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Composite nanoparticles are advanced materials having
recently gained increasing attention due to their scientificand
technological importance. They find a wide variety of applica-
tions such as catalysts with huge activity and specificity, metal
semiconductor junctions, optical sensors, and modifiers of
polymeric films for packaging.

From a scientific point of view the composition and the
atomic order of the aggregates, in addition to size, are pivotal
factors in determining their properties and functionalities,
while the nanoscale regime confers to them structural and
electronic degrees of freedom which are inaccessible to bulk
materials.

The first indispensable stage to develop novel nanotech-
nologies is the preparation of tailored composite nanostruc-
tures. Virtually all the possible physicochemical phenomena
have been employed to reach this objective allowing to set
up a huge number of protocols each one with its specific
advantages and disadvantages. The aspects of novel prepara-
tion methods are addressed in two manuscripts.

S. Bagheri et al. describe a novel synthesis of anatase tita-
nium dioxide nanoparticles using egg white solution via sol-
gel method and characterized them through a high number of
techniques. The main advantage of using egg white proteins
as a gelling agent is that it can provide long-term stability
for nanoparticles by preventing particles agglomeration. They
demonstrated that egg white solution is a reliable and cheap

green gelling agent that can be used as a matrix in the sol-gel
method to synthesise tiny size TNPs.

V. Ovchinnikov and A. Shevchenko describe a cost-
effective fabrication of random noble-metal nanostructures
with a feature size of the order of 10 nm on a large-area dielec-
tric substrate. The technique allows to create metal nanois-
lands on a nanopatterned dielectric template with an en-
hanced adhesion between the metal and the dielectric. The
use of the adhesion layer (that makes the structures stable)
is important in view of variety of optical and other potential
applications of the structures. The results of their work can
be of interest in regard to the development of new approaches
to self-organization based nanofabrication of extremely small
metal and metal-dielectric nanostructures on large-area sub-
strates.

Due to their peculiarities, the production of nanomateri-
als is a promising strategy to fuel novel technological applica-
tions. Two manuscripts, highlighting enhanced properties for
applicative purposes, are good examples of the potentialities
of these materials.

M. C. Carrera et al. studied the permeation of CO, in
films of high density polyethylene (HDPE) and organoclay
modified with polyvinylalcohol (MMTyprya/pyva) Obtained
from melt blending. They showed that the incorporation of
the modified organoclay generated an exfoliated nanocom-
posite structure with a significant effect on the barrier



properties of HDPE. Notably the mechanical properties re-
main equal to those of pure polyethylene, but with an in-
crease in barrier properties to CO, allowing to obtain nano-
composites of HDPE competitively used in packaging.

Q. X. Li et al. prepared a novel Pd/C catalyst with
enhanced performance for direct ethanol fuel cell. They
characterized the catalysts by XRD and TEM showing that
they are spherical and homogeneously dispersed on carbon.

Finally, the theoretical/computational approach has been
faced by P. Shabanzadeh et al. In their investigation, they
applied the accuracy of artificial neural network training
algorithm to study the effects of different parameters on the
synthesis of Ag nanoparticles performed in the interlamellar
space of montmorillonite (MMT) by chemical reduction
technique. Using the best performing artificial neural net-
work, they predicted the optimum conditions of AgNO,
concentration, MMT d-spacing, and reaction temperature.

By compiling these papers, we hope to enrich our readers
and researchers with respect to the most recent progresses in
the field of nanoscale multicomponent particles.

Pietro Calandra
Valeria La Parola
Vincenzo Turco Liveri
Elefterios Lidorikis
Fabio Finocchi

Journal of Chemistry



Hindawi Publishing Corporation
Journal of Chemistry

Volume 2013, Article ID 305713, 8 pages
http://dx.doi.org/10.1155/2013/305713

Research Article

Artificial Intelligence in Numerical Modeling of Silver
Nanoparticles Prepared in Montmorillonite Interlayer Space

Parvaneh Shabanzadeh,! Norazak Senu,’
Kamyar Shameli,”* and Maryam Mohaghegh Tabar*

I Department of Mathematics, Faculty of Science, Universiti Putra Malaysia, 43400 Serdang, Selangor, Malaysia

? Department of Chemistry, Faculty of Science, Universiti Putra Malaysia, 43400 Serdang, Selangor, Malaysia

3 Nanotechnology and Advance Materials Department, Materials ¢ Energy Research Center, Alborz, Karaj 31787/316, Iran
* Department of Mathematics, Faculty of Science, University of Gilan, Rasht 1914, Iran

Correspondence should be addressed to Parvaneh Shabanzadeh; parvaneh.shabanzade@gmail.com
Received 14 December 2012; Revised 29 January 2013; Accepted 10 February 2013
Academic Editor: Elefterios Lidorikis

Copyright © 2013 Parvaneh Shabanzadeh et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

Artificial neural network (ANN) models have the capacity to eliminate the need for expensive experimental investigation in
various areas of manufacturing processes, including the casting methods. An understanding of the interrelationships between input
variables is essential for interpreting the sensitivity data and optimizing the design parameters. Silver nanoparticles (Ag-NPs) have
attracted considerable attention for chemical, physical, and medical applications due to their exceptional properties. The nanocrystal
silver was synthesized into an interlamellar space of montmorillonite by using the chemical reduction technique. The method has
an advantage of size control which is essential in nanometals synthesis. Silver nanoparticles with nanosize and devoid of aggregation
are favorable for several properties. In this investigation, the accuracy of artificial neural network training algorithm was applied
in studying the effects of different parameters on the particles, including the AgNO, concentration, reaction temperature, UV-
visible wavelength, and montmorillonite (MMT) d-spacing on the prediction of size of silver nanoparticles. Analysis of the variance
showed that the AgNO, concentration and temperature were the most significant factors affecting the size of silver nanoparticles.
Using the best performing artificial neural network, the optimum conditions predicted were a concentration of AgNO; of 1.0 (M),

MMT d-spacing of 1.27 nm, reaction temperature of 27°C, and wavelength of 39750 nm.

1. Introduction

Nanoparticles are important materials for fundamental stud-
ies and diversified technical applications because of their size
dependent properties or highly active performance due to
their large surface areas. The synthesis of well dispersed pure
metal nanoparticle is difficult as they have high tendency to
form agglomerates particles [1, 2]. Therefore, to overcome
agglomeration, preparation of nanoparticles based on clay
compounds in which nanoparticles are supported within the
interlamellar spaces of clay and/or on its external surfaces
is one of the most effective solutions [3, 4]. In the same way,
synthesis of metal nanoparticle on solid supports such as
smectite clays is also a suitable way to prepare practically

applicable supported particles as well as to control the particle
size [5].

Smectite clays have an excellent swelling and adsorption
ability, which is especially interesting for the impregnation
of antibacterial active nanosize metals in the interlamellar
space of clay [6, 7]. Montmorillonite (MMT) as lamellar clay
has intercalation, swelling, and ion exchange properties. Its
interlayer space has been used for the synthesis of material
and biomaterial nanoparticles [8].

Due to its properties and areas of use, Ag is one of the
most studied metals. However, certain factors, such as stabil-
ity, morphology, particle size distribution, and surface state
charge/modification which are significant in the controlled
synthesis of Ag-NPs have attracted high attention, since this



task is far from being understood [5-8]. For the synthesis
of Ag-NPs in the solid substrate, AgNO; is often used as
the primary source of Ag". There are numerous ways of Ag"
reduction: use of y-ray [4], or UV irradiations [5], glucose
[2], application of reducing chemicals, such as hydrazine [9],
sodium borohydride [1, 3, 6-8], plant extraction [10, 11], and
so forth.

Artificial neural network (ANN) is a nonlinear statistical
analysis technique and is especially suitable for simulation
of systems which are hard to be described by physical and
chemical models. It provides a way of linking input data to
output data using a set of nonlinear functions [12]. The ANN
is a highly simplified model of the structure of a biological
network [13]. The fundamental processing element of ANN is
an artificial neuron or simply a neuron. A biological neuron
receives inputs from other sources, combines them, performs
generally a nonlinear operation on the result, and then
outputs the final result [14]. The basic advantage of ANN is
that it does not need any mathematical model since an ANN
learns from examples and recognizes patterns in a series of
input and output data without any prior assumptions about
their nature and interrelations [13]. The ANN eliminates
the limitations of the classical approaches by extracting the
desired information using the input data. Applying ANN to
a system needs sufficient input and output data instead of a
mathematical equation [15].

Selecting the optimum architecture of the network is
one of the challenging steps in ANN modelling. The term
“architecture” mentions the number of layers in the network
and number of neurons in each layer. Also a training algo-
rithm is required for solving a problem via a neural network
modeling. Many different algorithms can be applied for
training procedure. During the training process, the weights
and biases in the network are modified to minimize the error
and obtain a high performance in the solution. At the end
of the training and during the training error, mean absolute
percentage error is computed between desired outputs and
target outputs [16, 17]. It is the most useful numerical
technique in modern engineering analysis and has been
employed to study different problems in heat transfer, elec-
trical systems, mechanical properties, solid mechanics, rigid
body dynamics, fluid mechanics, and many other fields. In
recent years, ANN has been introduced in nanotechnology
applications as techniques to model data showing nonlinear
relationships [12, 17-20] and/or estimation of particle size in
variety of nanoparticle samples [21].

Employing neural network models would lead to saving
time and cost by predicting the results of the reactions so that
the most promising conditions can then be verified [22].

The aim of the present research is the investigation of
the effects of different parameters including AgNO; con-
centration, temperature, wavelength, and MMT interlayer d-
spacing on the prediction of size of Ag-NPs. The ANN model
was used to predict the optimum size of Ag-NPs.

2. Experimental

To prepare the stable Ag-NPs via the chemical reduction
method, it was significant to choose the suitable stabilizer
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and reducing agent. In this research, MMT suspension was
used as the appropriate support for reducing AgNO,/MMT
suspension using NaBH, as the strong reducing agent.
The surfaces of MMT suspension are assisting the Ag-NPs
nucleation during the reduction process. The schematic illus-
tration of the synthesis of Ag/MMT nanocomposites from
AgNO;/MMT suspension produced by using sodium boro-
hydride is shown in Figurel. Meanwhile, as shown in
(Figure 1(a)) AgNO5;/MMT suspension was colourless, but
after the addition of the reducing agent to the suspension they
turned to brown colour indicating the formation of Ag-NPs
in the MMT suspensions (Figure 1(b)).

