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Biosynthesis of Ag—Pd bimetallic alloy
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We report a simple but efficient biological route based on the hydrolysis of cellulose to synthesize Ag—Pd
alloy nanoparticles (NPs) under hydrothermal conditions. X-ray powder diffraction, ultraviolet-visible
spectroscopy and scanning transmission electron microscopy-energy dispersive X-ray analyses were
used to study and demonstrate the alloy nature. The microscopy results showed that well-defined Ag—

Pd alloy NPs of about 59.7 nm in size can be biosynthesized at 200 °C for 10 h. Fourier transform
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infrared spectroscopy indicated that, triggered by silver sulfate, cellulose was hydrolyzed into saccharides

or aldehydes, which served as both reductants and stabilizers, and accounted for the formation of the
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1. Introduction

Transition metal palladium is applied extensively in a great
many chemical reactions because of its high catalytic activity
and good selectivity."”> However, its exorbitant price greatly
limits its practical application.>* As a result, how to reduce
usage of Pd but improve its catalytic performance has emerged
as one meaningful research focus in the industrial catalytic
field. Over the past few years, rapid development of nanotech-
nology has opened up a new promising approach to solve these
problems,>® and both monometallic Pd and Pd-based bimetallic
alloy nanoparticles (NPs) have been broadly developed.”®
Different from monometallic NPs, Pd-based bimetallic NPs are
usually fabricated through alloying Pd with a relatively cheap
metal, which therefore makes it have a greater advantage in
terms of cost.®'* In addition, compared with monometallic NPs,
Pd-based bimetallic NPs have also exhibited higher activity and
stability for large numbers of reactions, due to the widely
recognized strong synergy effect theory between Pd and the
other metal."** Hence, Pd-based bimetallic NPs are receiving
increasing research attention.”** Among the previously reported
Pd-based bimetallic NPs, the Ag-Pd bimetallic alloy is an ideal
combination, due to the fact that their atomic numbers are next
to each other, and Ag is a bit cheaper than Pd in price. As
a result, a great many methods for preparing Ag-Pd bimetallic
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well-defined Ag—Pd NPs. Moreover, the as-synthesized Ag—Pd nanoalloy showed high activity in the
catalytic reduction of 4-nitrophenol by NaBH,.

alloy NPs have been reported. Normally, bimetallic alloy NPs are
prepared through such techniques as seed-mediated growth,
template synthesis,'® microwave-assisted synthesis,” chemical
reduction®® and laser ablation.” Among them, the chemical
reduction method is a preferably accepted way for the synthesis
of bimetallic alloy NPs,**** because its manipulation procedures
are relatively simple and feasible but with desirable results.
However, during the chemical reduction process, inevitable
employment and addition of both chemical reductants and
surfactants tremendously restrict its extensive applications in
the sense that they bring about serious concerns to the envi-
ronment."”" Therefore, innovative techniques in which few
reductants or surfactants are added in synthesizing bimetallic
alloy NPs are expected to be developed urgently.

In recent years, biofabrication of metallic NPs using natural
plant resources has been highly favored due to its innocuity to
the environment.?»** Natural plants usually contain abundant
biomass, which can serve as both reductants and stabilizers in
reducing metal ions, thus excessive employment of chemical
reagents can be avoided.” And many plant leaves such as
Cacumen  platycladi?***  Persimmon  (Diopyros  kaki),*®
mahogany®” and Cinnamomum camphora®® were all reported in
assembling bimetallic alloy NPs. Nevertheless, different plants
are easily subjected to region influence and unsuitable for
worldwide range of promotion. On the contrary, cellulose is
widely distributed in many regions of the world, with abundant
reserves. It has already been evidenced by our research group
that, cellulose can be used as green raw material for fabricating
AgNPs, because the cellulose-hydrolyzed products of saccha-
rides or aldehydes can reduce silver ions to corresponding
AgNPs.”> However, there have been no reported communica-
tions by far about synthesizing bimetallic alloy NPs with

This journal is © The Royal Society of Chemistry 2018
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(a) XRD patterns and (b) diffraction angle of (111) peak as a function of Pd molar fraction and (111) diffraction peak positions (inset) of the

monometallic AgNPs (a), PdNPs (e), and Ag—Pd bimetallic alloy NPs with an initial Ag/Pd molar ratio of 3:1 (b), 1:1(c), and 1: 3 (d).

cellulose. In this work, the hydrolysis of cellulose and the bio-
reduction of the metal ions were originally combined together
to prepare Ag-Pd bimetallic alloy NPs. Particularly, Ag,SO, is
uniquely employed as both silver source and initiator of the
hydrolysis of cellulose, and during the entire process, no
surfactants or reductants were added additionally. Finally,
a plausible formation mechanism is also proposed by analyzing
the results from Fourier transform infrared spectroscopy, and
catalytic activity of the as-obtained alloy NPs was also investi-
gated by choosing the p-nitrophenol reduction reaction as
model reaction.

