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Abstract

Synthesis of metallic Zn nanoparticles through bio-reduction methods is reported for the first time. The structure, shape and size of the
nanoparticles are critically controlled through the pH used in the sample preparation. High resolution electron microscopy was used in order
to determine the structure of individual nanoparticles. Formation of quantum dots and the efficiency of ion reduction in the synthesis process
are studied through the optical absorption in colloids. The structure and stability of the Zn clusters (up to 4000 atoms) were determined
through the calculation of minimum energy configurations using molecular and quantum mechanics approximations and image simulation.
The structure of the obtained nanoparticles was preferentially hexagonal, although multiple twinned and fcc-like structures were identified.
The size controlled synthesis of small nanoparticles in the quantum-dot range was demonstrated successfully.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

In recent times, the use of nanoparticles has become more
generalized covering different fields including optoelectron-
ics [1,2], catalysis [3,4], medicine [5] and sensor devices
[6,7] among others. Three main parameters: structure, size
and elemental composition [2,3], are considered to be very
important besides the quantum size effects in the materials of
nanometer scale, for possible applications. For instance, zinc
has been vastly studied with focus on ZnO in sensors [6,7]
and optical devices [1] due to the high selectivity of sensors
and the semiconducting properties. Therefore, the synthe-
sis of ZnO nanoparticles, one dimensional structures [6,7]
and even the production of nanodisks [8], has been devel-
oped during the last few years. However, zinc metal (Zn®)
nanoparticles have not been studied enough, even when it has
been demonstrated theoretically that they possess high sta-
bility and electronic structures revealing quantum size effects
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in the nanometer size regime [9]. In fact, quantum mechani-
cal calculations based on the density functional theory have
demonstrated [9] that the gap between the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molec-
ular orbital (LUMO) can vary from the bulk value of 0.27 eV
to the highest of 4.59 eV for Zn, and 0.68 eV for Znyy. How-
ever, there is no report of the gap values for bigger clusters
which might behave differently in their optical and electrical
properties.

Hence, the synthesis of size controlled Zn nanoparticles
is quite important, especially in the size range of less than
3nm, which to our knowledge, has not been reported yet.
A previous work has reported the synthesis of monodis-
persed nanoparticles of around 17 nm [10], and others used
precursors of diameters of 1-6 wm with no existing reports
on quantum-dots synthesis. The synthesis methods reported
until now are basically evaporation [8] and organometal-
lic [10]. The bioreduction method, originally proposed by
Gardea-Torresday for Au [11] and developed by our group to
obtain Au nanorods [12], bimetallic nanoparticles [13] and
even lanthanide clusters [14], is based on the use of the tannins
of the biomass of Medicago sativa (alfalfa), and lately has
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also been demonstrated effective for the synthesis of Au clus-
ters using fungus [15]. The method is based on the reduction
of metal ions through biomass at controlled pH conditions to
improve the size control of nanoparticles.

As the size, shape and structure of the nanoparticles are
very important, transmission electron microscopy (TEM)
techniques are commonly used to determine the structure
and local elemental composition [16] of nanomaterials. In
the present work, we used a synthesis technique based on
the bio-reduction method to obtain well size controlled zinc
nanoparticles. Structure and stability of the particles are stud-
ied by TEM, molecular dynamics and quantum mechanical
analysis. The use of optical spectroscopy allowed us to deter-
mine the efficiency of the method to reduce metal ions into
nanoparticles [17,18]. The HOMO-LUMO gap of 0.33eV
for Zn3zg and 0.04 eV for Zngs demonstrate a high conduc-
tance in bigger zinc clusters, even better than many other
metals.

2. Methods

Nanostructures of Zn were prepared using the bio-reduction
method. In order to reduce Zn>* ions to Zn° clusters, a similar path
to that suggested by Gardea-Torresday et al. [11] and Ascencio et al.
[13], for gold and Eu—Au nanoparticles is followed. A homogeneous
suspension of powdered milled alfalfa (which had been washed pre-
viously, dried, milled, washed in HC1 0.01 M and dried again) was
prepared with a concentration of 5 mgml~! in water using an ultra-
sonic treatment for 10 min. The pH of the solution was controlled
by means of a buffer solution of the values between 3 and 10. After
placing the mixture in an ultrasonic bath for 5 min, it was left for
another 5 min without agitation and then centrifuged for 10 min. A
zinc ion solution, 3 x 10~* M of (CH;C00),Zn-2H,0 (where zinc
had a II state of oxidation), prepared in deionized water. Both the
solutions were mixed homogeneously using an ultrasonic bath for
20 min. Later, the mixture solution was kept at 25°C for 1h and
centrifuged for 25 min. Finally, the reaction mixture was filtered
and kept on rest for 48 h, after which they were used for optical and
TEM characterizations.