2.1. Data Sets. Table 1 shows the experimental data used for
ANN design. The experimental data were randomly divided
into three sets: 26, 10, and 6, which were used as training,
validation, and testing, respectively. The training data was
applied to compute the network parameters while the vali-
dation data was applied to ensure robustness of the network
parameters. If a network “learns too well” from the training
data, the rules might not fit as well for the rest of the cases
in the data. To avoid this “over fitting” phenomenon, the
testing stage was used to control error; when it increased, the
training stops [23]. For assessment the predictive ability of the
generated model was used as the testing data set.

2.2. ANN Description. An artificial neural network learns
general rules based on calculation upon numerical data [24].
Neurons are the smallest parts of ANN. Neurons are con-
structed in three layers including input, output, and hidden
layer. The hidden layer can be developed with similar layer
structure as neuron. In the other expression, the structure is
as if the output of a hidden layer is the input for the sequent
hidden layer [25]. The multilayer perceptron (MLP) networks
are the most widely used neural networks that consist of one
input layer, one output layer, and one or more hidden layers.
In the ANN methodology, the sample data is often subdivided
into training, validation, and test sets. The distinctions among
these subsets are crucial. Ripley [26] defines the following
“Training set: A set of examples used for learning that is to
fit the parameters (weights) of the classifier. Validation set: A
set of examples used to tune the parameters of a classifier, for
example, to choose the number of hidden units in a neural
network. Test set: A set of examples used only to assess the
performance (generalization) of a fully specified classifier” In
this research, a multilayer perception (MLP) based feed for-
ward ANN which uses back-propagation learning algorithm,
was applied for the modeling of Ag-NPs size prediction.
The inputs for the network include AgNO; concentration,
reaction temperature, UV-visible wavelength, and MMT d-
spacing. The output is the size of Ag-NPs. In Figure 2, is
shown a diagram of a typical MLP neural network with one
hidden layer structure of proposed ANN. The input to the
node [ in the hidden layer is given by

q
al:Z(Xi‘/vil)-'—el l:1>2>-~-,5- (1)
i=1

Each neuron consists of a transfer function expressing
an internal activation level. The output from a neuron is
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TaBLE 1: Experimental values (training, validation, and testing data set), actual and model predicated of size of Ag-NPs.

No. AgNO; con. (M) Temperature ("C) Wavelength (nm) MMT d-spacing (nm) Size of Ag-NPs (actual) Size of Ag-NPs (predict)

Training set

1 0.5 30 397 1.25 3.85 3.84
2 0.5 35 398 1.25 3.84 3.85
3 0.5 50 398 1.26 3.87 3.88
4 0.5 60 399 1.27 3.89 3.88
5 1 30 398 1.26 4.2 4.20
6 1 35 399 1.26 4.21 4.22
7 1 50 401 1.28 4.24 4.23
8 1 60 403 1.29 4.24 4.24
9 1.5 30 402 1.26 4.68 4.68
10 1.5 35 403 1.28 4.69 4.68
1 1.5 50 405 1.35 4.71 4.72
12 1.5 60 406 1.38 4.93 4.93
13 2 30 403 133 6.74 6.74
14 2 35 404 1.35 6.75 6.75
15 2 50 406 1.41 6.88 6.87
16 2 60 407 1.44 6.95 6.95
17 5 30 406 1.47 8.54 8.55
18 5 35 408 1.47 8.56 8.55
19 5 50 411 1.52 8.63 8.63
20 5 60 418 1.55 8.71 8.71
Validation set
21 0.5 40 398 1.26 3.86 3.85
22 1 25 398 1.25 4.19 4.11
23 1.5 25 400 1.26 4.67 4.75
24 1.5 40 404 1.32 4.69 4.67
25 2 40 405 1.37 6.79 6.74
26 5 25 406 1.47 8.53 8.51
Testing set

27 0.5 25 396 1.24 3.82 3.84
28 1 40 399 1.28 4.22 4.24
29 2 25 402 1.31 5.08 6.66
30 5 40 408 1.49 8.56 8.55
Concentration (con.), molar (M), degree centigrade (°C), nanometre (nm), montmorillonite (MMT), silver nanoparticles (Ag-NPs).

Na* Na* Na*
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FIGURE 1: Schematic illustration of the synthesized Ag-NPs in the interlayer space of MMT suspension by chemical reduction method.
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FIGURE 2: Schematic diagram of MLP neural network.

determined by transforming its input using a suitable transfer
function [27]. Generally, the transfer functions for function
approximation (regression) are sigmoidal function, hyper-
bolic tangent, and linear function [28]. The most popular
transfer function for a nonlinear relationship is the sigmoidal
function [19, 29]. The output from / the neuron of the hidden
layer is given by

O, = f(9). (2)

In (1) and (2), g is the number of neurons in the input
layer, s is the number of neurons in the hidden layer, 6, is the
bias term, w is the weighting factor, and f is the activation
function of the hidden layer such as the tan-sigmoid transfer
function [18, 30].

The output of the jth neuron in the output layer is given

by
S
Y=Y (OW,)+b j=12...,m, (3)
i=1

where W is the weighting factor, b is the bias term, and m
is the number of neurons in the output layer. The values of
the interconnection weights are determined by the training
or learning process using a set of data. The aim is to find the
value of the weight that minimizes the error [28]. A popular
measure for evaluation of prediction ability of ANN models
is the root mean square error (RMSE):

r

1/2
RMSE - (lz(xpi _xm.f) , @

risa

where r is the number of points, x,; is the predicted value
obtained from the neural network model, and x,; is the actual
value. The coefficient of determination R* reflects the degree
of fit for the mathematical model [31]. The closer the R* value
isto1, the better the model fitting towards the actual data [32]:

Zirzl (xpi - xai)2

, )
Z::l (xai - xm)2

R*=1-

where r is the number of points, x,; is the predicted value
obtained from the neural network model, x,; is the actual
value, and x,, is the average of the actual values. Absolute
average deviation (AAD) is another important index to
evaluate the ANN output error between the actual and the

predicted output [14]:
/xui
)] ]» x 100, (6)

AAD = { [Zir=1 (|xpi — Xai
T
where x,; and x,; are the predicted and actual responses,
respectively, and r is the number of the points. The network
having minimum RMSE, minimum AAD, and maximum R*
is considered as the best neural network model [33].

3. Results and Discussion

3.1. ANN Modeling Results. In this research, many different
structures with two and three hidden layers with the different
number of neurons in each layer were tested to obtain the best
ANN configuration. The choosing of number of neurons in
hidden layers is very important as it affects the training time
and generalization property of neural networks. A higher
value of neurons in hidden layer may force the network to
memorize (as opposed to generalize) the patterns which it
has seen during training whereas a lower value of neurons
in hidden layer would waste a great deal of training time in
finding its optimal representation [34]. There is no general
rule for selecting the number of neurons in a hidden layer. It
depends on the complexity of the system being modeled [33].
The most popular approach for finding the optimal number
of neurons in hidden layer is by trial and error [35]. The tan-
sigmoid function is used as transfer function for first layer
and linear function is applied as transfer function for second
layer.

In this paper, the trial and error approach was utilized
in determining the optimum neurons in the hidden layers.
The feed-forward neural network generally has one or more
hidden layers, which enable the network to model nonlinear
and complex functions [28]. Nevertheless, the number of
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TABLE 2: Values of connection weights (parameters of the model) for
the completed ANN model.

TABLE 3: Performance evaluation of interactions of input variables
for the LM with 4 neurons in the hidden layer for sensitivity analysis.

Nodel  Node2  Node3 Node4 Bias2  No. Combination RMSE R AAD
Inputl -1.4013 09907  -3.3446  0.3431 — Group of one variable
Input2  1.4975 1.6411 -0.1142  0.7898 — 1 X 0.301 0.985 0.972
Input3 -2.0753  -03112 01400  2.0698 — 2 X, 0.505 0.085 0.007
Input4 -03952  —14632 29757 03286  — 3 X 0.801 0.893 0-805
Bias 1 4.0921 -0.8315 —1.7845 3.2889 — 4 Xy 1.810 0.960 0.922
Group of two variables
Output -1.7714 -0.21919 —-0.6525 0.16557 1.4701
5 X, +X, 0.011 0.993 0.987
6 X, +X; 0.015 0.999 0.999
7 X, +X, 0.202 0.999 0.999
8 X, + X, 0.257 0.989 0.979
hidden layers is difficult to decide [19]. It has been reported 9 X, + X, 0.251 0.993 0.999
in the literature that one hidden layer is normally sufficient to 10 X;+ X, 0.354 0.856 0.888
provide an accurate prediction and can be the first choice for Group of three variables
any practical feed—.forward network design [36]. . 1 X, + X, + X, 0.009 0.999 0.999
. Eherefore, 1a2 312r1glerl_l;lld(;el\rllI Slgyer netw?rlé washapphed 1 X, + X, + X, 0.240 0.891 0.882
in t is paper [ > 0]. The was applied as the error B X, 4 X, + X, 0.046 0.999 0.999
function. Also, R” and AAD were used as a measure of the
e 14 X, + X, + X, 0.013 0.999 0.999
predictive ability of the network. Each topology was repeated -
five times to avoid random correlation due to the random Group of four variables
initialization of the weights [37]. Many types of learning 15 X+ X+ X+ Xy 0.007 0.974 0.999

algorithms are explained in the literature which can be
applied for training of the network. However, it is difficult to
know which learning algorithm will be more efficient for a
given problem [38].

The LM is often the fastest back-propagation algorithm
and is highly recommended as a first-choice supervised algo-
rithm, even though it does require more memory than other
algorithms. The LM back-propagation is a network training
function that updates weight and bias values according to LM
optimization. The LM is an approximation to the Newton’s
method [39]. This is very well suited to the training of the
neural network [40]. The algorithm uses the second-order
derivatives of the mean squared error between the desired
output and the actual output so that better convergence
behavior can be obtained [41]. Therefore, various topologies
(from 1 to 20 hidden neurons) using LM algorithm were
examined. Results obtained showed that a network with 4
hidden neurons presented the best performance.

Figure 3 presents the scatter plots of the ANN model
predicted versus actual values using LM algorithm for the
training, validation, testing, and all data sets. Also, it presents
the predicted model for the training, validation, testing, and
all data sets well fitted to the actual values. The results of
this study illustrated that the network consisted of three
layers: input, hidden, and output with 4 nodes in hidden layer
presenting the best performances. RMSE and R* between the
actual and predicted values were determined as 0.0055 and
0.9999 for training set, 0.01529 and 0.9994 for validation set,
and 0.7917 and 0.955 for testing set. The RMSE and R for all
data sets were also calculated as 0.0071 and 0.9753, respec-
tively. These results show that the predictive accuracy of the
model is high. In Table 2 are showed values of connection
weights (parameters of the model) for the completed ANN
model.