2. Experimental
2.1 Materials

Ag,S0,, PA(NO;),-2H,0 and filter paper were all purchased
from Sinopharm chemical reagent Co. Ltd. (China). Filter paper
was used directly as the cellulose without pretreatment.
Distilled (DI) water was used throughout the experiment.

2.2 Hydrothermal preparation of the Ag-Pd alloy NPs

In a typical synthesis of Ag-Pd alloy NPs with different molar
ratios, weighed amounts of Ag,SO, (0.051-0.16 g), Pd(NO3),-
-2H,0 (0.086-0.26 ), 0.40 g cellulose and 30 mL distilled water
were concurrently added to a 50 mL Teflon-lined stainless steel
kettle, stirred for 20 min and hydrothermally treated at 200 °C
for 10 h. Finally, the obtained products were centrifuged,
washed, and then dried for subsequent use. Different Ag-Pd
alloy NPs with varying molar ratios were obtained by changing
the initial ratio of the precursor solutions (3:1,1:1and 1: 3).

2.3 Characterization methods and instruments

The phase composition of the as-synthesized Ag-Pd NPs was
studied by X-ray diffraction (XRD) diffractometer (MAC Science
MXP21VAHF, Japan). The absorbance was obtained by means of
an ultraviolet-visible (UV-Vis) Shimadzu UV-1750 spectropho-
tometer. Transmission electron microscopy (TEM) images and

This journal is © The Royal Society of Chemistry 2018

energy dispersive X-ray (EDX) measurement were accomplished
on an electron microscope (Tecnai F30, FEI, Netherlands). TEM
samples were prepared by dropping the as-produced Ag-Pd
alloy NPs hydrosol on the copper grids. Fourier transform
infrared (FTIR) spectra were recorded in a Bruker TENSOR-27
infrared spectrometer. FTIR samples were prepared by a KBr
disk method.

2.4 Evaluation of the catalytic activity

The catalytic property of the as-biosynthesized Ag-Pd NPs
(molar ratio 1:1) is evaluated using the model reaction of
reducing 4-nitrophenol by NaBH, to 4-aminophenol. First, 5 mL
of 4-nitrophenol (0.002 M) was mixed under vigorous stirring
with a freshly prepared solution of 3 mL NaBH, (0.01 M) at 25 °C
in a glass vial. Then, 0.5 mg of the diluted Ag-Pd NPs was added
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Fig. 2 UV-Vis spectra of monometallic AGNPs (a), PdNPs (e), and Ag—
Pd bimetallic NPs with an initial Ag/Pd molar ratio of 3: 1 (b), 1:1 (c),
and 1: 3 (d).
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Fig. 3

(@) TEM image and size histogram (inset) of the Ag—Pd NPs. (b) Distributions of Ag and Pd components along the cross-sectional line

profiles of two Ag—Pd NPs. (c) High-magnification STEM image of Ag—Pd NPs. (d and e) EDX elemental maps for Ag (e, green) and Pd (d, yellow)

concentrations in the alloy Ag—Pd NPs.

until the yellow solution became colorless. In the course of
reaction progress, a certain amount of samples were taken at
a given time to measure the absorption spectra at 200-500 nm
with a UV-Vis spectrophotometer.

3. Results and discussion
3.1 Characterization of the Ag-Pd NPs

XRD spectra of the monometallic and bimetallic NPs with
different initial Ag/Pd molar ratios are shown in Fig. 1a. As seen,
besides five clear diffraction peaks labeled as (111), (200), (220),
(311) and (222), no other impurity peaks are detected, suggest-
ing that all nano-products belong to face-centered cubic (fcc)
structure, and Ag-Pd alloys are obtained for different initial
molar ratios (Fig. 1b-d). In addition, Fig. 1b shows a plot of the
diffraction angle corresponding to the strongest (111) peak as
a function of Pd molar fraction. As shown, with increasing Pd
content, there is a gradual peak shift from pure Ag (pdf2 card
no: 00-001-1164) at 38.05° towards pure Pd (pdf2 card no: 01-
087-0635) at 40.09°, and the (111) diffraction peak positions of
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Transmittance(%)

3000 000
Wavenumber(cm )

Fig. 4 FT-IR spectra of the dried biomass (a), the Ag—Pd bimetallic
NPs with an initial Ag/Pd molar ratio of 1:1 (b) and the original
cellulose (c).
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Fig. 5 The main reaction mechanism for the biosynthesis of Ag—Pd bimetallic NPs.

the alloy NPs are indeed located between pure Ag and pure Pd.
Such XRD results provide a significant evidence for the alloy
nature of the bio-reduced NPs.

