparticles.1 Next, the hydride ion (H™) from BH,~ is
expected to be transferred to the metal nanoparticle, followed
by a secondary migration to the nitro group to initiate the
reduction process.”' After successive reduction steps, the
intermediate species, such as nitroso phenolate (TO—CsH,—
N=0) and hydroxyl (TO—C4H,—~NH—OH) ions, could be
generated. A further reduction of aminophenolate species is
expected to lead to the formation of aminophenolate ion which
gets liberated from the surface of metal nanoparticle to
complete the catalytic cycle.”””> The processes repeat again
with the adsorption of both nitrophenolate ion and BH,™ ion
on the surface of metal nanoparticle.
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B CONCLUSIONS

In summary, an amenable coprecipitation method was
followed to prepare a series of FA-supported Pd,Ag, bimetallic
nanoparticles (Pd,Ag,/FA) with varying Pd:Ag ratios. Based
on PXRD analysis, the formation of alloy structure in all the
bimetallic nanoparticles could be demonstrated. The EDS
elemental mapping was successfully utilized to further
corroborate the coexistence of both Pd and Ag atoms on the
FA surface. A combination of PXRD and TEM analysis verified
the dependency of crystallite size and the average size of
bimetallic nanoparticles on Ag loading (mol %). The XPS
analysis technique explored the charge distribution between
contacting Pd—Ag sites on the FA support. Based on detailed
catalytic studies it was evident that the bimetallic nanoparticles
supported on FA could serve as better nanocatalysts over their
monometallic analogues for the reduction of 4-nitrophenol
into 4-aminophenol in the presence of aqueous NaBH,. Most
importantly, through tuning the Pd:Ag mole ratio, a highly
active FA-supported nanocatalyst (Pd,sAg;s/FA) could be
prepared that exhibited a remarkably high normalized rate
constant when compared to the literature reports.
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