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Abstract The development of dependable, environ-
mentally benign processes for the synthesis of nano-
scale materials is an important aspect of nano-
technology. In the present study, we report one-pot
biogenic fabrication of palladium nanoparticles
by a simple procedure using broth of Cinnamomum
camphora leaf without extra surfactant, capping agent,
and/or template. The mean size of palladium nanopar-
ticles, ranging from 3.2 to 6.0 nm, could be facilely
controlled by merely varying the initial concentration
of the palladium ions. The polyols components and the
heterocyclic components were believed to be respon-
sible for the reduction of palladium ions and the
stabilization of palladium nanoparticles, respectively.
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Introduction

Nanoscale materials have received considerable
attention because their structure and properties differ
significantly from those of atoms and molecules as
well as those of bulk materials (Rosei 2004) The
synthesis of nanomaterials with the desired quality is
one of the most exciting aspects in modern nanosci-
ence and nanotechnology (Bhattacharya and Gupta
2005). Moreover, ultrafine transition metal nanopar-
ticles have attracted great interest due to their unique
physical, chemical, and thermodynamic properties
that have made them useful in such diverse fields as
catalysis (Narayanan and El-Sayed 2005), electronics
(Cui and Lieber 2001), optics (Eychmuller 2000), and
even in biological and medical science (Salata 2004).

In the last decade, the utilization of biological
systems has emerged as a novel and reliable method
for the synthesis of nanoparticles due to a growing
need to develop eco-friendly processes in nanomate-
rials syntheses (Bhattacharya and Gupta 2005; Mandal
et al. 2006). A great deal of effort has been put into the
biosynthesis of metal nanoparticles, using bacteria
(Klaus et al. 1999; Fu et al. 2000; Nair and Pradeep
2002; Yong et al. 2002; Zhang et al. 2005; Fu et al.
20006), fungi (Mukherjee et al. 2001a, b; Ahmad et al.
2005), and plant (Gardea-Torresdey et al. 1999, 2002,
2003; Shankar et al. 2003a, b; Shankar et al. 2004a, b;
Ankamwar et al. 2005; Chandran et al. 2006; Huang
et al. 2007; Nadagouda and Varma 2008). From these
studies, biosynthetic method employing live plant or
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plant extract has emerged a simple and viable alter-
native to traditional chemical procedures and physical
methods only in recent years. Gardea-Torresdey et al.
(1999, 2002, 2003) firstly reported the preparation of
gold and silver nanoparticles by living plants. Sastry
et al. attained biosynthesis of metal nanoparticles by
plant leaf extract (Shankar et al. 2003a, b; Shankar
et al. 2004a, b; Ankamwar et al. 2005; Chandran et al.
2006). Our group demonstrated that sundried Cinna-
momum camphora (C. camphora) leaf could be used to
synthesize silver and gold nanoparticles in aqueous
solutions at ambient conditions (Huang et al. 2007).
The above synthetic techniques by plant extract or
biomass exhibits the prospective application of plant
bioresource for synthesis of metal nanoparticles.

Recently, the advances in fabrication of ultrafine
palladium nanoparticles (PdNPs) have gained great
importance due to their application both in heteroge-
neous and homogeneous catalysis, due to their high
surface-to-volume ratio and their high surface energy
(Narayanan and El-Sayed 2005). The usual synthetic
methodologies for producing PANPs involve chemical
reduction of Pd(I) by alcohol (Teranishi and Miyake
1998), NaBHy/ascorbic acid (Jana et al. 2000), N,H,4
(Yonezawa et al. 2001), PEG (Luo et al. 2005),
CNCH,COOK (Wang et al. 2004), or ascorbic acid
(Sun et al. 2007), reduction of Pd(OAc), by dimeth-
ylamine-borane in supercritical carbon dioxide
(Kameo et al. 2003), thermally induced reduction of
Pd(Fod), in o-xylene (Ho and Chi 2004), and sono-
chemical reduction of Pd(NOs3), (Nemamcha et al.
2006). Nevertheless, most of these processes were
performed in the presence of various stabilizers to
prevent the formation of undesired agglomerates or
aggregates of PdNPs. Additionally, there are few
reports concerning biological production of PANPs by
plant extract or biomass, where the biomass was
usually found to act as both reducing agent and
stabilizer. The only success was the recent demonstra-
tion by Nadagouda and Varma (2008), who showed
production of PdNPs using coffee and tea extract.
Unfortunately, they offered relatively scarce informa-
tion regarding PdNPs.