For high resolution transmission electron microscopy (HRTEM)
characterization, the samples were prepared by placing a drop
of the solution on carbon-coated copper or nickel grids. Electron
microscopy was performed in JEOL 4000EX and JEOL JEM-2010F
FasTem Microscopes. High resolution images were obtained at the
various defocus conditions for each microscope, including the opti-
mal (Scherzer condition) [16].

In order to build the structural models, we used a geometry-
based method to generate cubic (fcc-like), hexagonal (hep-like) and
decahedral (deca) structures. Their stability was evaluated using the
DMol3 [19] method, based on the density functional theory (DFT)
[20], which is amodule of Cerius? of Accelrys. For the smallest clus-
ters, we improved geometry optimization calculations with a local
density approximation and the Perdew Wang functional [21] with a
self consistent field tolerance of 1 x 10~° Hartree, and with energy
changes of 1 x 10~ Hartree between optimization steps. For big-
ger clusters, we used a tight-binding potential with second-moment
approximation (TB-SMA) as proposed by Tomanek et al. and Cleri
and Rosato [22,23]. The potential has been smoothly truncated up to

the fifth neighbors in order to keep stable hcp structure for zinc. The
molecular dynamics (MD) simulations were performed using XMD
developed by Prof. J. Riffkin, Centers for Simulation, University of
Connecticut, USA [24]. The program employs a predictor—corrector
algorithm to integrate the equation of motion. In all the simulations
reported here, a time step of 5 x 10713 s was used, which is a fairly
small value considering the temperature of 0 K. It was rather nec-
essary to ensure the accuracy of energy calculations due to small
energy difference among different isomers of Zinc.

The optical properties of the samples were studied by means of
optical absorption spectroscopy. A Shimadzu UV-3101PC double
beam spectrophotometer was used to record the optical absorption
spectra of the samples in the 200—800 nm spectral range using deion-
ized water as reference.

3. Results and discussion

Multiple samples were obtained by varying the pH from
3 to 6, which was considered to be the main variable in the
present analysis. The samples prepared using different pH
values (3-6) revealed significant differences between them.
In all the cases Zn metallic nanoparticles were obtained. In
order to determine the existence of Zn® atomic clusters, elec-
tron energy loss spectra were obtained. In Fig. 1(a), a typical
EELS spectrum of the samples is shown where the shape and
location of the plasmon peak clearly correspond to Zn®. We
can distinguish a sharp absorption signal due to the excitation
of electrons from the 3d level ata binding energy of 9.4 eV and
a relatively less pronounced and broad signal at about 14 eV
as it was reported by Widder et al. [25]. The homogeneity
of the cluster distribution can be determined with help of the
high angle annular dark field (HAADF) contrast images [26].
In Fig. 1(b), a typical HAADF image produced by the parti-
cles is shown, where the clusters are quite homogeneous and
the high contrast involves one kind of element, which must
correspond to Zn as it is determined from the EELS spec-
trum. However, significant differences have been observed
in size distribution, structure and shape of the clusters pre-
pared with different pH values indicating a strong effect of
the pH value in synthesis as expected and observed for other
metallic clusters.

