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ABSTRACT: A green and facile method for the synthesis of Au, Ag, and
Au−Ag bimetallic nanoparticles was developed using the aqueous extract of
sago pondweed (Potamogeton pectinatus L.). Size, morphology, crystallinity,
composition, capping layer, and stability of the synthesized nanoparticles
were all investigated. The effect of the synthesis variables on the
nanoparticles was also studied. Results showed that the synthesized
nanoparticles were mostly spherical in shape, although other shapes as
nanotriangles and hexagons were occasionally observed. Alloy-type Au−Ag
nanoparticles could be synthesized at pH 12. The synthesis of the
nanoparticles was optimized. The synthesized nanoparticles were stable
over three weeks. Results indicate that the flavones and proteins present in the plant extract are responsible for the synthesis and
stabilization of the nanoparticles.

KEYWORDS: Green synthesis, Biosynthesis, Gold nanoparticles, Silver nanoparticles, Alloy, Surface plasmon resonance,
Fennel pondweed, Flavones

■ INTRODUCTION

Gold and silver nanoparticles are used in various applications
such as biomedical devices, biosensors,1 catalysis, electronics2

and pharmaceuticals.3 Bimetallic nanoparticles are important
especially in catalysis, where they have shown better catalytic
activity than the monometallic ones of the same elements.4−6

Au−Ag alloy nanoparticles are specifically utilized for the
oxidation of carbon monoxide at low temperature and the
oxidation of alcohol aerobically;7 in addition, they allow tuning
the optical properties of the nanoparticles by changing the ratio
of the precursor salts.8 However, many synthesis methods of
alloy-type bimetallic nanoparticles suffer from phase separation
that occurs at the atomic level leading to the formation of
core−shell particles.7,9 Special capping agents as oleylamine and
poly(vinyl pyrrolidone) are also required in most of these
methods.10

Many chemical and physical processes are currently used for
fabrication of metal nanoparticles such as chemical reduction,11

electrochemical synthesis,12 photochemical reduction,13 laser
ablation,14 UV irradiation,15 lithography,16 and pyrolysis.17

However, these methods are expensive and/or may be
environmentally hazardous.18−21 Several reducing and stabiliz-
ing agents are used in the chemical synthesis of the metal
nanoparticles such as sodium citrate,11 sodium borohydride,22

hydrazine,23 hydroxylamine,24 and tetrakis(hydroxymethyl)-
phosphonium choride (THPC).25 Many of these materials

are not suitable for critical applications such as in medicine.
Furthermore, they represent an environmental hazard.1−3,20

Eco-friendly methods for the synthesis of metal nanoparticles
are needed to avoid or minimize such problems.26 Many studies
have investigated the biosynthesis of metal nanoparticles. Some
of them used microorganisms such as bacteria,27 actino-
mycetes,28 and fungi,29 while others used whole plants.30−33

However, these methods have limitations such as the difficulty
of implementation on a large scale and the need for maintaining
cell cultures in the case of using microorganisms.1,34

Plant extracts and derivatives have been intensively studied
for the synthesis of metal nanoparticles because this approach is
simple, practical, and scalable.34 Many studies have reported
using leaves,3,35−40 seeds,37,41 latex,42,43 gum,1 stems, roots,44

and fruits.45 In addition, some plant extracts such as Swietenia
mahogani JACQ. leaf extract2 and Azadirachta indica leaf
broth31 were successfully used to synthesize bimetallic
nanoparticles. However, only a few studies have managed to
phytosynthesize alloy-type metal nanoparticles and confirm
their alloy nature.2,4,10,46,47

Potamogeton pectinatus L. (Po) is a cosmopolitan submerged
macrophyte that is widely distributed.48−50 The main

Received: March 30, 2013
Revised: August 31, 2013
Published: September 30, 2013

Research Article

pubs.acs.org/journal/ascecg

© 2013 American Chemical Society 1520 dx.doi.org/10.1021/sc4000972 | ACS Sustainable Chem. Eng. 2013, 1, 1520−1529

pubs.acs.org/journal/ascecg


phytochemicals in Po are flavones and their glycosylated
derivatives, labdane diterpenes51 and proteins.50 The main
flavone is luteolin; apigenin and chrysoeriol exist in lower
amounts.51 Polyphenolic compounds especially flavonoids have
been previously reported to be involved in the reduction of the
metal ions into metal nanoparticles, and this was attributed to
the ability of the flavonoids to chelate metal ions and donate
electrons and hydrogen atoms.19,37,44,52−54 Proteins were also
reported to be active in the synthesis and stabilization of metal
nanoparticles owing to the amine and carboxylate resi-
dues41,46,52,55,56 and the carbonyl groups that bind strongly to
the metal surface acting as capping and stabilizing mole-
cules.1,52,57 Although Po has high potential for the synthesis of
metal nanoparticles, this has not been previously reported.
In this paper, we report on a green and facile method for the