3.2. Sensitivity Analysis. In this research, a data analysis was
performed to determine the effectiveness of a variable using
the suggested ANN model in this work [20]. In the analysis,
performance evaluations of different possible interaction of
variables were investigated. Therefore, performances of the
four groups (one, two, three, and four) variables were studied
by the optimal ANN model using the LM with 4 neurons in
the hidden layer.

The groups of input vectors were defined as follows: X,
AgNO; concentration; X,, reaction temperature; X5, UV-
visible wavelength; and X,, MMT d-spacing. The results are
summarized in Table 3. The results in Table 3 showed X, to
be the most effective parameter in the group of one variable,
due to its lower RMSE, 0.301.

As shown in Table 3, the value of RMSE significantly
decreased when X, was used in interaction with other vari-
ables in other groups. The minimum value of RMSE in the
group of two was determined to be 0.011 with a further inter-
action of X,. The values of RMSE became smaller in the
interaction of X; + X,; the best case of group of two variables
was used with X,. The minimum value of RMSE in the group
of three variables was 0.009 using the interaction of X; + X, +
X;. The value of RMSE was decreased from 0.009 to 0.007
when X, was used in interaction with other variables in the
after group of four variables.

3.3. Comparison of Experimental Data and ANN Output.
The optimal conditions for the prediction of size of Ag-NPs
were predicted as presented in Table 4 along with predicted
and actual size of Ag-NPs. For this goal, ANN based LM
was adopted for predicting the size of Ag-NPs in optimal
conditions and then experiment was carried out under the
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FIGURE 3: The scatter plots of ANN model predicted versus actual values for training, validation, testing, and all data sets.

TABLE 4: Optimum conditions derived by ANN for the prediction of size of Ag-NPs.

Optimal conditions

Size of Ag-NPs

Concentration of ~ Reaction temperature Wavelength MMT (d,) . -

. s Actual Predicted Standard deviation
AgNO; (M) Q) (nm) (nm)
1 27 3975 1.27 4.3 4.5 0.3

recommended conditions [42]. The resulting response was
compared to the predicted value. The optimum parameters
were 1M, 27°C, 397.5nm, 1.27 nm for the concentration of
AgNO;, reaction temperature, UV-visible wavelength, and
MMT d-spacing, respectively. As shown in Table 4, the con-
centration was the most effective parameter on the size of Ag-
NPs. The experimental reaction gave a reasonable size of Ag-
NPs 4.3 nm. This result confirmed the validity of the model,
and the experimental value was determined to be quite close
to the ANN predicted value 4.5nm, less of 1% in relative
deviation, implying that the empirical model derived from
the ANN can be used to sufficiently describe the relationship
between the independent variables and response.

4. Conclusion

In this research, the artificial neural network models for
the size prediction of Ag-NPs were presented. The analysis
carried out confirms that ANN was a powerful tool for

analysis and modeling. Based on the obtained results it can be
concluded that the LM neural network model with 4 neurons
in 1 hidden layer will be the fastest training algorithm and
can present a very good performance for ANN modeling
of nanocomposites behaviours. Data analysis showed that
AgNO; concentration (1.0 M) and reaction temperatures
(27°C) are two most sensitive parameters. Therefore, employ-
ing neural network models would lead to saving time and cost
by predicting the results of the reactions.
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A cost-effective fabrication of random noble-metal nanostructures with a feature size of the order of 10 nm on a large-area dielectric
substrate is described. The method combines dry etching of the substrate through a self-organized metal mask with a directional
deposition of a multilayered metal film. The technique allows one to create metal nanoislands on a nanopatterned dielectric template
with an enhanced adhesion between the metal and the dielectric. The use of the adhesion layer—that makes the structures stable—
is important in view of variety of optical and other potential applications of the structures. We observe that the presence of the
adhesion sublayer dramatically influences both the morphological and optical properties of the structures. The results of this work
can be of interest in regard to the development of new approaches to self-organization-based nanofabrication of extremely small
metal and metal-dielectric nanostructures on large-area substrates.

1. Introduction

Metal nanostructures have widespread applications in many
areas of science and technology, such as chemical and
biological sensing [1], subwavelength imaging [2], and plas-
monic nanomaterials [3]. The majority of these applications
rely on optical excitation of plasmon resonances in metal
nanoparticles that can be either isolated or arranged in a
nanoparticle array. Spectral properties of these resonances
can be adjusted by tailoring the size, shape, and separa-
tion distance of the nanoparticles. The well-studied periodic
nanopatricle arrays, which, in particular, are very attractive
from a theoretical point of view, are difficult to fabricate on
large-area substrates and, therefore, their mass production
is a challenging task. Traditional semiconductor technology
offers reliable and reproducible process flows, but their accep-
tance as a general fabrication tool for obtaining large-area
metal nanostructures has been hindered by two drawbacks:
(1) a limited resolution of optical lithography and (2) a lack
of efficient dry etching techniques for most metals. Because
of this, a dominant fabrication method for obtaining regular
metal nanostructures is electron beam lithography (EBL)

with lift-off removal of useless metal. However, by using this
technique, it is difficult to obtain features smaller than 50 nm.
In addition, the fabrication approach based on EBL requires
a rather long processing time, which makes it not only time-
consuming, but also expensive to fabricate large-area arrays
of nanostructures.

As alternatives to step-by-step patterning by conventional
EBL, several nonlithographic methods—for example, based
on self-organization phenomenon—have been demonstrated
to produce nanostructures in parallel way. These techniques
allow large-area substrates to be nanostructured using fast
and low-cost fabrication steps. The functional properties of
the nanostructures, however, are less controllable due to
the inherent randomness in the size, shape, and spacing of
the created particles. In spite of this, random nanostructure
arrays are widely used, for example, as catalysts in fabrication
of carbon nanotubes [4], light trapping layers in thin-film
solar cells [5, 6], magnetic nanodot arrays [7], SERS substrates
[8], and environment sensors [9]. Examples of fast and
cost-effective nonlithographic techniques are nanosphere
lithography [10], nanofabrication using porous alumina tem-
plates [11] and so-called oblique angle deposition [12].



One of the fastest and most cost-effective nanofabrication
approaches is an approach making use of self-assembly
of metal nanostructures on a surface with poor adhesion,
for example, Au or Ag nanoislands on glass [13, 14]. This
method possesses high resolution and, what is practically
important, full compatibility with standard semiconductor
fabrication technology. By the nature of the phenomenon,
self-organization takes place in a thin layer of noble metal
on a dielectric substrate at nonequilibrium thermodynamic
conditions, when the adhesion of the metal to the substrate
is weak. Such self-organized nanoparticle arrays are not
mechanically stable and can easily be damaged—for example,
rinsing the sample in water can completely destroy the array.
Hence, such arrays are nearly impossible to incorporate in
more complicated, multilayered devices.

In this work, a self-organization-based approach to
nanofabrication of large-area arrays of metal nanostruc-
tures on a dielectric substrate with an adhesion sublayer is
demonstrated. This is done by creating identical lace-like
Au and Ag nanostructures with and without Ti sublayer
on glass and oxidized silicon substrates. In particular, these
nanostructures allow us to directly study the influence of the
adhesion layer on the morphology and optical properties of
the samples. We note that noble metal nanostructures without
an adhesion sublayer cannot be created by using a lift-off-
based fabrication method, such as EBL, and, consequently,
direct estimation of the influence of such a layer on the optical
properties of the sample is impossible; some experimental
studies of the influence of the adhesion-layer thickness on the
properties of a flat metal film can be found in [15-17].

In the following section, we introduce our fabrication
method and describe in detail the sample preparation and
measurement procedures. The next section consists of two
subsections. In the first one, the morphology of the fabricated
nanostructures is studied on the basis of SEM images of
the samples obtained at different deposition conditions. The
second subsection describes the transmittance, reflectance,
absorptance, and SERS spectra of these samples. The last
section summarizes our results.

2. Materials and Methods

2.1. Fabrication Method. Our fabrication method is based on
(i) self-assembly of metal nanostructures on a dielectric sub-
strate, (ii) fabrication of a nanostructured template by etching
the substrate through the self-organized metal mask, and (iii)
directional deposition of several different metal layers on the
obtained template. In principle, for the template preparation,
any nanopatterning method that provides vertical sidewalls
can be used (e.g., etching through lithographically fabricated
masks or self-organized structures and even direct writing by
a focused laser or ion beam [18, 19]).

We start by creating a self-organized gold or silver
nanostructures which are then used as a mask for anisotropic
dry etching of the substrate (Figure 1(a)). To create the mask,
a thin layer of gold or silver is evaporated onto an oxidized
silicon or glass substrate at a low deposition rate. If the layer
thickness does not exceed 15 nm, the film made of gold shows
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a lace-like structure owing to the poor adhesion of the metal
to silicon oxide. An additional annealing after the deposition
can be employed to modify the mask morphology. In contrast
to gold, silver tends to form spheroidal nanoislands with the
average size and separation controlled by the deposition and
annealing parameters [6].

The poor adhesion of gold and silver to the dielectrics
limits the etching methods for the substrate patterning.
Wet etching cannot be used, because of destructive surface-
tension forces and diffusion of the liquid etchant beneath the
metal. Dry etching, on the other hand, can be successfully
used. In addition, dry etching, such as reactive ion etching
(RIE), provides vertical sidewalls for the nanostructures.
Therefore we use RIE for etching the dielectric through the
obtained mask (Figure 1(b)).

In the next step, the residues of the metal mask are
removed by selective wet etching to obtain a template that
is made of the substrate material only (see Figure 1(c)). The
template elements perfectly replicate the geometry of the
mask. Then the template is covered with a thin adhesion
layer of an easily oxidized metal (such as Ti or Cr). At
atmospheric ambient conditions, the adhesion layer that is
not protected by any other material layer is readily oxidized
and does not affect much the functional properties of the
nanostructures. It is important to deposit the adhesion layer
only on the flat (horizontal) surfaces of the template and
leave the sidewalls uncovered (Figures 1(d)-1(f)). This helps
one to avoid unwanted deposition of the next metal layer
onto the sidewalls and, thus, to better preserve the desired
nanostructure geometry. This requirement is fulfilled by
using a directional flux of deposited material, for example, e-
beam evaporation at normal incidence. Even if some noble-
metal particles turn out to be deposited onto the sidewalls,
they can easily be removed, owing to their poor adhesion, by
rinsing the sample in an ultrasonic bath.