Fig. 2 is a composite figure, where a, b, ¢, d correspond
to medium magnification TEM micrographs of the reduced
zinc particles formed in the biomass for the pH values 3, 4, 5
and 6, respectively. To demonstrate the differences between
the samples prepared for different pH values, a size distribu-
tion analysis was made considering over 150 nanoparticles
for each sample. The measurement of size was performed
along the largest diameter of the particles. The size distribu-
tion histogram, Fig. 2(e), shows clearly the main differences
among the samples. Micrograph of Fig. 2(a) obtained for pH
3, shows a distribution of several sizes, from around 2 nm
but mainly distributed around 5.6 nm. For the samples pre-
pared with pH 4 (micrograph of Fig. 2(b)), the distribution
is broader with a peak at about 3.5 nm. However, for pH 5
(refer Fig. 2(c)), the distribution peaked around 2.5 nm with
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Fig. 1. Typical data of elemental composition for the samples. (a) Metallic
zinc plasmon EELS, which corresponds to Zn® atoms; and (b) HAADF
contrast image for Zn distribution in homogeneous clusters.

a narrow distribution and finally for pH 6 (refer Fig. 2(d)),
the distribution becomes broader and no particular size was
favored.

Therefore, the optimal size distribution, i.e. with the nar-
rowest size and shape distribution and smaller clusters, was
obtained for pH 5, where particles of small, regular in size
and shape were formed. Therefore, the quantum size effects
must be observed mainly in the samples produced with pH
5. However, it is also well established that beside the size,
the corresponding structure of the particles is controlled by
the surface energy in conjunction with the method of synthe-
sis. Reduction of surface energy is controlled by the possible
reactions and interaction of the particle surface with the pas-
sivating agents as has been reported while using thiols [27],
or in this case, the tannins involved in the used biomass. So,
it is important to determine the kind of structures formed in
the samples. In order to study the lowest energy configura-
tions for the clusters, a couple of calculations were made:
quantum mechanics for the smallest clusters (8-55 atoms)
and classical molecular mechanics for bigger configurations
(1104000 atoms). In Fig. 3, the quantum stability is plotted
for the different configurations, for both quantum (3a) and
classical (3b) approaches, while the modeled clusters used are

shown in 3c for the fcc-like, hep-like and decahedral struc-
tures (two views of each are shown for clarity). In the first
plot, it is clear that the three different structures are quite sta-
ble for the clusters of 8-38 atoms, where a few overlapping
points indicate that the structures must coexist if the lowest
energy can be achieved through the method of synthesis. The
plots in Fig. 3(b) show that for bigger clusters the decahedral
structure becomes more stable and those must be abundant if
the synthesis process favors minimum energy configurations.
However, the differences of energy among the structures are
small and the synthesis process may produce all three kinds of
nanoparticles. In fact, the differences in energy are so small
that depending on the number of atoms, the production of
each type of structure can be favored.

In order to determine the structure of the experimentally
produced nanoparticles we analyzed HRTEM images, where
the atomic columnar arrays are distinguished producing the
characteristic contrast for each kind of cluster configura-
tion. Due to the complexity in distinguishing these types
of particle, we used simulated models (shown in Fig. 3(c))
to calculate the images of main orientations, which made
the interpretation and contrast analysis easier. The calcu-
lated images can be observed in Fig. 4, where four images
are shown for the considered configurations and based on
the acceleration voltage, spherical aberration and Scherzer
conditions of the used microscope (400 keV, Cs =1 mm and
AS=40.5nm). The orientations are marked considering rota-
tions over the Cartesian axes (considering x horizontal and
y vertical, perpendiculars to the beam axis) in order to make
the comparison easier even when their corresponding sym-
metries are quite different.

In Fig. 4(a) the structure shows the basic {00 1} orienta-
tion with square dots arrays conventional for fcc-like systems;
however, when the particle is rotated 45° in “x” the image
shows a hexagonal distorted array of dots as it expected for
the {101} orientation. After an extra rotation of 35° in “y”
the perfect hexagonal shape is reached ({1 1 1} orientation).
It must be noticed that because of the small inter-atomic dis-
tance, the contrast shows just a smooth central array of six
elongated dots and an array of 12 white dots in the external
zone but no further features are resolved. The image obtained
after an extra rotation of 15° shows a contrast of fringes in
the vertical direction. In Fig. 4(b), the corresponding images
for the truncated hexagonal configuration, the characteristic
contrasts are identified for the four images, starting with the
{001} that shows a hexagonal array of dots matching with
the prediction for a common hcp crystal. Besides, when the
cluster is rotated 45° around “x” ({10 1} orientation) a rhom-
bohedral contrast is defined retaining the hexagonal profile
facets. The third image corresponds to a 90° rotation which
produces a fringe contrast very similar to the observed in fcc-
like clusters (45x50y), but when the particle is rotated 15° in
“y”, the obtained image shows a vertical zig—zag contrast
and parallel lines in the horizontal direction. Finally, the dec-
ahedral particle (Fig. 4c) shows images similar to the images
reported for other metals [16], with five triangles for five-fold
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Fig. 2. Low magnification electron micrographs of the Zn nanoparticles obtained at pH values: (a) 3; (b) 4; (c) 5; (d) 6; and (e) the corresponding size distribution

plots.