synthesis of Au, Ag, and Au−Ag bimetallic nanoparticles using
the aqueous extract of Po. We also show that the Au−Ag
nanoparticles synthesized at pH 12 are of an alloy type. This is
the first report on using Po for the phytosynthesis of metal
nanoparticles and is among the few studies that confirmed the
alloy nature of the phytosynthesized bimetallic nanoparticles.
These metal nanoparticles can be used in various applications
such as catalysis and biomedical purposes.

■ MATERIALS AND METHODS
Materials. Potamogeton pectinatus L. was collected from Lake

Marriott, which is one of the Nile Delta Lakes in Southern Alexandria,
Egypt, in the spring of 2010. Samples were immediately transferred to

the lab, washed thoroughly with deionized water twice, then dried in
oven at 60 °C until constant weight. The dry biomass was then ground
in a stainless steel grinder and sieved. Hydrogen tetrachloroaurate
monohydrate (HAuCl4·H2O) was purchased from Electron Micros-
copy Sciences, U.S.A.; silver nitrate was purchased from Sigma-Aldrich,
U.S.A. All chemicals were used as purchased.

Preparation of Aqueous Extract of Potamogeton pectinatus
L. Fine powdered Potamogeton pectinatus L. plant (1.5 g) was placed in
250 mL Erlenmeyer flask containing 30 mL distilled water, and then
heated at 80 °C while stirring for 10 min. This was followed by
centrifugation at 4000 rpm for 15 min, and the supernatant was then
filtered using two superimposed filter papers. The extract was stored in
the refrigerator at 4 °C for further use. The prepared extract was used
within one week of preparation.

Determination of Total Phenolic Content in Po Aqueous
Extract. The Folin-Ciocalteu (FC) assay was used for the
determination of the total phenolic content of the aqueous extract.58

This assay can also be considered as a measure of the total antioxidant
capacity of the extract.59 The aim of using this assay is to standardize
the amount of polyphenols and other potential reducing agents in the
Po extract when different batches are used. The assay was conducted
according to the method of Ferreira et al.60 with some modifications.
Briefly, a 1 mL aliquot of the aqueous Po extract was mixed with 7.5
mL of 0.2 M NaOH in a 25 mL volumetric flask, and then 3.5 mL of
FC reagent (diluted 7 folds using distilled water) was added. The
solution was mixed by gentle shaking and incubated for 60 min in the
dark at room temperature. It was then completed to 25 mL using
distilled water, and the absorbance was measured at 750 nm. A blank
was prepared using the same procedure; however, distilled water was
used instead of the extract. Gallic acid was used to prepare the

Figure 1. UV−vis absorbance spectra of Au, Ag, and Au−Ag (1:1) nanoparticles (a). UV−vis spectrum of Po aqueous extract (b). Effect of
concentration of precursor salt(s) (c), reaction time (d), temperature (e), and pH (f) on SPR of the metal nanoparticles.
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calibration curve, and the assay results were expressed in terms of μg
gallic acid equivalents/mL of the aqueous extract.
Synthesis and Stability of Metal Nanoparticles. An aliquot

(1.5 mL) of the Po extract was added to 15 mL of 10−3 M HAuCl4·
H2O, AgNO3, and HAuCl4.H2O + AgNO3 (1:1 molar ratio) for the
synthesis of Au, Ag, and Au−Ag bimetallic nanoparticles, respectively.
The solution was then heated on a hot plate at 80 °C for 15 min in the
case of Au nanoparticles and 30 min in the cases of Ag and Au−Ag
bimetallic nanoparticles. Experiments were repeated twice. These are
the initial synthesis conditions, and they were used in this study unless
otherwise stated. The synthesized nanoparticles were refrigerated at 4
°C. UV−vis absorbance was measured periodically for three weeks to
assess the stability of the nanoparticles.
Studying the Effect of Synthesis Variables on Synthesized