In this study, broth of C. camphora leaf was first
used to synthesize PANPs at ambient conditions.
Ultrafine PANPs were obtained and their characteris-
tics were examined by various techniques. It is
important to point out that size control of PdNPs
could be achieved by simply altering the initial
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concentration of Pd(I) ions. As is commonly known,
C. camphora has been widely cultivated in South
China. And it has been reported by our group that some
antitumor components could be extracted from
C. camphoraleaf (Su et al. 2006). Therefore, we deem
that some pharmaceutically valuable molecules could
be retained after bioreduction and the as-prepared
PdANPs might have potential application in nanomed-
icines. The approach appears to be a facile alternative
to conventional methods of producing PdNPs.

Experimental
Materials

Palladium chloride (PdCl,) was purchased from
Sinopharm Chemical Reagent Co. Ltd, China and
was used as received. C. camphora leaf used for the
bioreduction was prepared using the same procedures
as those in our previous study (Huang et al. 2007).

Synthesis of PANPs

In order to obtain the broth of C. camphora leaf, the
carefully weighted biomass, 4.0 g, was added to
200 ml deionized water in round-bottom flasks of
500 ml capacity. The mixtures were boiled for 5 min,
and thereafter filtrated and the filtrate was used for
further experiments. In a typical synthesis for PANPs,
an appropriate amount of concentrated aqueous PdCl,
solution (0.226 mol L") was added to 50 ml filtrate in
conical flasks of 100 ml capacity at room temperature
to obtain 1 x 1073 mol L3 x 103 mol L' and
5 x 1072 mol L™" PdCl, solutions, respectively. The
flasks were thereafter shaken at a rotation rate of
150 rpm in the dark at 30 °C.

Characterization of samples

UV-visible spectroscopy analysis was carried out on an
UNICAM UV-300 spectrophotometer (Thermo Spec-
tronic) over wavelengths from 250 to 800 nm at a
resolution of 1 nm. Equivalent amounts of the suspen-
sion (0.5 ml) were diluted in a constant volume of
deionized water (5 ml) and subsequently analyzed at
room temperature. X-ray diffraction (XRD) measure-
ment was performed on an X’Pert Pro X-ray Diffrac-
tometer (PANalytical BV, The Netherlands) operated at
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a voltage of 40 kV and a current of 30 mA with Cu Ko«
radiation. After the reaction, the resulting solutions were
centrifuged at a speed of 12,000 rpm for 10 min and the
precipitates were dried at 60 °C overnight and collected
for the determination of the formation of palladium.

Transmission electron microscopy (TEM) and
high resolution transmission electron microscopy
(HRTEM) images were obtained on a JEOL JEM-
2100 Microscope at 200 keV. Samples for TEM were
prepared by placing a drop of the suspension on
carbon coated copper grids and allowing water to
completely evaporate. Size distribution and average
size of the nanoparticles were estimated on the basis
of TEM micrographs with the assistance of Sigma-
Scan Pro software (SPSS Inc, Version 4.01.003).
Energy dispersive X-ray (EDX) and selected-area
electron diffraction (SAED) analysis of PANPs were
performed on a Tecnai F30 Microscope.