orientation and no homogeneous structure contrast in the left
and right sides (45x and 90x), revealing vertical zig—zag con-
trast with no parallel lines for two-fold rotation (90x90y) as
in the case of the hexagonal particle.

Fig. 5 shows three different examples of nanoparticle con-
figurations observed in the samples prepared at pH 3, where
a large amount of particles are obtained including zones with
high concentration and cluster overlapping. However, as can
be seen from Fig. 5(a), the structure and size of the particles

are well defined. In this figure, we can see several parti-
cles, including an interesting central cluster with square dots
distribution corresponds to fcc configuration in the {001}
orientation, which was not expected for the Zn bulk symme-
try. The particle shown in Fig. 5(b) corresponds to a rounded
structure with two zones of hexagonal contrast. The existence
of a twin in the image is clearly revealed in the fast Fourier
transform (FFT) that shows two hexagonal domains. Finally,
in Fig. 5(c), a multiple twinned particle is identified with a
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contrast that matches with the five-fold {00 1} orientation of
the decahedral configuration.

In the case of the samples obtained at pH 4, well-defined
particles are observed. In Fig. 6(a), a couple of particles
of diameters of 2.2 and 4.1 nm with hexagonal contrast are
observed. In Fig. 6(b), a long cluster with irregular profile
denotes the coalescence of three particles of 2.1, 3.8 and
3 nm, with small rotations between them generating mainly
arhombic contrast and sharing this alignment. This behavior
of alignment when smaller particles coalesce to form a bigger
aggregate has been previously reported for gold [28,29].

On analyzing the samples obtained with pH 5 (Fig. 7),
three different types of particles with different configura-
tions are observed. The first particle (Fig. 7(a)) of 2.2nm
size revealed fringe contrast including a few well define
dots identifying as rhombohedral contrast with an FFT pat-
tern associated to hexagonal particles. In the second particle
(Fig. 7(b)) the contrast matches directly to the {00 1} orien-
tation of a hexagonal particle. However, in the third particle
(Fig. 7(c)), amultiple parallel twin particle is observed, denot-
ing the multiple domains in the image and the lines of closely
spaced dots in the FFT as has been observed for other metals
[30].

Finally, samples obtained with pH 6 show a high size dis-
persion including the evidence of particles coalescence that
generate nanorods (Fig. 8). In Fig. 8(a) and (b), a couple of
hexagonal clusters with {001} and {01 1} orientations and
their corresponding FFT's are shown. Fig. 8(c) shows multiple
particle contrast in different orientations and shapes, reveal-
ing mainly a nanorod with internal twins almost perpendic-

Fig. 4. HRTEM simulated images for: (a) fcc-like; (b) truncated hexagonal; and (c) pentagonal clusters. Four different orientations are shown for a better

interpretation (rotation degrees are shown for each).
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Fig. 5. HRTEM images of particles observed in samples of pH 3, where (a) square; (b) fringes; and (c) pentagonal contrast (see the twins marked by the arrows)

are observed with their corresponding FFT for each image.

ular to the growth direction (axis). Though this behavior has
been studied for other metals, no such observation is reported
for Zn.

In this way, it can be established that the nanoparticles of
different configurations can be obtained mainly for pH 3 and
6; while for pH 4 and 5, the particles produced have no defect
configurations.