Metal Nanoparticles. Different concentrations (10−2, 10−3, and 10−4

M) of the precursor salt(s), reaction times (10, 20, 30, 40, and 50
min), temperatures (70, 80, and 90 °C), and pH conditions
(nonadjusted reaction pH, pH 2, and pH 12) were used to prepare
Au, Ag, and Au:Ag (1:1) nanoparticles. Dilute HCl and NaOH were
used for pH adjustment. Au−Ag bimetallic nanoparticles were
synthesized using HAuCl4·H2O:AgNO3 (0:1, 1:3, 1:1, 3:1, 1:0 molar
ratios) at pH 12 to study the effect of the Au:Ag molar ratio on the
Au−Ag bimetallic nanoparticle composition. Experiments were
repeated twice, and average values were reported.
Characterization. An UV−visible (UV−vis) spectrophotometer

(SHIMADZU model UV-1650 PC, Japan) was used for absorbance
measurement. Transmission electron microscopy (TEM) and selected
area electron diffraction (SAED) analysis were carried out using a
JEOL JEM-2100 instrument (Japan) that was operated at 200 kV;
samples were prepared by dipping the carbon-coated copper grids in
the prepared solutions for 5 min and then leaving them to dry on a
filter paper. More than 200 nanoparticles were used to determine the
size distribution and the average size of the synthesized nanoparticles.
An energy dispersive X-ray spectroscopy (EDX) detector (Oxford
Instruments, U.K.) attached to scanning electron microscope (JEOL
JSM-5300, Japan) was used to determine the elemental composition of
the metal nanoparticles; samples were prepared by centrifugation at
13,000 rpm and redispersion in distilled water 3 times to remove free
ions, followed by drying. X-ray diffraction (XRD) was carried out on
unwashed dried samples using a Philips analytical X-ray diffractometer
(X’pert). Fourier transform infrared spectroscopy (FTIR) was done
using a Nicolet 6700 FTIR instrument (Thermo Scientific, U.S.A.).
Zeta potential was measured using a Zetasizer Nano ZS-ZEN 3600
(Malvern Instruments Ltd., U.K.).

■ RESULTS AND DISCUSSION

UV−Vis Spectral Analysis. Gold and silver nanoparticles
are known to exhibit surface plasmon resonance (SPR)
phenomenon, where conducting electrons in metals oscillate
collectively in resonance with certain wavelengths upon
interaction with an electromagnetic field.36 SPR band depends
on the type, size, shape of the nanoparticles, and the
surrounding environment.61 Such specific SPR bands were
used to detect the synthesis of metal nanoparticles.
Au nanoparticles were successfully synthesized after heating

for 15 min; the colloid had a dark purple color and a SPR peak
at 542.5 nm. Ag nanoparticles were formed after 30 min, had a
light brown color, and a SPR peak at 406.0 nm (Figure 1a).
However, the SPR band of Ag nanoparticles was of a much
lower intensity than that of the Au nanoparticles. The lower
intensity is due to the lower yield of Ag nanoparticles. The
longer synthesis time and lower yield may be attributed to the
faster reduction rate of Au3+ as a result of the higher reduction
potential of Au3+/Au than Ag+/Ag.3,31,34,62 Au−Ag (1:1)
bimetallic nanoparticles were synthesized after 30 min to
ensure reduction of both metal ions. The Au−Ag (1:1) colloid
had a magenta color and SPR band at 536.0 nm (Figure 1a).

The concentrations of Au3+ and Ag+ in the Au−Ag (1:1)
nanoparticles synthesis reaction are half of those in the Au and
Ag nanoparticles synthesis reactions. Nevertheless, it was
noticed that the color of the Au−Ag (1:1) colloid appeared
after ∼5−10 min. This is faster than the appearance of the color
of the Au colloid after ∼15 min and of the Ag colloid after ∼30
min. This fast appearance of color can be explained by the
acceleration of the reduction of Au3+ in the presence of Ag+.31

The UV−vis spectrum of the Po aqueous extract (Figure 1b)
showed strong absorption at ∼208.0 nm and an absorbance
peak at ∼270.0 nm, which indicate the presence of peptide
bonds and (tryptophan, tyrosine, and/or phenylalanine
residues), respectively.45,50

Stability Study. The metal nanoparticles have shown
excellent stability over three weeks (Figure S1, Supporting
Information); the UV−vis spectra did not show significant
changes in λmax (wavelength at which maximum absorbance
occurs) or full width at half-maximum (FWHM: a measure of
the homogeneity of nanoparticles)63 over time, indicating
stable particle size and size distribution. However, a slight
increase in SPR peak intensity was observed especially in the
cases Ag and Au−Ag nanoparticles. This can be explained by
the formation of new nanoparticles over time.