The final step is to coat the template with a functional
metal layer—with a gold or silver layer in our case. This
should be done immediately after the deposition of the
adhesion layer in order to prevent possible oxidation of the
latter. This metal coating can be done in two different ways.
In the first one, the metal is evaporated onto the wafer surface
at normal incidence. Therefore, a metal layer is formed
simultaneously on the elevated surfaces of the nanostructure
and at the bottom of the template (Figure 1(d)). The second
way is to evaporate the metal onto the template at an angle.
The sample can be either rotated (Figure 1(f)) or kept still
during the deposition (Figure 1(e)). The rotation provides a
uniform covering of the structure upper parts, while the static
deposition leads to formation of asymmetric nanostructures
that, for example, can exhibit optical anisotropy [20]. The
extent to which the sidewalls are covered with metal depends
significantly on the evaporation angle « counted from the
normal of the substrate surface (Figure 1(e)) [21].

2.1.1. Experimental Details. The samples were fabricated
either on borosilicate glass plates or on oxidized silicon
substrates with (100)-orientation. The sample size is 22 x
22 x 0.5mm’. The substrate cleaning procedure starts with
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FIGURE 1: Schematic of the process of self-organization-based
nanofabrication of stable noble-metal nanostructures on a dielectric
substrate. The process consists of four steps. The fourth step is
chosen to correspond to either (d), (e), or (f).

sonification of the sample in acetone and 2-propanol. Then
the sample is RCA-1 cleaned for 10 minutes and processed in
oxygen plasma during 1 minute. This pretreatment is needed
to equalize the surface conditions over the whole substrate.
The Si samples with a 60 nm thick layer of SiO, were used
to optimize the whole fabrication process, since they make it
possible to observe the fabricated nanostructures with SEM.
We note that all the process steps lead to identical results on
glass and on silicon oxide.

The metal films were deposited with the help of an
e-beam evaporation system IM-9912 (Instrumentti Mattila
Oy) with adjustable substrate inclination and rotation speed
at the base pressure of 4 x 10~ Torr at room temperature. The
deposition rate for each film was measured by using quartz
crystal microbalance.

The RIE of the templates was done in a 13.56 MHz
driven parallel electrode reactor Plasmalab 80 Plus (Oxford
Instruments Plasma Technology). An anisotropic etching
process based on fluorine chemistry (gas mixture CF, : CHF,
=1:3) was used for the glass and SiO, etching. The etching
experiments were performed at a total gas flow of 80 sccm,
pressure of 30 mTorr and rf power of 40 W. The remaining
gold was removed in aqua regia (1: 3 volume mixture of 69%
HNOj and 37% HCI, resp.) during 20 s at room temperature,
resulting in lace-like structures in SiO, or glass. Mask
annealing was done at 400 C during 20 min in N, ambient.

SEM images of the fabricated samples were taken with
Zeiss Supra 40 field emission scanning electron microscope.
The transmittance and reflectance spectra of the samples
were measured at normal incidence by using PerkinElmer
Lambda 950 UV-VIS spectrometer in the spectral range from
300 to 850 nm. The reflectance spectra were measured by

collecting the directly reflected and backscattered light with
an integrating-sphere detector. The surface enhanced Raman
scattering (SERS) of the molecules of methylene blue (MB)
on the fabricated substrates was studied by using a WITec
Alpha 300 Raman microscope equipped with a frequency-
doubled Nd:YAG laser (532 nm) as the excitation source. A
water solution of methylene blue at a concentration of 3 x
107" M was used as a test analyte.

3. Results and Discussion

3.1. SEM Observations. To demonstrate the performance of
the method described in Section 2, we have fabricated gold
and silver lace-like nanostructures. In order to study the effect
of an adhesion layer beneath the metal, some of the sam-
ples were fabricated by directly metal-coating the patterned
SiO, or glass surface and some other samples included an
additional adhesion sublayer of Ti. Such mechanically stable
noble-metal nanostructures are of interest in view of variety
of nanooptical applications. Figures 2-7 illustrate the most
essential steps of practical realization of the method depicted
in Figurel. As an etching mask (Figure 1(a)), we use the
nanostructures formed on a dielectric surface during the
physical vapor deposition of gold or silver, although other
metals with poor adhesion to the substrate could also be used.

The shape and size of the lace-like Au nanostructures
can be controlled by varying the fabrication parameters and
conditions at each step of the process. It is important to notice
that the main features of the nanopattern to be fabricated are
defined already at the initial metal deposition stage. Figures
2 and 3 show self-organized metal nanostructures produced
by coating an oxidized silicon surface with gold and silver,
respectively, using the e-beam evaporation. SEM images of
the samples with four different thicknesses of the coating were
taken. The metals are observed to produce a variety of the
nanostructure geometries with different size distributions.
For both metals, the thicker the deposited layer, the larger
the fraction of the metal-covered area and the sizes of the
eventually obtained nanofeatures. The difference between
the patterns made of gold and silver is significant. In the
case of gold, continuous net- or lace-like structures with
narrow channels are observed, while when using silver, well-
separated nanoparticles of various shapes and sizes appear
to cover the whole surface of the substrate. The geometry of
such metal masks depends on many factors, such as surface
diffusion characteristics, the flux of the deposited material,
and the concentration of the nucleation centers on the
surface. In this context, the film thickness is the most essential
adjustable parameter that can be used to control the structure
geometry. For example, a 15nm thick gold film shown in
Figure 2(d) exhibits smaller widths and a lower density of the
empty channels than a 10 nm thick film deposited at the same
deposition conditions (see Figure 2(b)). A 4 nm thick silver
film (Figure 3(a)), on the other hand, shows approximately
six times higher density of the nanoislands than a 12 nm thick
film (Figure 3(d)). The maximum obtainable average size of
the nanoislands is limited by their coalescence and transfor-
mation into a continuous film. When dealing with gold and
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FIGURE 2: SEM images of Au films directly deposited on a flat dielectric substrate. The film thickness is 8, 10, 11, and 15 nm in (a), (b), (c), and

(d), respectively.

FIGURE 3: SEM images of Ag films directly deposited on a dielectric substrate. The film thickness is 4, 5.5, 10, and 12 nm in (a), (b), (c), and

(d), respectively.

silver, this transformation takes place if the film thickness
exceeds 20 nm. An additional control of the mask pattern
geometry can be provided by changing the metal deposition
rate, substrate temperature, and surface properties.
Compared to well-known self-organized Au and Ag
masks [22], the masks created in the present study do not
require any annealing. The directly deposited self-organized

films are used in their original form, which allows keeping
the feature sizes small. On the other hand, annealing is an
excellent tool for further shaping and sizing of the created
metal pattern. Due to combined effects of a weak adhesion
force, increased surface diffusion, and thermal stresses, the
structures can be fully rearranged during the annealing.
Figure 4 provides a direct comparison of the pattern
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FIGURE 4: SEM images of thin layers of Ag (cases (a) and (b)) and Au ((c) and (d)) before ((a) and (c)) and after ((b) and (d)) annealing at
400°C. The thicknesses of Ag and Au layers are 5 and 15 nm, respectively.

FIGURE 5: SEM images of nanstructures produced by RIE: (a) Au mask, (b) and (c) the samples after etching the substrate during 20 and
25 min, respecticely, and (d) a sample of Figure 4(d) with extra nanoholes appeared in the mask. The view angles are shown.

geometry before and after annealing of silver and gold films.
In the case of silver (see Figures 4(a) and 4(b)), the annealing
results in larger and more round nanoislands with a narrower
size distribution. In contrast, annealing of a lace-like pattern
in gold makes the narrow channels in the pattern disappear,

and we obtain a smooth metal film with large irregular holes
(see Figures 4(c) and 4(d)).

While arrays of metal nanospheroids and nanoholes in
a thin metal film have been previously extensively studied,
the nanostructures of gold and silver with the geometry and
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FIGURE 6: Plain and tilted SEM images of 16 nm thick Au nanostructures with a 1 nm thick sublayer of Ti: the structures (a) and (c) are created
on the template of Figure 5(b) and the structures (b) and (d) on the template of Figure 5(c). Here o = 0. The view angles are presented.

dimensions of the patterns as in Figure 2 were not studied
much. Hence, our further investigations are focused on the
creation and optical characterization of this type of metal
nanostructures.

The lace-like pattern of Figure 2(a) is inherent to gold. In
the following, we describe a technique that can be used to
fabricate such structures out of any metal. We start by creating
an elevated nanostructure array (similar to a nanopillar array)
by means of dry etching through the prepared gold mask (see
Figure 1(b)). This mask, obtained by deposition of an 8 nm
thick layer of gold at a rate of 1.0 A/s, contains depressions (in
the form of narrow channels) and protrusions (see Figures
2(a) and 5(a)). The average width of the channels is ca. 7 nm,
and the width of the protrusions is about 30 nm. The mask
thickness is a critical parameter for performing RIE, because
it determines the maximum obtainable etching depth. Up
to a certain etching depth (say, up to 60nm), the mask
pattern remains essentially unchanged (see Figure 5(b)) and
the widths of the channels transferred to SiO, are nearly
equal to those in the mask. However, further etching results
in widening of the channels, which can start to destroy
the original mask pattern by deforming the protrusion tops
(Figure 5(c)). This is caused by erosion of the gold mask
during the ion bombardment. Note that the maximum
sputtering yield is reached at a nonzero sputtering angle,
that is, not for a normal direction of the sputtering. As a
consequence, any deviation of the original mask sidewalls
from vertical leads to developing a wedge of etching (an
inclined mask sidewall) which, in turn, causes the mask size
shrinking. The maximum etching depth of 75 nm was reached
in 25 min of RIE (Figure 5(c)), which resulted in an increase
of the channel width to about 25 nm.

We have also used an annealed film of Figure 4(d) as
an etching mask and obtained vertical, 80 nm high sidewalls
after a 15 min processing by RIE (see Figure 5(d)). The dif-
ference of the RIE result is explained by the difference of the
mask structure. Since the holes have vertical gold sidewalls,
they are not subjected to the generation of the etching wedge.
On the other hand, the lace-like structures have somewhat
curved sidewalls, which facilitates the appearance of the
fast etched planes. The etching through the hole structure
exhibits one more feature. The thickness of the mask is never
completely uniform, which in the SEM images is seen as
darker and lighter spots distributed over the mask. In the dark
spots, the metal is thinner, which can lead to appearance of
additional small nanoholes in the mask during the etching
procedure (see Figure 5(d)).

The etching results in elevated SiO, nanostructures with
gold residues on the top. These structures can exhibit local-
ized surface plasmon resonances that can be used for optical
applications. However, the presence of surface damages
caused by RIE can destructively affect the plasmonic proper-
ties of the structures. In addition, the sizes and shapes of the
metal residues are difficult to control. Therefore, we remove
the metal residues from the obtained template—Dby selective
wet etching—and obtain a pure nanostructured template in
SiO,/Si or glass (Figure 1(c)) that closely repeats the lateral
geometry of the etching mask.