X-ray photoelectron spectroscopy (XPS) analysis
was performed on an American Perkin-Elmer PHI-
1600 with a monochromatised microfocused Al X-ray
source. The binding energy was calibrated by C1 s as
reference energy (C1 s = 284.5 eV). The colloidal
solution of PdNPs was centrifuged at a speed of
12,000 rpm for 10 min. After removal of the colorless
supernatant, the precipitates were then redispersed in
pure water to form a new suspension of PdNPs.
Sample for XPS analysis was fabricated by dropping
the suspension onto clean silicon and allowing water
to completely evaporate.

The leaf biomass before bioreduction, the biomass
residue after bioreduction and the resulting palladium
nanoparticles were analyzed by Fourier transform
infrared (FTIR) Nicolet Avatar 660 (Nicolet, USA).
The leaf biomass before bioreduction was attained by
completely drying of the leaf biomass at 60 °C. The
biomass residue after bioreduction and the resulting
palladium nanoparticles were obtained by centrifuging
the resulting solution at 12,000 rpm for 10 min, and
then the supernatant and the precipitates were com-
pletely dried at the same temperature, respectively.

Results and discussion

Formation of PANPs by broth of C. camphora leaf

The formation of PdNPs was monitored by UV-
visible spectroscopy in the 250-800 nm range. The
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Fig. 1 UV-visible spectra of PANPs prepared with different
concentrations of PdCl, solution after bioreduction by C.
camphora leaf broth at 30 °C for 48 h: (a) 1 x 1073 mol L1,
(b) 3 x 102 mol L™Y (¢) 5 x 107> mol L™! and (0) UV-
visible spectrum of 1 x 107> mol L™' PdCl, solution. The
inset shows a digital image of the as-prepared palladium
colloidal solution and the PdCl, solution before reaction

color of the solution gradually turned from brownish-
yellow into dark brown in 12 h, indicating the
generation of PANPs. Figure 1 displays the absorp-
tion spectra of palladium colloidal suspensions after
48 h of bioreduction by C. camphora leaf broth and
the absorption spectra of PdCl, solution, used for
comparison. The absorption bands appearing in the
contrast spectrum of PdCl, solution were ascribed to
the ligand-to-metal charge-transfer transition of the
Pd(II) ions (Yonezawa et al. 2001; Luo et al. 2005;
Ho and Chi 2004; Nemamcha et al. 2006). The
absence of the absorption peaks above 300 nm in all
the samples revealed the complete reduction of the
initial Pd(IT) ions (Yonezawa et al. 2001; Luo et al.
2005). The same accreditation was made by Ho and
Chi (2004) and Nemamcha et al. (2006) during
thermally induced reduction of Pd(Fod), in o-xylene
and sonochemical reduction of Pd(NOj), in aqueous
solution, respectively. Moreover, Ho and Chi (2004)
pointed out that the absence of these absorption peaks
was consistent with the theoretical study of the
surface plasmon resonance absorption of PANPs. The
spectra of the palladium colloidal suspensions pre-
sented broad absorption continua extending through-
out the visible-near-ultraviolet region, which were
typical of those of PdNPs (Teranishi and Miyake
1998; Yonezawa et al. 2001; Luo et al. 2005; Ho and
Chi 2004; Nemamcha et al. 2006). This suggested the
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formation of palladium colloid having a particle size
of less than 10 nm, as described by Nemamcha et al.
(2006).

Characterization of PANPs

The morphology and size of PANPs in the colloidal
solutions and their size distribution were investigated
by TEM. Figure 2 displays the TEM images of typical
nanoparticles synthesized with C. camphora leaf and
PdCl, solution of different concentrations at various
magnifications. The initial concentration of the Pd(II)
was found to have a vital impact on size and size
distribution of PANPs. For sample A (1 x 1072
mol L"), the resulting PANPs were well dispersed
but quantitatively sparse (Fig. 2a—c). It might result
from the relative insufficiency of the palladium
precursor. In addition, some particles with irregular
contour could be observed probably due to the effect of
Ostwald ripening. According to size distribution of the
PdANPs shown in Fig. 3a, the nanoparticles, mostly
ranging from 3.6 to 9.9 nm in size, have a mean
diameter of 6.0 nm. However, a further increase of
initial Pd(IT) concentration led to the formation of
quasi-spherical nanoparticles with a narrower size
distribution (Fig. 3b, c). Interestingly, the inter-parti-
cle distance of PANPs was more uniformly dispersed
and well aligned (Fig. 2d—i). The nanoparticles mainly
range from 3.0 to 5.0 nm and from 2.2 to 4.3 nm in
size, with mean particle diameters of 4.0 nm and
3.2 nm for samples B (3 x 10™% mol Lfl) and C
(5 x 107 mol L™"), respectively. Apparently, it was
found that the higher the concentration of the PdClI,
solution, the smaller the PANPs formed.