Effect of the Synthesis Variables on Metal Nano-
particles. The synthesis procedure of metal nanoparticles was
optimized by controlling synthesis variables. The effect of
concentration of metal precursor(s), reaction time, temper-
ature, and pH has been studied.
Au nanoparticles were successfully synthesized using 10−3

and 10−4 M of HAuCl4·H2O. However, when 10
−2 M of the salt

was used, precipitation occurred, where the solution turned
colorless with large dispersed particles. The SPR band of the
Au-10−3 nanoparticles was of much higher intensity than that of
Au-10−4. Au-10−3 also had a higher λmax (545.0 nm) compared
to that of that of Au-10−4, which was at 534.5 nm (Figure 1c).
This shows an increase in the yield and size of the nanoparticles
at higher concentration. This is due to the abundance of Au3+

ions in the solution causing more nucleation and also fueling
growth of the nanoparticles.
Ag-10−4 did not show a detectable SPR band, indicating very

low yield of nanoparticles formed; however, Ag-10−3 and Ag-
10−2 have shown detectable bands with λmax at 410.0 and 439.5
nm, respectively (Figure 1c). The intensity of the SPR band of
Ag-10−2 was much higher than that of Ag-10−3. Ag nano-
particles show a similar trend to Au. However, the absence of
aggregation of Ag nanoparticles at high concentration (10−2 M
AgNO3) and very low yield at low concentration (10−4 M
AgNO3) may be attributed to the low reduction rate of Ag+.
Au−Ag (1:1) bimetallic nanoparticles could not be formed at

a concentration of 10−2 M of the precursor salts because of the
large amount of AgCl precipitate formed upon mixing the salts
together. The SPR band intensity of Au−Ag-10−3 was much
higher than that of Au−Ag-10−4, it also had a larger λmax (535.5
nm) compared to that of Au−Ag-10−4, which was 498.5 nm
(Figure 1c). Thus, the behavior of Au−Ag (1:1) is coherent
with that of Au and Ag. However, the increase in λmax may also
be related to the ratio of Au to Ag in the bimetallic
nanoparticles, which affects the position of the SPR in the
spectrum. This will be explained later.
The increase in reaction time resulted in an increase in the

SPR intensity of the metal nanoparticles (Figure 1d). It was
noticed that the SPR peaks of Au and Au−Ag (1:1)
nanoparticles became sharper in the time period between 10
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and 20 min, indicating that the nanoparticles became more
homogeneous after 20 min. No major increase in the SPR
intensity was observed after 20 min in the cases of Au and Au−
Ag (1:1) nanoparticles. On the contrary, Au nanoparticles seem
to undergo precipitation after 30 min, which is evident from the
decrease in the SPR intensity. Visible precipitation of Au
nanoparticles was evident. Ag nanoparticles behaved differently,
where the SPR intensity increased steadily, and the SPR
wavelength red-shifted; indicating an increase in the yield and
particle size respectively. This shows that the Ag nanoparticles
were still growing even after 50 min. This may be due to the
slow reduction of Ag+.
Temperature increase resulted in an increase in the yield of

the nanoparticles (Figure 1e). This is expected due to the
increase in the reaction rate. However, it was observed that a

slight decrease in SPR band intensity occurred at 90 °C in the
cases of Au and Au−Ag (1:1) nanoparticles; this indicates
reaction saturation and may show a tendency for precipitation
upon further heating. It was noted that Ag nanoparticles were
not formed at 70 °C. SPR of Ag nanoparticles showed a
significant shift to a longer wavelength at 90 °C, indicating an
increase in the size of the nanoparticles. The different behavior
of Ag nanoparticles may be due to the slower reduction of Ag+.
Acidic pH (pH 2) was not suitable for the synthesis of any of

the nanoparticles. However, they were readily formed without
pH adjustment and at pH 12 (Figure 1f). The reaction pH
without adjustment was 3.5, 6.5, and 4 in the cases of Au, Ag,
and Au−Ag (1:1) nanoparticles, respectively. In the case of Au
nanoparticles, SPR band intensity and wavelength were low at

Figure 2. Effect of Au:Ag molar ratio on SPR of Au−Ag bimetallic nanoparticles synthesized at pH 12 (a). Relationship between Au molar fraction
and SPR λmax of Au−Ag bimetallic nanoparticles synthesized at pH 12 (b).