In the next step, the obtained template is used as a
substrate for deposition of an arbitrary metal with or without
an adhesion sublayer. As shown in Figure 1(d), the adhesion
layer (Ti) is deposited at normal incidence (the substrate tilt
angle « is equal to 0°). A functional layer of Au or Ag is
then deposited at an angle « of either 0" (see Figure 1(d))
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FIGURE 7: SEM images of an 8 nm thick nanostructures made of Au (cases (a) and (c)), and Ag ((b) and (d)) without ((a) and (b)), and with
((c) and (d)) a sublayer of Ti. In (a) and (c), « = 0. In (b) and (d), a = 70°; the samples were rotated during the deposition. The view angle is

30°.

or 70°. In the later case, the substrate can stay motionless
(Figure 1(e)) to form asymmetric nanostructures or to be
rotated to obtain a uniform metal coating of the template’s
upper surface (Figure 1(f)). Figures 6(a) and 6(b) illustrate
the results of deposition a gold films of the same thickness
onto the templates of Figures 5(b) and 5(c), respectively, at
normal incidence. Figures 6(c) and 6(d) show tilted views
of these samples. It can be seen that evaporation of 1nm
thick layer of Ti and subsequent evaporation of 16 nm thick
layer of Au onto the templates leads to a reduction of the
average width of the channels (from 16 to 7 nm and from 25
to 11nm for templates of Figures 5(b) and 5(c), resp.). This
result is not obvious, because the deposited gold atoms arrive
at the template moving along the normal to the substrate
surface. To obtain some information on the mechanism of the
nanostructure metallization, we consider a tilted view of the
same sample (Figures 6(c) and 6(d)). The sharp contours of
the template protrusions are seen to be covered with smoothly
curved edges of the deposited gold layer hanging down over
the channel edges. Thus, the vertical growth of the gold film
is accompanied by a lateral one, despite the unidirectional
deposition of the atoms. Presumably, this originates from
surface diffusion of atoms that, during the deposition, receive
an excess kinetic energy on the surface. If an adhesion layer
is not used, the deposited metal tends to form nanospheroids
on the top and sidewalls of the template protrusions.

The influence of a Ti sublayer on the nanostructure
morphology was studied further by fabricating two more
samples, in which an 8nm thick layer of either Au or
Ag on Ti is deposited at normal incidence onto the

template of Figure 5(c). The pure gold nanostructures (shown
in Figure 7(a)) do not exactly follow the template pattern
geometry, in contrast to the Ti/Au structures shown in
Figure 7(c). Instead, they are broken into shorter segments
and surrounded by many small nanoclusters. This implies
that, on the top surfaces of the template protrusions, gold
tends to migrate toward the centers of the isolated areas. On
the other hand, the protrusion sidewalls are also favorable
places for gold cluster nucleation, but due to a limited amount
of the arrived gold, these clusters are very small in size. In
the case of deposition of Au onto Ti (Figure 7(c)), the surface
diffusion of the gold atoms is significantly reduced and, as a
result, the film grows uniformly. The growth rate of the film
is slightly higher at the edges of the protrusions than on the
top, which leads to formation of a rim at the edges. This rim
shadows the sidewalls and partly the bottom surfaces of the
channels from coating by the metal. Simultaneously it reduces
the channel widths. The lateral growth rate of the rim can
be increased by tilting and rotating the substrate during the
deposition.

Figures 7(b) and 7(d) show the lace-like Ag and Ti/Ag
structures, in which an 8 nm thick film of silver is formed at a
deposition angle of 70° on a rotating template. The templates
were identical for these two films and they were similar to the
one shown in Figure 5(b). The substrate tilting and rotation
result in more reduced average width of the channels in
the Ti/Ag film (Figure 7(d)) compared to what was obtained
in the Ti/Au film (Figure 7(c)). We remind that the latter
film was deposited at normal incidence. Silver islands on
the template without Ti (Figure 7(b)) are seen to have more
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FIGURE 8: Transmittance (a) and reflectance (b) spectra of 8 nm
thick Au nanostructures with and without Ti on glass. The metal
is deposited at &« = 70° (the samples were rotated during the
deposition).

rounded edges and a narrower size distribution than the gold
islands (Figure 7(a)). The samples with Ti as before accurately
repeat the template geometry.

3.2. Optical Properties of Lace-Like Metal Nanostructures. The
novel lace-like gold and silver nanostructures described in the
above section are of interest in view of optical applications,
in particular in optical spectroscopy, since they are likely to
exhibit surface plasmon resonances (SPRs). To prepare a tem-
plate suitable for spectroscopic analysis of the structures, we
have etched an optically transparent glass substrate through a
self-assembled gold mask, during 16 min in the RIE reactor.
The etching resulted in the creation of 65 nm deep channels
in the substrate. Then, we coated some of the substrates with
an adhesion layer of Ti and deposited an 8 nm thick layer of
the metal of interest (gold or silver) at different tilt angles of
the substrate. The geometries of the structures are similar to
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those illustrated in Figure 7. In order to compare the optical
properties of these samples with those of metal films on a flat
substrate, we have also coated the reference glass samples with
8 nm thick films of gold and silver. The reference sample made
of gold (silver) has a quite similar lace-like (spherical-island)
geometry as the samples obtained on the etched substrates
without Ti.

The optical transmittance and reflectance spectra of
the fabricated gold and silver nanostructures are shown in
Figure 8. The randomness in the island sizes and shapes
and a strong interaction between the islands lead to spectral
broadening of the overall plasmonic response of the sample
[20, 23]. The gold samples without a Ti sublayer (red dashed
curves) show spectral features that refer to a Fano-type
resonance [24] at the wavelengths from about 500 to 600 nm,
presumably resulting from an interplay between narrowband
plasmon resonances at the edges of the structures and
broadband lateral SPR excitations in the islands at longer
wavelengths. We note that even though the resonance is not
very sharp, the sample can still be expected to provide a high
local enhancement of the incident field at the positions of the
nanoisland edges. The spectra of the nanostructures with a
Tiadhesion layer (solid curves) differ quite significantly from
those of the structures without Ti. A red shift and broadening
of the maximum transmittance band can be explained by the
influence of Ti that is known to increase both the real and
imaginary parts of the effective refractive index and suppress
plasmonic resonant excitations.

Similarly to the spectra of the samples with gold, the
spectra of silver lace-like structures fabricated without a
Ti sublayer exhibit pronounced resonant features. A broad
and relatively strong Fano-type resonance is now observed
at shorter wavelengths, between ca. 300 and 500 nm. It is
remarkable, however, that introduction of a 2nm thick Ti
layer beneath silver nearly completely flattens the spectrum,
and only weak sings of short-wavelength SPRs, between 300
and 350 nm, can still be observed in the spectra. Thus, a
sublayer of Ti dramatically suppresses SPRs, especially at
longer wavelengths.

To receive more information about the SPR excitations
and spectral modifications by the Ti sublayer, we have
evaluated also the absorptance spectra. This was done by
using the equation A = 1 — T — R, where A, T, and R are
absorptance, transmittance, and reflectance, respectively. The
results of these calculations are shown in Figures 9(a) and
9(b) for gold and silver nanostructures, respectively. A crucial
difference can be observed between the absorptance spectra
of the fabricated structures with and without the titanium
sublayer (see the dashed and solid curves). For both Au
and Ag samples, the presence of Ti leads to a decreased
absorptance in the blue and an increased absorptance in the
red and near-infrared spectral range. The main reason of this
difference is in our opinion a significant suppression of the
SPRs.

Local enhancement of optical fields by metal nanostruc-
tures cannot always be observed in the far-field transmittance
and reflectance spectra. Thus, in order to reveal a possible
near-filed enhancement by our lace-like nanostructures, we
have used them as SERS substrates. A Raman spectrum of MB
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molecules adsorbed directly on an oxidized silicon substrate
is shown by the black curve in Figure 10 (the peak at 530 cm™
wavenumber is due to Raman scattering by crystalline Si).
This spectrum is used as a reference. The sample obtained
by coating a nanopatterned glass template with a Ti/Ag layer
(2nm of Ti and 8 nm of Au) shows an order of magnitude
enhancement of the SERS signal (see the blue curve; the
spectrum can be compared with the one reported in [25]).
Thus, in spite of the smallness of our nanostructures and a
significant suppression of SPRs by Ti, our structures provide
a clear local enhancement of the optical near-field. It is inter-
esting that the Raman signal can be even further enhanced

9
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FIGURE 10: SERS spectra of MB adsorbed on an 8nm thick Ag
nanostructures on an oxidized Si wafer (red curve; the oxide
thickness is 60 nm) and on glass (blue curve). A 2 nm thick adhesion
layer of Ti was used in both samples. The deposition was done at « =
70" with rotation. The black curve is the spectrum of MB on Si/SiO,.

by using an oxidized Si as a template material instead of glass.
The red curve in Figure 10 shows a SERS spectrum of MB
measured on such a nanostructured Si/SiO,/Ti/Ag sample.
The additional enhancement can have the origin in the fact
that the interface between Si and SiO, reflects a part of the
transmitted light back to the nanostructures. This reflected
optical field makes an additional contribution to the Raman
signal [26].

4. Conclusions

We have proposed and demonstrated a technique for fab-
rication of random metal nanostructures with the charac-
teristic size on the order of 10 nm on a large-area dielectric
substrate. The technique is based on self-organization of
metal nanoislands with poor adhesion to the substrate. These
islands are used as a mask for etching the substrate material.
Afterwards, the etched substrate is directionally coated with
any metal of interest to create similar nanoislands out of this
metal. Using this technique, it is easy to fabricate the samples
with and without an adhesion layer between the metal and
the substrate. The adhesion layer makes the nanostructures
mechanically stable and, therefore, they can be integrated in
a more complicated device or used as plasmonic sensors for
liquid or even solid analytes.

We have measured optical spectra of the fabricated lace-
like nanostructures made of gold and silver and studied the
influence of Ti sublayer on their properties. The presence
of a very thin adhesion layer (e.g., of 2nm thickness) was
observed to significantly suppress the SPR excitations in the
structures, and, in addition, to increase optical absorption. In
spite of this, the fabricated Ti/Ag nanostructures considerably
enhanced the Raman transitions of methylene blue, which
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refers to a considerable local enhancement of the light inten-
sity by the structures. The described fabrication technique
can be optimized and further developed towards specific
applications in science and technology, for example, in optical
sensing and surface enhanced scattering and absorption
spectroscopy.
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In this work was studied the permeation of CO, in films of high-density polyethylene (HDPE) and organoclay modified with
polyvinylalcohol (MMTypyra/pva) Obtained from melt blending. Permeation study showed that the incorporation of the modified
organoclay generates a significant effect on the barrier properties of HDPE. When a load of 2wt% of MMTypyya/pya Was
incorporated in the polymer matrix, the flow of CO, decreased 43.7% compared to pure polyethylene. The results of TEM showed
that clay layers were dispersed in the polymeric matrix, obtaining an exfoliated-structure nanocomposite. The thermal stability
of nanocomposite was significantly enhanced with respect to the pristine HDPE. DSC results showed that the crystallinity was
maintained as the pure polymeric matrix. Consequently, the decrease of permeability was attributable only to the effect of tortuosity
generated by the dispersion of MM T ;104 /pva - Notably the mechanical properties remain equal to those of pure polyethylene, but
with an increase in barrier properties to CO,. This procedure allows obtaining nanocomposites of HDPE with a good barrier

property to CO, which would make it competitive in the use of packaging.