The particles were verified to contain a great deal
of palladium according to EDX analysis in Fig. 4. The
crystalline phase of the synthesized nanoparticles was
confirmed by XRD (Fig. 5) and HRTEM (Fig. 6a).
From the XRD patterns, prominent Bragg reflections
at 20 values of 40.0, 46.1, 67.9, 82.0, and 86.0 were
observed, which correspond to the {111}, {200},
{220}, {311}, and {222} Bragg reflections of face-
centered cubic (fcc) PANPs. All the palladium nano-
particles in the HRTEM image showed lattice images,
indicating that they are single crystallites. Figure 6b
shows the SAED pattern recorded from the corre-
sponding PdNPs. The ring-like diffraction pattern
could be indexed on the basis of the fcc structure of
palladium. Ring 1, 2, 3 arise due to reflections from
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{111}, {200}, {220} lattice planes of fcc palladium,
respectively. HRTEM images, XRD patterns, and the
SAED pattern thus clearly show that the PANPs are
crystalline in nature.

An XPS spectrum of the Pd 3d region (Pd 3d5/2
and Pd 3d3/2) for the obtained nanoparticles is shown
in Fig. 7. The binding energy values are 335.4 ev for
Pd 3d5/2 and 340.6 ev for Pd 3d3/2. The observed
binding energy values for Pd 3d coincide with the
reported data of Pd(0) within the experimental errors
(Moulder et al. 1992). Quantitavive surface comopo-
sition of the PANPs determined by XPS is represented
by C (45.8 atom%), O(33.7 atom%), Si (16.2 atom%),
N (2.0 atom%), Pd (1.7 atom%), and Cl (0.6 atom%).
Thereamong the three elements (C, O, N) originate
from the biomass residue of C. camphora leaf broth.
The trace amounts of Cl, which was not fully
removed, may originate from the metal precursor.

Formation mechanism of PANPs

Representative FTIR spectra of C. camphora leaf
broth before and after the reaction are presented in
Fig. 8. Some pronounced absorbance bands centered
at 1037 cm™', 1079 cm™', 1122 cm™', 1226 cm ™',
1267 cm™', 1322cm™', 1384 cm™', 1459 cm™',
1515 cm_l, 1631 cm_l, 1730 cm™! are observed in
the region 1,000—1,800 cm ™!, Therein the absorbance
bands at 1037 cm™', 1079 cm™', and 1122 cm™" in
Curve 1 could be assigned to the stretch vibration of
—C-0 (Stuart 2004). The sharpest band at 1,631 cm™!
might result from conjugated —C=C (Stuart 2004). The
absorbance band at 1,730 cm™! in Curve 2 could be
assigned to the stretch vibration of -C=0 (Stuart 2004).
The comparison provided information concerning the
chemical transformation of the functional groups
involved in reduction of palladium ions. In the first
place, it is clear that the absorbance bands at
1037 cm™', 1079 cm™', and 1122 cm ™" were weak-
ened after the reaction. These bands might be assigned
to the stretch vibration of —C-O (Stuart 2004).
Previously, our group demonstrated that various
components such as alkaloids, flavones, hydroxybenz-
enes, anthracenes, steroids, terpenoids, coumarins,
lactones, linalools, polysaccharides, amino acids, and
proteins existed in C. camphora leaf (Su et al. 2006).
Thereby, we could infer that the polyols such as
flavones, terpenoids, and polysaccharides in the broth
played a critical role in reduction of Pd(II) ions. In the
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Fig. 2 TEM images of PANPs after bioreduction. 50 ml leaf broth reacted with a—¢ 1 x 107> mol L', d—f3 x 107> mol L™" and