Figure 3. TEM image and size distribution (inset) (a) and HRTEM image/SAED pattern (d) of Au nanoparticles. TEM image and size distribution
(inset) (b) and HRTEM image/SAED pattern (e) of Ag nanoparticles. Arrows in (a,b) point to triangular and hexagonal nanoparticles. TEM and
HRTEM (inset) images of Au−Ag (1:1) nanoparticles synthesized at pH 4 (c) and pH 12 (f).
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pH 12, indicating a smaller particle size and lower yield. pH 3.5
was the optimum pH for the synthesis of Au nanoparticles.
Ag nanoparticles showed moderate SPR intensity with λmax at

410.0 nm at pH 6.5. At pH 12, nanoparticles were formed at a
much faster rate, and a high intensity SPR band appeared at
431.5 nm. This shows that pH 12 induces more nucleation and
growth of Ag nanoparticles, which could be attributed to the
activation of the phytochemicals involved in their synthesis in
alkaline conditions.
Au−Ag nanoparticles also had a higher SPR peak intensity at

pH 12, but its wavelength blue-shifted from 536 nm at pH 4 to
483.5 nm at pH 12. This can be explained by the more efficient
reduction of Ag+ at pH 12, thus causing the SPR band to appear
closer to the SPR band of Ag nanoparticles.
The optimum pH for the synthesis of Au nanoparticles is

different from that of Ag and Au−Ag bimetallic nanoparticles.
This may be attributed to different phytochemicals being
responsible for their synthesis.
Optimized Conditions for Synthesis of Metal Nano-

particles. On the basis of the results obtained, the synthesis
conditions could be optimized. The recommended conditions
varied according to the type of target nanoparticle. The
synthesis of Au nanoparticles was optimum at a concentration
of HAuCl4·H2O of 10−3 M and heating at 80 °C for 15−20 min
without adjusting the pH (pH 3.5). For Au−Ag (1:1)
nanoparticles, the synthesis was optimum at a concentration
of 10−3 M of HAuCl4·H2O + AgNO3 and heating at 80 °C for
30 min at pH 12. For Ag nanoparticles, heating at 90 °C for 30
min or more at pH 12 and using a concentration of AgNO3
from 10−3 to 10−2 M was optimum.
The total phenolic content of the first batch of the Po extract

contained 7.4 μg gallic acid equivalents/mL of extract, and 1.5
mL was used for the synthesis of the nanoparticles. Therefore,
the volumes of other batches of Po extract were adjusted, so
that a total amount of 11.1 μg of gallic acid equivalents is used
in each experiment.
Effect of Au:Ag Molar Ratio on Au−Ag Bimetallic

Nanoparticles. Au−Ag nanoparticles at different Au:Ag molar
ratios were synthesized at pH 12 to investigate the nature of the
nanoparticles. The SPR peaks of Au:Ag (1:0), (3:1), (1:1),
(1:3), and (0:1) were 524.0, 511.5, 470.0, 443.0, and 431.5 nm,
respectively (Figure 2a). Only one SPR peak appeared; it was
positioned between those of the pure metal nanoparticles and
red-shifted as the Au molar ratio increased in a quasi-linear
relationship (Figure 2b). This shows that the Au−Ag bimetallic
nanoparticles synthesized at pH 12 are of an alloy type and not
a physical mixture or core−shell.2,5,7,10,46,47,64 Alloy-type
nanoparticles are formed due to the similar lattice structures
of Au and Ag that allow their miscibility in a homogeneous
alloy.5 It was also noticed that the SPR peak intensity decreased
as the Au molar ratio increased indicating that the alkaline
medium is not favorable for the reduction of Au3+; this agrees
with our previous results in this study.
TEM Analysis. The morphology of the nanoparticles was

visualized using TEM. Au nanoparticles were spherical in shape,
although a few nanotriangles existed as well (Figure 3a, Figure
S2a, Supporting Information). It could be also seen that the
nanoparticles are well separated from each other indicating
good capping and the absence of aggregation. The nano-
particles had an average size of 8.4 ± 3 nm (Figure 3a, inset).
High resolution TEM (HRTEM) has shown some of the
nanoparticles to be multiple twinned; it has also revealed clear
lattice fringes with fringe spacing of 0.239 ± 0.009 nm (Figure