1. Introduction

The barrier properties of polymers can be significantly altered
by inclusion of impermeable lamellar fillers such as mont-
morillonites, with sufficient aspect ratio to alter the diffusion
path of gas-penetrant molecules. The key issue is to obtain
an effective dispersion and exfoliation of the platelets into
the polymer matrix to yield a tortuous diffusion pathway
for improved barrier properties. In most works concerning
nanocomposites, the barrier properties are examined by
using gas [1-5] and the literature contains numerous reports
on decreased gas permeability [6-20] caused by addition of
layered silicates to various polymer matrices.

Enough articles in the literature have focused the stud-
ies on nanocomposites made by addition of organoclays,
formed from montmorillonite, to thermoplastics using melt-
processing techniques [6, 7, 21-26]. This method involves the
mixing of the layered silicate with the polymer and heating

the mixture above its softening point. Under certain con-
ditions, if the clay layer surfaces are sufficiently compatible
with the polymer chains, the polymer can enter between
the interlayer spaces, forming an intercalated or exfoliated
nanocomposite [27-29]. The incorporation of small amounts
(<10 wt%) of clay shows a remarkable influence on the perme-
ability and barrier properties of composite membranes [30].

In the preparation of polymer/clay nanocomposites, is
very important the chemical interaction between polymer
and clay. For instance, in the case of polyamides and some
types of clay, the surface forces are very large due to
hydrogen-bond-type interactions; in this case exfoliation is
not a difficult process. Nevertheless, in the case of nonpolar
polymers like high-density polyethylene (HDPE), there is no
good interaction between hydrophilic clays and polymer and
the adhesion between them is very poor, resulting in final
materials with mechanical and rheological properties well
below the pristine polyethylene [31].



To improve the interaction with hydrophobic poly-
mers such as HDPE, the clay is organophilized, increasing
polymer/clay affinity and the ability of forming exfoliated
nanocomposites [32, 33].

In this work nanocomposites of HDPE and modified
clay were prepared by melt blending. The modified clay was
obtained in two stages. In the first step the clay was exchanged
with hexadecyltrimethylammonium (MMTypTyma) and in
the second step the MM Ty 4 Was modified with polyvinyl
alcohol (PVA) by in situ polymerization (MMTypraa/pva)-

In this work was studied the influence of the organoclay
modified with PVA on the structure and barrier properties
to CO, of the nanocomposites. The control CO, perme-
ability is of fundamental importance in the selection of
materials for food packaging under modified atmosphere
(MA), whose principle is to achieve an environment with
low concentration of O, and high concentration of CO,
inside the package [34]. Consequently the reduction of CO,
permeability allows the use of HDPE as a packaging material
for many food products. Moreover, the hydrophilic properties
of the nanocomposite material make it suitable for use in gas
lines, tanks, and pipelines for hydrocarbons [35].

X-ray diffraction (XRD), scanning electron microscopy
(SEM), and transmission electron microscopy (TEM) were
used to observe the internal structure and morphology of the
nanocomposite obtained. The heat stability was studied by
thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC).

2. Experimental

2.1. Materials. An HDPE, 40055L from Polisur S.A, with melt
flow index of 10 g/10 min (290°C, 21.6 kg) was chosen as a
matrix.

Sodium montmorillonite (MMT) clay supplied by Min-
armco (CEC = 70 meq/100 g and particle size < 325 mesh),
was organically modified with a hexadecyltrimethylammo-
nium bromide salt (MERCK) (HDTMA) following the mod-
ified technique of Yeh et al. [33]. The organophilic clay
was modified by in situ polymerization: the vinyl acetate
monomer (vinyl acetate (VETEC, Brazil)) was intercalated
into layer of MMTypryma and followed by a free radical
polymerization with benzoyl peroxide as an initiator reaction.
The polyvinyl acetate/ MMTyprpa Solution was saponified
by alcoholysis with NaOH solution to obtain polyvinyl
alcohol-modified organophilic clay (MMTyprpaspya) [36]-

2.2. Melt Mixing. Nanocomposites of HDPE with loads of
0.6 wt% and 2wt% of organoclay modified with PVA were
prepared using a mixing chamber Rheomix 600 coupled to
a Haake Rheocord 9000 torque rheometer with roller type
rotors. The temperature used was 190°C and the speed of work
was 90 rpm.

2.3. Characterization. Films for characterization were pre-
pared by compression molding of the nanocomposites using
a Carver model hydraulic press, under 27.6 MPa pressure at
190°C for 5 minutes.
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X-ray diffraction (XRD) analyses were performed in
a Rigaku Miniflex DRX 600 diffractometer using nickel-
filtered CuKw radiation operating at 30kV and 15 mA. The
data were recorded at 26 rate of 2’min™".

Scanning electron microscopy (SEM) was carried out
using a JEOL JSM-6480 LV microscope with an accelerating
voltage of 15kV. Samples were coated with gold in order to
study the surface morphology.

The sample for TEM was cut from cry oultramicrotome,
RMC Powertome XL at 60 nm thickness with diamond knife
at a temperature of —40°C. The sections were transferred into
acopper grid. TEM imaging was done using Jeol JEM 2000FX
electronic microscope operating at 200 kV accelerating volt-
age.

2.4. Measurement of Properties. The thermal behavior was
carried out using a TA Instrument TGA model Q500 from
30°C to 700°C with a heating rate of 10°C-min"", operating
under N, flow of 60 mL-min . The melting point and fusion
enthalpy were obtained by differential scanning calorimeter,
DSC, model Q100, TA Instrument. Samples were heated from
20°C to 200°C at a rate of 10°C-min~" then cooled down to
20°C and heated again at the same rate to 250°C under N,
atmosphere. The crystallinity data were obtained from the
second heating run.

The CO, permeation was carried out in an equipment of
permeation standard (Permatran C200), at a temperature of
26°C and humidity of 0%. The concentration of CO, used was
100% in films of 0.2 mm thickness.

Tensile tests were carried out on seven films of each
sample, for using an instron tensile testing machine model
5569 at 23°C and 45% relative humidity, following the ASTM-
D882 method. The test was performed at 10 mm/min of strain
speed.

3. Results and Discussion

3.1. Morphology and Internal Structure. Figure 1(a) shows
XRD of unmodified organoclay (MMTyprypa)s clay mod-
ified with PVA (MMTyprpmapva)> and the modified clay
mixed with HDPE 2wt%. The peak at low angle of 4.6
degree in Figure1(a) corresponds to the basal reflection
(001) of the organoclay (MMTyprya)- The diffractogram
of the sample of MMTyprypapva Shows a disappearance
of the peaks between 20 = 2°-10°, which would indicate
a possible exfoliation, since the PVA chains could have
destroyed completely the ordered structure of the clay. In the
HDPE/MMTyprMmapva Material, with load of 0.6 wt% and
2wt% (Figure 1(b)) the diffraction peaks were not observed
between 2-5 degree, in the XRD diffractograms, either
because of a much too large spacing between the layers (i.e.,
exceeding 8 nm in the case of ordered exfoliated structure)
or because the nanocomposite does not present ordering
anymore [27].

Figure 2(a) shows the SEM micrograph of the typical
morphology of a binary mixture of HDPE and PVA which
are incompatible polymers. It shows large PVA particles with
poor interfacial adhesion and dispersion in the polyethylene
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FIGURE 1: X-ray diffraction curves of (a) MMTyprya and
MMTypraa/pva @nd (b) MMTypry, and HDPE/MMTypraga/pva
with 0.6 wt% and 2 wt%.

matrix. The morphology improves when the load organoclay
was increased in the polymer matrix (Figure 2(b)), especially
when the loads were high (2wt%), meaning that, a good
dispersion of the clay was obtained in the polymeric matrix.

The TEM image in Figure 3 shows completely different
structures having two different loads of MMTypraapva
in the polymer matrix of polyethylene. When the load is
0.6 wt% the presence of two types of structures (agglom-
erate) and alternating layers (intercalated) is observed
(Figures 3(a)-3(c)). While the XRD of this material
(HDPE/MMTypraapva) Was not observed any peak could
be the low concentration of clay in the polymer matrix that
is not detected by the team and not as previously thought
exfoliation in when those results (XRD).

When the load of clay is 2 wt% the material presents an
exfoliated structure (Figures 3(d)-3(f)) which is consistent
with XRD results (Figure 1(b)).

L "
Lpa 2

1 e

5, 888

S BBBB IMA

FIGURE 2: SEM (a) images of HDPE/MMT yp1ypa pva With 0.6 wt%
(a) and 2 wt% (b).

3.2. Thermal Behavior and Crystallinity. Figure 4 shows that,
in general terms, in the thermal stability of the HDPE
composite materials obtained by TGA only a small change has
occurred. The presence of MM Ty prpa/pya Causes a change
in the profile of DTGA (Figure 4), because was observed
decomposition processes PVA (dehydration: 200°C-400°C)
and ammonium salt which occur in the same range.

DSC results of HDPE and HDPE/MMTyy1ppa/pya Dano-
composite are shown in Figure 5. The melting point (T}, of
the nanocomposites does not change with regard to pristine
HDPE.

The polymers are semicrystalline materials, where crys-
talline regions are surrounded by amorphous regions, so the
properties are influenced by the degree of crystallinity and the
size and shape of the crystals. The degree of crystallinity of the
samples was calculated using the total enthalpy method [38]
from (1), taking the data of enthalpy of fusion of each material
(AH,,), obtained from the area under the curve of heat versus
temperature, Figure 5.

o 6)
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FIGURE 3: TEM images of HDPE/MMTy;p1ya/pva With 0.6 wt% (X100 (a), X500 (b), and X500 (c)) and 2 wt% (X100 (d), X200 (e), and X500

).
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FIGURE 4: TG and DTG curves of HDPE, HDPE/MMT 1y pva
0.6 Wt%, and HDPE/MMT ;1 rya/pya 2 Wt%.

where AH), is the crystalline fusion enthalpy to 100% crys-
talline polyethylene (AH!, = 288 J-g”' [38]) and AH,, is the
material fusion enthalpy.