g-i 5 x 107> mol L™" PdCl, at 30 °C, respectively

next place, the freshly appeared band at 1,730 cm™" in

Curve 2 could be ascribed to the stretch vibration of
carbonyl groups. Hence, it is speculated that the
polyols are oxidized to aldehydes or ketones and
induce the formation of the band 1,730 cm™'. In our
previous study, the disappearance of the band at

1,109 cm ™! after bioreduction implied that the polyols
from the sundried C. camphora leaf were mainly
responsible for the reduction of silver ions or chloroa-
urate ions (Huang et al. 2007). Owing to this result and
considering the application of as-prepared PdNPs in
catalysis, the water-soluble components were

@ Springer



1594

J Nanopart Res (2010) 12:1589-1598

Particle Number

Particle Size (nm)

Particle Number

Particle Size (nm)

Particle Number

Particle Size (nm)

Fig. 3 A histogram of size distribution of PANPs synthesized by
reacting 50 ml leaf broth with 1 x 103mol L™! a, 3 x
107> mol L' b, and 5 x 107> mol L™" ¢, PdCl, at 30 °C

extracted from the leaf and used in this study. Here, it
is further confirmed that the water-soluble fractions in
the leaf broth played a leading role in bioreduction of
the precursors.
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A typical FTIR spectrum of the obtained PdNPs is
shown in Fig. 9, where the spectrum of C. camphora
leaf broth before the reaction is also displayed for
comparison. Several absorption peaks located at
about 1384 cm™', 1461 cm™', 1515cm™', and
1635 cm™!, were observed in the region 1,000-
1,800 cm™'. Among them, absorption peaks at about
1384 cm™', 1461 cm ™', 1515 cm™', and 1635 cm™"
remained nearly the same, while a new absorption
peak emerged at 1,723 cm™'. The wide absorption
spectra at about 1,635 cm”! might result from the
stretch vibration of —C=C (Stuart 2004). And the
absorbance band at 1,723 cm ™! could be ascribed to
the stretch vibration of -C=0 (Stuart 2004). In order
to a great extent, the functional groups such as -C=C
and —C=0, might derive from the water-soluble
heterocyclic compounds in the C. camphora leaf
broth. From the XPS analysis, one can also deduce
that large amounts of C and O elements existed as
part of the surface composition of the PANPs, where
the elements of C and O are very likely to bind to the
surface of the PdNPs via some functional groups
such as —C=C and —C=0. Consequently, it is deemed
that the water-soluble heterocyclic compounds, e.g.,
alkaloids, flavones, acted as the stabilizer of the
PdNPs. In the chemical routes to PdNPs, PVP is
often used as capping ligands of the nanoparticles,
where it is certain that the stabilization of PdNPs
results from the adsorption of the PVP chain onto the
particle surface via the coordination of the PVP
—C=0 group to the palladium atoms (Teranishi and
Miyake 1998; Nemamcha et al. 2006). Similarly,
the water-soluble heterocyclic compounds in the
C. camphora leaf broth could specifically adsorb
onto the particle surface via -C=0 or —C=C to
protect the PANPs.