3d) that matches the (111) plane of the Au crystal lattice
(JCPDS card No: 04-0784). SAED analysis of one of the
nanoparticles showed concentric diffraction rings that indicated
the polycrystalline nature of the nanoparticles. The d-spacings
determined from the SAED pattern (Figure 3d, inset) were
2.37, 2.04, 1.44, 1.22, and they could be indexed as (111),
(200), (220), and (311) reflections, respectively, (JCPDS card
No: 04-0784) that correspond to face centered cubic (fcc) Au.
TEM showed a low yield of Ag nanoparticles (in agreement

with the low intensity SPR peak). Thus a higher concentration
of AgNO3 (3 × 10−3 M) was used for the synthesis of Ag
nanoparticles to allow the study of their morphology. The
synthesized nanoparticles were mostly spherical in shape;
however, hexagons, triangles, and truncated triangles could be
seen as well (Figure 3b, Figure S2b,c,d, Supporting
Information). These anisotropic silver nanoparticles are favored
for some applications such as surface enhanced Raman
scattering (SERS) spectroscopy.65 HRTEM showed that the
particles have multiple-twinned polyhedral morphology.
Coalescence of some nanoparticles was observed. In addition,
nanotriangles appeared with blunt angles, and both of these
phenomena occur to minimize surface free energy.19,56,65

However, they are different from the conglomerates seen in
high density areas that could be due to interaction between the
capping biomolecules.19 Ag nanoparticles were polydispersed
with an average size of 50.4 ± 21.8 nm (Figure 3b, inset). This
large size may be due to the higher concentration of AgNO3
salt utilized in the synthesis of the nanoparticles; this is in
accordance with our previous results showing the effect of
concentration on particle size. The polydispersity may be due
to the formation of the nanoparticles at different times during
synthesis, accompanied by their continuous growth due to the
high concentration of AgNO3 used. The fringe spacing could be
determined from the HRTEM to be 0.232 ± 0.008 nm (Figure
3e) that matches the (111) plane of Ag crystal lattice (JCPDS
card No: 04-0783). SAED (Figure 3e, inset) revealed
concentric diffraction rings with d-spacings of 2.34, 2.05, 1.41,
1.19, and 0.92 that could be indexed as (111), (200), (220),
(222), and (420) reflections, respectively, (JCPDS card No: 04-
0783). These planes correspond to fcc Ag.
TEM images were taken for Au−Ag (1:1) nanoparticles at

pH 4 and pH 12. At pH 4, the nanoparticles appeared to have
polygonal shapes, where hexagons and polyhedrons were
abundant; in addition, nanotriangles with blunt edges were
seen. Fusion of some of the particles was noticed (Figure 3c).
The average size of the nanoparticles was 10.6 ± 5.0 nm
(Figure S2e, Supporting Information). SAED pattern of one of
the particles showed that the nanoparticles have a polycrystal-
line nature (data not shown).
At pH 12, the nanoparticles were mostly spherical (Figure 3f,

Figure S2f, Supporting Information); however, HRTEM images
showed that they have multiple-twinned octahedral shape as in
the case of pH 4 (Figure 3f, inset). The higher yield agrees with
the UV−vis results. The average nanoparticle size was 6.6 ± 2.4
nm (Figure S2f, inset, Supporting Information). The small
uniform particle size may be due to the high reduction rate at
pH 12. SAED pattern shows that the nanoparticles have a
polycrystalline nature (data not shown).
TEM images of the metal nanoparticles clearly show a light-

colored layer coating the nanoparticles (Figure S2d, Supporting
Information). This is due to the biomolecules that surround the
nanoparticles and act as a protective barrier against aggregation.

ACS Sustainable Chemistry & Engineering Research Article

dx.doi.org/10.1021/sc4000972 | ACS Sustainable Chem. Eng. 2013, 1, 1520−15291524



The appearance of this capping organic layer surrounding metal
nanoparticles has been previously reported.19,31,44,45,66

EDX Analysis. EDX was carried out to determine the
elemental composition of the synthesized metal nanoparticles.
Au and Ag nanoparticles showed strong signals of Au and Ag,
respectively; however, weak background signals were seen as
well (Figure 4a). The weak signals represented Cu, Zn, Cl, Na,
P, and Si; Cu may be due to the copper grids used in the
analysis, while the rest of the elements may be due to the
biomolecules that are capping the nanoparticles. The
absorption peak of Ag nanoparticles is around 3 KeV, which
is in accordance with the previously reported value, and this has
been attributed to SPR.42

EDX of Au−Ag (1:1, 1:3) nanoparticles prepared at pH 12
have shown strong peaks of Au and Ag in addition to weaker
signals of Cu, Cl, and Zn (Figure 4b). EDX is a semi-
quantitative technique, we could use it to determine the Au:Ag
molar ratio within the nanoparticles. It was found that the
Au:Ag molar ratio was ∼1:1.1 in Au−Ag (1:1) nanoparticles
and ∼1:2.8 in Au−Ag (1:3) nanoparticles. This shows that the
molar ratio of the precursor salts was maintained after synthesis.
It was noticed that the percentage of Cl is high in the case of