In order to understand the effect of the remaining ions
in the synthesis of Zn® in the samples, we used an optical
absorption evaluation in the range of 200-355nm wave-
length, where the presence of ions would be evident [17].
In the Fig. 9(a), the absorbance spectra show clearly that for
pH values 3 and 4, the samples contain a large amount of

free Zn?* ions; while for pH 5, the absorption band of free
ions (at about 280 nm) is reduced to the 25% and for the pH
6, it is the minimum being just 8% of the intensity of the
corresponding absorption for the sample prepared with pH 3.
These analyses allow us to understand the efficiency of the
reduction method and its effect on the generation of a specific
type of nanoparticle.

In Fig. 9(b), the absorption spectra of the samples in the
330-550nm spectral range are shown, to demonstrate the
formation of quantum dots in them. The absorption band
appeared at about 335 nm is related to the formation of small
Zn" clusters generally referred as surface plasmon resonance
(SPR) absorption. Higher intensities of the SPR bands for

Fig. 6. HRTEM images of particles in the samples prepared with pH 4, where we can see three almost similar particles with fringe contrasts. However, the
FFT’s denote extra dots that allow to associate them to rhombic arrays characteristics for the hexagonal particles.
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Fig. 7. HRTEM images of particles observed in the samples prepared with pH 5 with their corresponding FFTs. Three small particles show fringe contrasts

(a—c) and a well defined hexagonal contrast (b).

the samples obtained at pH 5 and pH 6 demonstrate a higher
reduction rate for higher pH values and formation of bigger
Zn clusters.

Considering all the parameters studied, we can identify a
strong relation between the pH conditions and the size dis-
tribution of the Zn nanoparticles and also the aggregation
process during the synthesis as the following:

At the pH value 3, the particles are formed in a slow process
that reduces the ions slowly and tend to search for minimal
energy surfaces, implying an aggregation process similar
to a nucleation behavior. Therefore, the twins appear when
the aggregation is not regular and the internal strain energy

searches the way to be released. This behavior produces
well-passivated clusters, but because of the low velocity of
reaction, the size distribution is not well controlled.

For pH 4, the reduction is more efficient but the presence
of free ions and electrons in the solution generate more par-
ticles of smaller size after the initial nucleation process,
causing aggregation of relatively fewer particles to gener-
ate particles with worse defects. The reduction at pH 5 is
fast and produces zinc particles of 2.5 nm average size with
the smallest observed dispersion, reducing most of the metal
ions in the reaction solution. The use of pH 6, besides strong
reduction, induces strong aggregation of particles, which
might be due to weak coordination of tannin in the biomass

Fig. 8. HRTEM images of particles in the samples prepared with pH 6: (a) a hexagonal particle in {00 1} orientation, (b) a rhombic contrast of a hexagonal
particle; and (c) multiple particles including a nanorod of 12 and 25 nm of wide and length, respectively. Corresponding FFTs are shown at the bottom.
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Fig. 9. Optical absorbance for the samples obtained at different pH values: (a) evidences of free Zn" ions in different samples; and (b) SPR band related to the

formation of Zn quantum clusters.

with Zn, leaving free Zn® atoms in the solution. The free
Zn® atoms coalesce with the already formed clusters under
the soft surfactant tannin forming Zn nanorods. Until we
know, this is the first evidence of Zn nanorods formation.

4. Conclusions

The bio-reduction method using different pH conditions
proved to be a powerful method for obtaining a large amount
of Zn nanoparticles in different configurations and sizes.
Apart from the efficiency of reduction of the Zn>* ions, the
pH of the reaction solution has a direct influence in the size,
structure and homogeneity of the small nanoparticles. It was
identified that reduction at pH 5 produces the smallest and
less dispersed Zn nanoparticles, while the use of pH 6 makes
the reduction process very fast, causing fast aggregation of
nanoparticles and leaving extra Zn atoms in the solution to
generate small nanorods growing in preferential directions.
The structure of the obtained Zn nanoparticles is prefer-
entially hexagonal as is the symmetry of the bulk crystal;
however the samples showed also multiple-twinned clusters
when they were obtained at pH 3 and pH 6. The existence of
a few particles with fcc-like structure was identified. The use
of theoretical methods for stability and HRTEM image simu-
lation helped to improve the experimental data interpretation.

Through this work, we demonstrate the efficiency of bio-
reduction technique for the size and structure controlled syn-
thesis of small Zn nanoparticles in the quantum-dot range,
which may open-up the possibility of using them in optical
and electronic devices.
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