In terms ofthe crystallinity of the composite materials
shown in Table 1 itis not appreciably changed with respect to
the original polymer.

1| HDPE/MMTyprypa/pva 2%

T .
° !
ae] I
5 i\
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3 i
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=
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FIGURE 5: DSC curves of HDPE, HDPE/MMTy;prya/pya 0.6 Wt%,
and HDPE/MMT iy pva 2 Wt%.

TaBLE 1: Fusion enthalpy and crystalline degree of the materials.

Sample AH,, (J/g) Xc (%)
HDPE 156.1 54.2
HDPE/MMT g, 1pa/pya 0.6 Wt% 131.8 50
HDPE/MMTypy1piapyva 2 Wt% 142.0 49.3
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TABLE 2: Mechanical properties of the materials.

Young’s modulus

Yield stress Yield elongation Tensile strength

Sample

(Mpa) (Mpa) (%) (Mpa)
HDPE 745 + 88 121+ 0.8 22+04 204 +13
HDPE/MMTyypyaspya (0.6 Wt%) 657 + 74 1.8 +0.5 23405 18.8 +1.8
HDPE/MMTyprya pya (2 Wt%) 623 + 45 13.9 + 0.6 33406 212+ 0.7

TaBLE 3: CO, permeability of HDPE and HDPE/MMTypraa/pva
(0.6 wt% and 2 wt%).

Sample Peo, (cm® mm/m?*-day)
HDPE 451 +£22.4
HDPE/MMT ;a1 pva 0-6 Wt% 553 + 154
HDPE/MMT ;pyraa/pya 2 Wt% 254 +25

3.3. Mechanical Properties. Tensile strength and elongations
at yield point and at break of these nanocomposites are pre-
sented in Table 2. No significant change in these mechanical
properties was observed when the modified clay was added
to the HDPE.

3.4. Barrier Properties. Considering ideal gas behavior, the
flow can be calculated according to (2) and the permeation

by (3):

av 1

= — .« — 2
I e A’ @
P=]-e (3)

where A is the area of permeation, V' is the volume of gas,
t is the time to permeate, P is the permeation, and e is the
thickness film.

The CO, permeability through the films of HDPE and
the composite of HDPE with modified clay were obtained
with the (3). Table3 shows that the CO, permeability
of material with 2wt% organoclay modified with PVA
decreases 43.7% compared to pure HDPE. With load of
0.6 wt% the permeability was increased 22.5% compared to
pristine polyethylene. This behavior can be attributed to
the fact that the main transport that controls the mecha-
nism could be the interface polymer/clay and the films of
HDPE/MMTypraapyva (0.6 Wt%) with more defects at the
interface have less resistance to permeation [39], that is, they
do not have the sufficient amount of clay to increase the
barrier properties.

The barrier properties were increased as a result of the
tortuous path created by a 2wt% of clay platelets [37]. This
behavior can be attributed to a better orientation of the
modified clay with an exfoliated structure to form a more
tortuous path at the CO, diffusion in the membrane. On the
other hand the main transport that controls the mechanism
could be the interface polymer/clay.

From the results obtained a model was used to calculate
the tortuosity. A simple permeability model for a regular
arrangement of platelets has been proposed by Nielsen [10]

Diffusion directiorvl\ Tortuosity

FIGURE 6: Regular arrangement of orthogonally shaped platelets
in a parallel array with their main direction perpendicular to the
diffusion direction (reproduced from [37]).

and is presented in Figure 6. The nanoparticles are evenly dis-
persed and considered to be rectangular platelets with finite
width, L, and thickness, W. Their orientation is perpendicular
to the diffusion direction [40].

The solubility coeflicient of this nanocomposite is

S=S8,(1-9), (4)

where S, is the solubility coefficient of the neat polymer and ¢
is the volume fraction of the nanoplatelets that are dispersed
in the matrix. In this approximation the solubility does not
depend on the morphological features of the phases.

The platelets act as impermeable barriers to the diffusing
molecules, forcing them to follow longer and more tortuous
paths in order to diffuse through the nanocomposite. The
diffusion coeflicient, D, is influenced by the tortuosity, 7:

_ Dy
-2,

D ()
Therefore a model for calculation of tortuosity is the
following:

L
=1+ —o. 6
T +2W(p (6)

Values of mean filler aspect ratio (o« = L/W) were calcu-
lated from a detailed analysis of several TEM images observed
in Figures 3(a)-3(f). This values («) and the tortuosity () are
observed in the Table 4.

The medium tortuosity for the nanocomposites with
0.6wt% is 7,, = 115 and 133 when the load of clay is
2wt%. This explains that having substantial tortuosity the
diffusivity of nanocomposite decreases with respect to the
diftusivity of pure polyethylene and consequently decreases
the permeability to CO, in the material with 2 wt%.



TABLE 4: Mean filler aspect ratio («) and tortuosity of material of
HDPE/MMT 1y pva (0.6 Wt% and 2 wt%).

Sample HDPE/MMTypryapva  HDPE/MMTyprya pva
0.6 wt% 2 wt%

Figure 3 (a) (b) (c) (d) (e) (f)

o=L/W 19 11 30 1 15 29

T 1.14 1.10 1.20 1.20 1.27 1.51

T 115 1.33

4. Conclusion

The organoclay modified with PVA improved the CO, barrier
properties of HDPE when the load is of 2 wt%, so it is very
important to note the following surprising result for the
nanocomposite: the flux density decreases about 43.7% as
compared with pristine polyethylene. Since the crystallinity
of the material is in the order of polyethylene, the decreased
of CO, permeability is attributable solely to the incorporation
of the organophilic clay-modified PVA, allowing a good dis-
persion of the plates in the polymer matrix. These results are
consistent with the exfoliated structure of material obtained.
Notably, the mechanical properties of the composite are
maintained in the same order of polyethylene which makes
it a competitive material with good mechanical properties
which characterize the HDPE, but with barrier properties to
CO, improved 43.7%.
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Two kinds of carbon-support 20% Pd/C catalysts for use in direct ethanol fuel cell (DEFC) have been prepared by an impregnation
reduction method using NaBH, and NaH,PO, as reductants, respectively, in this study. The catalysts were characterized by XRD
and TEM. The results show that the catalysts had been completely reduced, and the catalysts are spherical and homogeneously
dispersed on carbon. The electrocatalytic activity of the catalysts was investigated by electrochemical measurements. The results
indicate that the catalysts had an average particle size of 3.3 nm and showed the better catalytic performance, when NaBH, was
used as the reducing agent. The electrochemical active surface area of Pd/C (NaBH,) was 56.4 m*-g"". The electrochemical activity
of the Pd/C (NaBH,) was much higher than that of Pd/C (NaH,PO,).

1. Introduction

Nowadays, great attention has been paid to direct alcohol fuel
cell (DAFC) as portable applications due to some superior
advantages over analogous devices fed with hydrogen. Direct
ethanol fuel cell (DEFC) has attracted attention, since ethanol
has no toxicity comparing to methanol and can be easily
produced in great quantities by the fermentation of sugar-
containing raw materials [1, 2]. The electroactivity of anodic
materials is one of the main factors influencing the practical
application of DAFC. Although platinum electrodes present
efficient catalytic activity for alcohol oxidation, the widely
practical application of Pt electrodes as anodes in DAFC is
limited by the high cost of the metal platinum. If DAFC could
be operated in an alkaline instead of an acidic electrolyte,
it is easy to consider that the kinetics of fuel cells will be
significantly improved and Pt-free electrocatalysts can be
used. It is reported that Pd is a good electrocatalyst for
ethanol oxidation and showed higher activity than that of Pt
in alkaline media [3, 4].

Recently, nanoparticle palladium has recently received
much attention due to some distinguished advantages
of it such as significantly large surface areas and high

stability. Wen et al. [5] prepared Pd/SnO,-GNS catalysts by
a microwave-assisted reduction process. It was found that,
compared with Pd/GNS, the Pd/SnO,-GNS catalyst showed
superior electrocatalytic activity for ethanol oxidation. The
interest in Pd not only is for the purpose to lower the cost
of catalysts but pursuits an improved catalytic activity.
One method to promote the catalytic activity of Pd is
alloying with another metal, such as Ag and Sn [6-9]. Liu
et al. [10] synthesized PdNi nanoparticles by a chemical
reduction process with formic acid. Zhou et al. [11] studied
the electrooxidation of ethanol on a polycrystalline Pd disk
electrode in alkaline media in situ Fourier transform infrared
(FTIR) reflection spectroscopy. The selectivity for ethanol
oxidation to CO, (existing as CO, in alkaline media) was
determined as low as 2.5% in the potential region where
Pd electrode exhibited considerable electrocatalytic activity
(—0.60 to 0.0 V versus SCE). Nevertheless, the ability of Pd
for breaking C-C bond in ethanol is still slightly better than
that of Pt under the same conditions.

In the present work, we prepared two different nanopar-
ticle Pd/C electrocatalysts using NaBH, and NaH,PO, as
reductants, respectively, to investigate the nanoparticle pal-
ladium towards ethanol oxidation reaction (EOR) in alkaline



solution. In addition, we have also probed the electrochemi-
cal properties of the electrocatalysts to explore their potential
applications in DEFC.

2. Experimental

2.1. Instrumentation. XRD patterns were collected using
a Bruker D8-Advance Powder X-ray diffractometer (Cu
KR radiation, wavelength 1.5418 A). Transmission electron
microscopy (TEM) images were characterized with a JEM-
2100F HR-TEM model using an accelerating voltage of 80 and
200 KV. 10.0 mg catalyst was dissolved in aqua regia (a strong
acid mixture with HCl: HNO; volume ratio of 3:1) to form
a Pd aqueous solution, and ICP-AES was performed to detect
the catalyst metal loading. All electrochemical measurements
were performed in a standard three-electrode cell using a CHI
660C Electrochemical Analyzer.

2.2. Reagents and Solutions. All reagents used were of
high purity and analytical reagent grade. PdCl, was pur-
chased from the Shanghai Institute of Fine Chemical Mate-
rials (China); Vulcan XC-72 was supplied by Cabot Co.
Ltd. (USA); Sodium borohydride (96%, NaBH,), Sodium
hypophosphite hydrate (NaH,PO,-H,0), Trisodium citrate
dehydrate (C¢H;Na;0,-2H,0) ethanol, and ethylene glycol
were from Sinopharm Chemical Reagent Co. Ltd. 5% Nafion
solution was from DuPont Co. Ltd (USA); all other reagents
were of analytical grade and used without further purifica-
tion. The water utilized in all studies was double distilled and
deionized.