Ultraviolet-visible spectroscopy analysis of the as-obtained
samples (Fig. 2) further confirms their alloy nature. As shown
in Fig. 2, among the tested samples [AgNPs, Ag/Pd (3 : 1), Ag/Pd
(1:1), Ag/Pd (1 : 3) and PdNPs], only the characteristic surface
plasmon resonance (SPR) peak of Ag is observed at about
418 nm, whereas no peak is present at all for other metallic NPs
from 300 to 600 nm, which is resulted from the fact that Pd in
the alloy usually restrains the surface absorption plasmon of
Ag.” This result agrees well with that communicated by Lu and
others," indicating the formation of an alloyed structure.

The observed TEM results in Fig. 3a show that as-synthesized
Ag-Pd (molar ratio 1:1) NPs are spherical in shape, with
a mean diameter of 59.7 nm. Meanwhile, by means of X-ray line
broadening method, the crystallite size of about 51.2 nm can
also be calculated based on the XRD data in Fig. 1. The crys-
tallite size was somewhat smaller than the particle size obtained
via TEM image. EDX elemental line scanning for two random
NPs (Fig. 3b) also confirms that, along the whole straight line,
alloyed structures are indeed obtained. In addition, scanning
TEM (STEM)-EDX images are displayed in Fig. 3b-e. The green
Ag (Fig. 3e) and orange Pd (Fig. 3d) mappings show that, over
the entire NPs, only element Ag and Pd are distributed
homogeneously.

3.2 Formation mechanism of the Ag-Pd NPs

FTIR analysis was conducted to illustrate the contributing
reductants and stabilizers in the bioreduction of the metal
precursors. First, FTIR spectra of the biomass, which are ob-
tained by drying the supernatant after centrifugation of the
hydrothermal reaction solution treated at 200 °C, are shown in
Fig. 4a. Several tagged vibration bands at 1780, 1380 and
1203 cm ™! are caused by the stretch vibration of C=0, C-H and
C-0-C, respectively. Other two peaks at 620 and 1105 cm™ " may
have resulted from C-O. Therefore, from these observed organic
groups, we infer that the resulting solution may contain
saccharides or aldehydes, which must have been generated
through the hydrolysis of cellulose.*® In other words, after
hydrothermally treated at 200 °C, the cellulose is hydrolyzed
into soluble biomolecules of saccharides or aldehydes, which
serve as reductants and take charge of the bioreduction of the
metal precursors. For comparison, the as-obtained NPs are also
characterized by FTIR, and the results of which are displayed in
Fig. 4b. As shown, most of the bands present in Fig. 4a almost
disappear and a new band corresponding to C-H emerges at
1371 cm™". These subtle changes of vibration bands indicate

This journal is © The Royal Society of Chemistry 2018

that, interactions occur during the reaction between Ag-Pd alloy
NPs and C=0, C-O groups. Thereby, we can say that the alloy
NPs are well capped by C=0 and C-O groups in saccharide or
aldehyde, which enables the formation of well-defined Ag-Pd
NPs, as seen in Fig. 3a. Besides, several vibration bands located
at 660, 1058, 1100 and 1168 cm™ ' can also be found in Fig. 4b,
which are in good accordance with that of the original cellulose
shown in Fig. 4c, indicating that the as-produced Ag-Pd alloy
samples contain cellulose or cellulose-like structure residues.
In conclusion, under hydrothermal condition, cellulose is
hydrolyzed into saccharides or aldehydes, and desirable Ag-Pd
NPs are then produced with these soluble biomolecules as
reductants and stabilizers. Throughout the entire process, there
is no need to add any surfactants. It is known that cellulose can
hydrolyze under given catalysts, such as sulfate acid.** However,
in the present experimental system, besides Ag,SO, and
Pd(NO3),-2H,0, no other chemical reagents were added.
Therefore, the possible reaction mechanism may be proposed
as follows. Firstly, because silver sulfate belongs to a strong acid
and mild base salt, it can be hydrolyzed easily at higher
temperature to produce H,SO,. Then, under the catalysis of
H,S0,, cellulose is further hydrolyzed into soluble biomole-
cules, mainly saccharides or aldehydes. Finally, the metal ions
can be reduced to ultimate Ag-Pd NPs by the biomass of
saccharides or aldehydes. The main reaction mechanism can be
illustrated in Fig. 5. Accordingly, in this current work, Ag,SO,
plays dual roles as both silver source and initiator of the
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Fig. 6 UV-Vis spectra of 4-nitrophenol versus time using Ag—Pd NPs
(molar ratio of 1: 1) as a catalyst for the reduction of 4-nitrophenol.
Inset shows plots of In(A/Ag) versus time for this catalytic reaction.
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Table 1 Comparison of k values in different metal catalysts