Ag nanoparticles, and it increased with the increase of the ratio
of Ag in the case of Au−Ag bimetallic nanoparticles. This can
be explained by the formation of AgCl crystals as previously
reported.67

XRD Analysis. XRD analysis has been carried out to study
the crystal structure of the biosynthesized metal nanoparticles
(Figure 4c). In the case of Au nanoparticles, the Bragg
reflection peaks appeared at positions 38.2°, 44.4°, 64.6°, and
77.6° that correspond to interplanar spacings of 2.35, 2.04, 1.44,
and 1.23 Å, respectively, and could be indexed to (111), (200),
(220), (311) lattice planes of fcc Au, respectively, (JCPDS file
04-0784). This is in accordance with SAED results. The

presence of highly crystalline KCl phase (JCPDS file 41-1476)
was noticed, where its peaks are prominent in the XRD pattern.
In addition, there are unassigned peaks that may be due to
crystals of bio-organic phase as previously observed.55,65,68 The
ratio of the intensity of the diffraction peak corresponding to
(200) crystallographic plane to that corresponding to (111)
plane was found to be 0.36, which is much lower than the
conventional bulk ratio (0.52).36,55 This indicates that (111) is
the predominant crystallographic plane in the Au nanoparticles.
The (111) facet is known to be more reactive because it has
high atom density.69

The broadened Bragg’s peaks show that nanoparticles were
formed.46,53 The mean crystallite size was calculated using
Debye−Scherrer’s equation (eq 1)

λ β θ=D K / coss (1)

where D is the average particle size, K is the shape dependent
Scherrer’s constant, λ is the X-ray wavelength, βs is FWHM of
the diffraction peak of plane (111), and θ is the diffraction
angle.46,67 The mean size of Au nanoparticles was calculated to
be 11.8 nm, which is close to the average particle size
determined using TEM (8.4 nm ±3 nm). However, the TEM
measurement is considered to be more accurate as polydisper-
sity, and shape variation may cause inaccuracy in the Debye−
Scherrer’s equation.53

The Bragg diffraction peaks of Ag nanoparticles appeared at
positions 38.67°, 44.56°, 66.42°, and 76.79° that are
corresponding to d-spacings of 2.33, 2.03, 1.41, and 1.24 Å,
respectively, and could be indexed to (111), (200), (220), and
(311) planes of fcc Ag, respectively, (JCPDS card No: 04-
0783). However, the peaks are weak with respect to other peaks
that represent AgCl (JCPDS card No: 31-1238), KCl, and AgO
(JCPDS card No: 43-1038) crystals. This is due to the very low
yield of Ag nanoparticles under the initial conditions as

Figure 4. EDX spectra of Au and Ag nanoparticles (a). Au−Ag (1:3)/(1:1) nanoparticles synthesized at pH 12 (b). XRD patterns of the metal
nanoparticles (c). (∗) denotes unassigned peaks that may be of biocrystalline origin. FTIR spectra of Po aqueous extract and the metal nanoparticles
(d).
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previously mentioned. Other unassigned peaks that may
represent bio-organic phase crystals also appeared.
XRD patterns of Au−Ag (1:1) nanoparticles at pH 4 and a

physical mixture of phytosynthesized Au and Ag nanoparticles
showed no significant difference. This is expected due to the
close crystal lattice structures of Au and Ag. The Bragg
reflection peaks could be indexed to (111), (200), (220), and
(311) planes; the broadened peaks indicate the formation of
nanoparticles. Several peaks corresponding to AgCl (JCPDS
card No: 31-1238), KCl, and AgO (JCPDS card No: 43-1038)
in addition to unassigned peaks were observed. The ratio of the
peak intensity of (200) plane to that of (111) plane in the Au−
Ag bimetallic nanoparticles was 0.37, indicating the dominance
of the (111) plane. The crystallite size in the case of Au−Ag
bimetallic nanoparticles was calculated using Debye−Scherrer’s
equation to be 13.7 nm, which is close to that determined by
TEM (10.6 ± 5 nm).
FTIR Analysis. FTIR was carried out to determine the

biomolecules that may be responsible for the reduction and
capping of the metal nanoparticles (Figure 4d). The IR spectra
were determined for the Po extract and for the synthesized
nanoparticles. The main peaks that were identified in the IR
spectrum of the Po extract were at 3744.4, 3382.4, 2066.4,
1646.6, 1559.0−1542.1, 1421.6−1338.8, 1104.8, and 589.4−
655.2 cm−1. They may be assigned to free O−H stretching
vibration, hydrogen-bonded O−H stretching vibration, CC
asymmetric stretching vibration, amide I band due to the
stretching vibration of the CO in amide bonds, amide II
band due to the N−H bending vibrations in amide bonds, C−
O−H bending of carboxylic acids or in-plane O−H bending
vibrations, C−N or C−O stretching vibrations, and NH2, N−H
wagging or out-of-plane O−H bending vibrations, respectively.
In Au, Ag, and Au−Ag (1:1) nanoparticles, the peak at