On the basis of the results of the above FTIR
spectra and the fore-mentioned techniques such as
XRD, HRTEM, SAED, and XPS, it is believed that a
redox reaction took place between the hydroxyl group
of the polyols in the C. camphora leaf broth and the
Pd(Il) ions. Ho Kim and Nakano (2005), who
demonstrated adsorption of palladium by redox
within condensed-tannin gel, proposed a redox reac-
tion pathway between hydroxyl group of natural
condensed-tannin gel and the Pd(II) species. Like-
wise, the reaction between broth of C. camphora leaf
and the Pd(II) species might occur according to the
following equation:
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Fig. 5 XRD patterns of the as-prepared PdNPs. Labeled peaks
correspond to the characteristic diffraction peaks of elemental
Pd(0). Pattern 1, 2, and 3 were derived from XRD analysis of
the dried palladium sol after reaction of 50 ml leaf broth with
Ix107molL™", 3x107molL™", and 5 x 1073
mol L™ solution of PdCl,, respectively

nPd(Il) + 2R—(OH), — nPd(0) + 2nR=0 + 2nH*
(1)

where R and n represent heterocycle or alkyl groups
and the number of the hydroxyl groups oxidized by
Pd(II) species, respectively. Hereby, it is reasonable
to speculate that polyol components in the C. cam-
phora leaf were oxidized into aldehydes or ketones
while Pd(II) was reduced to elemental palladium.
And the small decrease of pH of the resulting solution
further confirmed the production of H* ions. The pH
of the solution before the reaction was 2.00, 1.65,
1.54 for Samples A, B, and C, respectively, whereas

the precursor would lead to a greater rate of
generation of palladium atoms (Cushing et al.
2004). For sample B and C, it is very likely that a
higher concentration of Pd(II) ions resulted in the full
reduction of the initial Pd(II) ions at the commence-
ment of the reaction. Although the nucleation process
was relatively fast, the growth process remained
comparatively slow due to the protective effects of
sufficient biomolecules. This would diminish the
effect of Ostwald ripening (Cushing et al. 2004).
Hence, smaller PANPs that were uniformly separated
and well aligned were obtained. In contrast, for the
lowest initial Pd(II) concentration (sample A), it was
observed that the PANPs became larger in size and
the width of the size distribution was fairly broad as
can be seen in Fig. 2a—c. It was probably attributed to
the Ostwald ripening process as well as the presence
of unreduced palladium ions and partly reduced
palladium atoms (Narayanan and El-Sayed 2005).
Because of comparatively smaller reductive rate of
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Fig. 6 HRTEM image (a) and SAED pattern (b) of PANPs synthesized by reacting 50 ml leaf broth with 5 x 10~ mol L™ solution

of PdCl,

Intensity (a.u.)

1 n 1 n 1 n 1 n H
340 338 336 334 332 330

Binding energy (ev)

n 1 n 1 n
346 344 342

Fig. 7 XPS spectra of the Pd 3d region of the obtained
nanoparticles

palladium ions, the palladium atoms freshly produced
were inclined to attach to the more stable surfaces of
the larger nanoparticles while there was detachment
of surface atoms from the smaller nanoparticles to
some extent (Narayanan and El-Sayed 2005). That is
to say Ostwald ripening might be promoted and
become significant in this situation. As a conse-
quence, they tended to consume some smaller
particles to form larger particles, and thus resulted
in the formation of some irregular PANPs with much
broader size distribution. Although additional efforts
are needed to investigate the detailed mechanism
underlying the process of the reaction, this biological
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Fig. 8 Typical FTIR spectra of the leaf biomass before
bioreduction (/), after bioreduction of palladium ions (2)

synthetic technique offers an exciting new tool for the
synthesis of PANPs.

Conclusions

In conclusion, we developed a simple biological
procedure to synthesize PANPs using broth of
C. camphora leaf. The size of PANPs could be easily
controlled by variation of the initial concentration of
Pd(IT) ions. XPS results confirmed the formation of
metallic PANPs. HRTEM images, XRD patterns, and
the SAED pattern suggested the PdNPs were
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Fig. 9 Typical FTIR spectrum of the dried PANPs (the solid
line). The dash line shows the spectrum of the leaf biomass
before bioreduction

essentially crystalline and characteristic of an fcc
structure. The polyols components and the heterocy-
clic components were deemed to be responsible for
the reduction of palladium ions and the stabilization
of PdNPs, respectively. From a technological point of
view, these obtained PdNPs may have potential
applications not only in catalysis, but also in the
medical field.
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