Metal Amount (mg) 4-Nitrophenol (mol L) Size (nm) k(s™) Source
Ag-Pd 0.5 1.25 x 1072 59.7 0.996 This study
Ag 15 1.8 x 10°° 50 8.0 x 107* Ref. 33
Pd 0.292 1.4 x 107* 5+1 0.057 Ref. 34
Ag-Pd* 16.4 5.03 x 102 31.47 + 7.79 2.9 x 1073 Ref. 35

% Pd molar percentage of about 17%.

hydrolysis of cellulose, which enables the subsequent forma-
tion of well-defined Ag-Pd alloy NPs. For comparison, we used
AgNO; or AgCl instead of Ag,SO, as silver source to carry out the
same hydrothermal experiments, but no metal NPs were
received. Only when H,SO, was added to maintain the pH value
of the systems at 3.0, can Ag-Pd alloy NPs be obtained, which
accounts for the importance of Ag,SO, and also illustrates the
proposed reaction mechanism.

3.3 Catalytic reaction for reduction of 4-nitrophenol by Ag-
Pd NPs

We finally examined the catalytic activity of Ag-Pd NPs (molar
ratio 1 : 1), using the model reaction of catalytic reduction of 4-
nitrophenol by NaBH,. As shown in Fig. 6, a maximum
absorption located at 400 nm is clearly observed, which may be
caused by the formation of sodium 4-nitrophenolate after 4-
nitrophenol is mixed with NaBH,. And this peak was main-
tained even after several days, suggesting that the solution
compositions hardly changed in the absence of Ag-Pd alloy
catalyst, as reported in the literature.'® Nevertheless, after
0.5 mg Ag-Pd alloy samples were added, the peak begins to
diminish little by little, accompanying gradual fading of the
yellow solution. Meanwhile, a new peak slowly comes into being
at 300 nm, which arises as a result of formation of 4-amino-
phenol.” According to these experimental data, the as well as
the reaction kinetics can be explored. The linear relationship of
In(A,/Ay) versus time (where A, and A, are the absorbance at
400 nm of 4-nitrophenol at time ¢ and initial concentration
(t = 0), respectively) indicates that, the catalytic reaction follows
first-order kinetics, and the rate constant of 0.996 s~ can be
directly obtained from the slope of the straight line.*” For
comparison, the catalytic activity of monometallic AgNPs
synthesized previously by our research group* was examined
using the same model reaction. Nevertheless, the Ag NPs almost
showed no catalytic activity. In recent years, some researchers
have also reported the degradation of 4-nitro-phenol using
metal catalysts.*>** Accordingly, we compared the catalytic
activity of our Ag-Pd alloy catalyst with those of their catalysts,
and the results are listed in Table 1. First, Torkamani and co-
workers employed AgNPs to degrade 4-nitro-phenol,* but the
k value they obtained was greatly smaller than in our case,
although the amount of metal catalysts they added was much
more than what we did. For the PANPs communicated by You
and co-workers,* although the concentration of 4-nitrophenol
they used was 1.4 x 10~ %, while 1.25 x 107 in our current
study, the value of our rate constant k was 17 times higher than

30344 | RSC Adv., 2018, 8, 30340-30345

what they achieved. In addition, Adekoya and co-workers also
used as-prepared Ag-Pd alloy (Pd molar percentage was 17%) as
catalyst to catalyze the degradation reaction of 4-nitro-phenol,*
although the amount of metal catalysts they added was a lot
more than in our case, higher k value was acquired in this
current study. Therefore, from these results, it is concluded
that, the as-produced Ag-Pd alloy NPs in this work indeed
display high catalytic activity in the reduction process.

4. Conclusions

In summary, we report biological fabrication of Ag-Pd bime-
tallic alloy NPs through hydrolysis of cellulose triggered by
silver sulfate under hydrothermal conditions. XRD, UV-Vis and
STEM-EDX analyses were all used to confirm the alloyed struc-
ture. Well-defined Ag-Pd bimetallic alloy NPs with the size of
about 59.7 nm could be biosynthesized at 200 °C for 10 h. FTIR
analysis indicated that, the cellulose-hydrolyzed products
mainly contained saccharides or aldehydes, which were indis-
pensable for the reduction of the metal ions, and the C=0 and
C-0 groups accounted for the stabilization of the Ag-Pd NPs.
Moreover, the Ag-Pd bimetallic alloy NPs exhibited high cata-
Iytic activity in the reduction of 4-nitrophenol to 4-aminophenol
by NaBH,.
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