3382.4 cm−1 that was attributed to the hydrogen-bonded O−H
stretching vibration in the Po aqueous extract was shifted to
3354.5, 3389.6, and 3255.1 cm −1, respectively. Also the peaks
at 689.4 and 655.2 cm−1 assigned to NH2, N−H wagging or
out-of-plane O−H bending vibrations in the Po extract were
shifted to 678.3, 631.1, and 696.4 and 634.8 cm−1, respectively.
It was also noticed that the peak at 1104.8 cm−1 that was
assigned to C−N or C−O stretching vibrations in Po extract
disappeared in the case of Au nanoparticles.
The data mentioned above indicate that O−H, COOH,

CC, C−H, C−N, and amide CO, and N−H could be
present in the Po extract. These functional groups can be
assigned to the presence of polyphenolic compounds as
flavonoids and also to proteins. The peak changes in the IR
spectra of the synthesized metal nanoparticles were related to
the OH and NH2 groups indicating that these functional groups
are involved in their synthesis and capping.
We suggest that flavones (especially luteolin) that are

abundant in the aqueous Po extract are the main components
that are responsible for the reduction of the metal ions. In
addition, the carboxylic and amine residues of proteins may
participate in the reduction process as they are able to donate
electrons to the metal ions. Stabilization of the formed
nanoparticles can be attributed to the protein components,
where the carboxylate, amine, and carbonyl groups can bind to
the surface of the metal nanoparticles, thus stabilizing them and
preventing their aggregation.
Zeta Potential Analysis. Zeta potential of the metal

nanoparticles synthesized at unadjusted pH and at pH 12 was
measured (Table 1). It was found to be around −30 mV at pH

12 for all samples. However, it decreased to around −19 mV at
pH 3.5 and pH 4 for Au and Au−Ag nanoparticles, respectively,
and remained almost the same in the case of Ag nanoparticles
(3 × 10−3 AgNO3 used in synthesis) at pH 6.5. The increase in
zeta potential at alkaline pH may be attributed to the ionization
of the hydroxyl and carboxylic groups in the capping moieties,
this would increase the negative charge on the surface of the
nanoparticles. The high negative charge forms a repulsive
barrier that physically separates the nanoparticles. This helps to
avoid aggregation and thus improves the stability of the
colloid.19

Phytosynthesized Au and Ag nanoparticles are promising
materials in various fields due to their catalytic,70−72

antibacterial,73−75 larvicidal,76,77 and electrochemical78 proper-
ties. Au−Ag alloy nanoparticles are promising catalysts. They
were reported to have high synergistic catalytic activity.79,80 CO
oxidation using Au−Ag alloy nanoparticles was specifically
studied, and the Au−Ag synergistic catalysis was explained. It
was found that the electronic properties of Au and Ag are
altered by alloying leading to higher tendency to lose electrons,
thus enhancing O2 activation. In addition, CO and O2 co-
adsorption is improved by alloying.81,82 Our Au−Ag alloy
nanoparticles have high potential for such application. They are
also free from toxic surfactants and reducing agents and thus
environmentally friendly.
In conclusion, a green and facile method was used to

synthesize Au, Ag, and Au−Ag bimetallic nanoparticles using
the aqueous extract of sago pondweed (Po). It is the first report
of using Po in metal nanoparticle synthesis. The alloy nature of
Au−Ag bimetallic nanoparticles (pH 12) was confirmed. The
factors affecting the synthesis of the metal nanoparticles were
studied and optimized. Flavones and proteins are thought to be
responsible for the synthesis and stabilization of the nano-
particles.
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metal nanoparticles pH during synthesis zeta potential (mV)

Au 3.5 −18.5
Au 12 −30.4
Aga 6.5 −27.4
Ag 12 −28.7
Au:Ag (1:1) 4 −19.8
Au:Ag (1:1) 12 −29.2

a3 × 10−3 M AgNO3 was used in synthesis
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