2.3. Catalyst Preparation. XC-72 carbon was treated in 5 M
HNO; solution with vigorous stirring. 40.0 mg of the pre-
pared carbon and 2 mmol L™" PdCl, aqueous solution were
added in a mixture of deionized water and ethylene glycol
(V/V, 3:1). The mixture was stirred for 1h. After that, the
appropriate amount of C;H;Na, O, -2H, O was added into the
mixture as stabilizing agent and then put into an ultrasonic
bath, keeping the temperature at 50°C for 0.5 h in continuous
ultrasonic concussion. Subsequently, adjust pH to 11 using
1M NaOH aqueous solution; excess amounts of 0.01M
NaBH, (freshly prepared) were added into the mixtures
dropwise. After being stirred for 6 h at 50°C, the mixture was
filtered and washed several times with deionized water to
completely remove all excess reducing agents. The remaining
solids were dried in a vacuum oven for 24 h at 80°C. The final
catalyst was Pd/C (NaBH,). Pd/C (NaH,PO,) was prepared
by the similar method using Sodium hypophosphite hydrate
as a reducing agent. The weight percentage of Pd was 20% in
both catalysts.

2.4. Electrochemical Measurements. Cyclic voltammetry
(CV) and chronoamperometry measurements were collected
in 1M KOH + 1 M ethanol solution at a scan rate of 50 mV-s™".
The working electrodes were prepared by dropping 4 uL
of the electrocatalyst onto glassy carbon electrode (GCE,
0.07 cm?). The ink was prepared by ultrasonically mixing
5 mg of electrocatalyst sample in a mixture of 1 mL of ethanol
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and 120 uL of 5% Nafion solution. The counter electrode
was large Pt foils, and the reference electrode was saturated
calomel electrode (SCE). The CV tests were carried out in
the potential range of —0.8 to 0.4 V. Before experiments, pure
nitrogen gas (99.99%) was bubbled through the solution at
the last 30 min to remove the dissolved oxygen in the solution.
CO striping voltammetric measurements were performed as
follows: after purging the solution with N, for 30 min, gaseous
CO was bubbled for 30 min to form CO adlayer on catalysts
while maintaining potential at —0.6 V. Excess CO in solution
was purged with N, for 2h and CO stripping voltammetry
was recorded in 1M KOH at 50 mV-s™". All experiments were
carried out at ambient temperature (~25°C).

3. Results and Discussion

3.1. TEM. Figure1 shows typical TEM images of the Pd/C
(NaBH,) and Pd/C (NaH,PO,) catalysts. The catalysts pre-
pared by the reduction method are spherical and homo-
geneously dispersed on Vulcan XC-72 with no remarkable
observation of agglomerations. The average diameters of
both catalysts are also summarized in Table 1. They are
3.3 and 38.0 nm for Pd/C (NaBH,) and Pd/C (NaH,PO,).
Obviously, Pd/C (NaBH,) has a smaller particle size than
Pd/C (NaH,PO,).

3.2. XRD. The X-ray diffraction (XRD) patterns of the
Pd/C (NaBH,) and Pd/C (NaH,PO,) catalysts are shown in
Figure 2. Sharp and well-defined peaks of Pd/C (NaH,PO,)
are observed at 20 values of 40.14°, 46.69°, 68.17°, 82.17°, and
86.69°corresponding to planes of (111), (20 0), (220), (3
11), and (2 2 2), respectively, according to JCPDS No.65-
6174. The strong diffraction peaks of Pd/C (NaBH,) are also
found in the same angles, but the plane of (2 2 2) disappears.
Combined with the TEM images, it is indicated that the
crystalline structure of palladium was obtained, respectively,
using NaBH, and NaH, PO, as reductants.

The average particle size of the nanoparticles (d) was
estimated by using Scherrer equation (1) after background
subtraction from (111) peak at 20 of ~40° [12]:

kA

- BcosO’ M

where k is the coefficient, generally taken as 0.9, A is wave-
length of X-ray radiation equal to 1.5418 A, 8 is full width
at half maximum (FWHM) measured in radians, and 0 is
the angle measured at the position of platinum peaks. Table 1
shows the crystalline size of the electrocatalysts.

3.3. Electrochemical Measurements. Cyclic voltammetry was
used to quantify the electrocatalytic activities of the Pd/C
as prepared for room temperature. Figure 3 shows the CV
results of Pd/C (NaBH,) and Pd/C (NaH,PO,) in 1mol-L™"
C,H;OH + I1molL”! KOH solution. The scan rate was
selected at 50 mV-s~" in the potential range from —0.8 to 0.4
V. The oxidation peak in the forward scan is corresponding
to the oxidation of freshly chemisorbed species coming from
ethanol adsorption. At a higher potential, the formation of
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FIGURE 1: TEM images and particle size distributions of Pd/C (NaBH,) (a) and Pd/C (NaH,PO,) (b).

TaBLE 1: Summary of physical properties of Pd/C (NaBH,) and Pd/C
(NaH,PO,) catalysts.

Il’garcrllier:al Diameter Diameter
Catalyst 4 8 calculated measured by
etected by form XRD/nm  TEM/nm
ICP-AES
Pd/C (NaBH,) 21.6% 2.8 33
Pd/C o
(NaH,PO,) 23.8% 3.4 38.0

PdO will block further adsorption of reactive species and lead
to a remarkable decrease in current. During the negative-
going sweep, the previously formed PdO will be reduced
to catalytic active Pd, thus, leading to the recovery of EOR
current. Corresponding reactions are shown in (2) and (3)
[13]:

Pd + C,H;OH + 30H «— Pd-CH;CO,4, + 3H,0 + 3e
)

Pd-CH;CO,4, + Pd-OH,4, + OH™

(3)
— 2Pd + CH,COO™ + H,0

It is observed from Figure 3 that the current density on
Pd/C (NaBH,) is obviously higher, compared with that on
Pd/C (NaH,PO,). It shows that the Pd/C (NaBH,) catalyst
has a better catalytic activity. In the forward scan, the onset
potential (E, ) of Pd/C (NaBH,) is —0.544 V, which have
negatively shifts by ~30mV as compared to that of Pd/C
(NaH,PO,) (-0.516 V). The peak current densities are 28.8
and 174 mA-cm ™ (the area is the surface area of the elec-
trode) for Pd/C (NaBH,) and Pd/C (NaH,PO,), respectively,
while their peak potentials are —0.258 and —0.232V. The
following parameters, including the E ., the forward peak
potential (E,), and the forward peak current intensity (j,)
expressed in mA-cm %, are shown in Table 2. At the same

time, the peak current density of Pd/C (NaBH,) is higher than
that of Pd/C in [7, 14].

When compared to NaH,PO, reduction method, the
NaBH, reduction method shows a great advantage in improv-
ing the EOR activity. The main reason is that NaBH,, exhibits
a higher reduction rate; it is beneficial to maintain high
saturation degree during the nucleation stage at the beginning
of reaction. On the other hand, the concentrations of BH,~
and H,PO,” decide the reduction ability of NaBH, and



Intensity (a.u.)

Pd/C(NaH,PO,)

Pd/C(NaBH,) - o
T T T T T T
20 30 40 50 60 70 80 90
20 (deg)
O Pd

FIGURE 2: XRD patterns of Pd/C (NaBH,) and Pd/C (NaH,PO,).
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FIGURE 3: Voltammetric curves of Pd/C (NaBH,) and Pd/C
(NaH,PO,) in 1 mol-L™" C,H,OH + 1 mol-L™" KOH solution.

TaBLE 2: Comparison of activity of ethanol oxidation between Pd/C
(NaBH,) and Pd/C (NaH,PO,) catalysts.

Catalyst Egpset/V_ E,/V  j,/mA-cm™ EASA/m’g™
Pd/C (NaBH,) -0.544 —0.258 28.8 56.4
Pd/C (NaH,PO,) -0.516 —0.232 17.4 51.2

NaH,PO,, respectively. In alkaline condition, the hydrolysis
of BH,™ is inhibited, (4), but the hydrolysis of H,PO," is
promoted, (5):

BH, +2H,0 = BO,” +4H, | (4)

H,PO,”  + OH =HBO,” +H, | (5)
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FIGURE 4: Voltammetric curves of Pd/C (NaBH,) and Pd/C
(NaH,PO,) in 1 mol-L™" KOH solution.

The cyclic voltammetry of Pd/C (NaBH,) and Pd/C
(NaH,PO,) in the absence of ethanol is shown in Figure 4. It
is observed from Figure 4 that they exhibit significantly high
anodic and cathodic current densities. The oxidation peak at
lower anodic potential during the forward scan is ascribed
to the formation of the adsorbed hydroxyl OH,4 while
this at high positive potential is related to the formation
of Pd oxides [15, 16]. On the cathodic scan, the palladium
oxide layers are reduced, with reduction peaks at —0.512 and
—0.431, respectively. The potential region from 1.1 to 0.7 V
versus SCE on the CV curve of the catalyst is associated with
the hydrogen adsorption/desorption. The electrochemical
active surface areas (EASA) of catalysts were measured by
integrating the charge on hydrogen adsorption-desorption
regions by cyclic voltammetry. These values given in Table 1
can be calculated after the deduction of the double layer
region on the CV curves represents the charge passed for
the hydrogen desorption. The electrochemical active surface
areas (EASA) for Pd/C (NaBH,) and Pd/C (NaH,PO,) were
calculated to be 56.4 and 51.2 mz-g_l, respectively (Table 2).
Obviously, Pd/C (NaBH,) shows a better electrochemical
activity because of higher EASA.

In order to evaluate the stability of the catalysts,
chronoamperometry was employed and results are shown in
Figure 5. The present results show that the current densities
represent less decay at the applied constant potentials for a
long duration (3600 s). It can be observed that the current
densities on the Pd/C (NaBH,) and Pd/C (NaH,PO,) after
3600s are 0.6 and 0.1mA-cm™?, indicating that the Pd/C
(NaBH,) exhibits a better stable electrocatalytic activity
towards ethanol oxidation in the alkaline media than Pd/C
(NaH,PO,). The results are in accordance with the CV
results.

CO striping voltammetric curves are shown in Figure 6.
The CO striping measurements are conducted in 1M KOH.
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FIGURE 5: Chronoamperometry curves of Pd/C (NaBH,) and Pd/C
(NaH,PO,) in 1mol-L™" C,H;OH + 1mol-L™" KOH solution at a
fixed potential of —300 mV for 3600 s.
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FIGURE 6: CO striping voltammetric curves of Pd/C (NaBH,) and
Pd/C (NaH,PO,) in 1 mol-L™" KOH solution.

It is observed from Pd/C (NaBH,) (solid line) that an anodic
peak with a shoulder an the high potential side appears in the
potential from —0.3 to —0.1V. In contrast to Pd/C (NaBH,),
the Pd/C (NaH,PO,) (dash line) possesses a smaller CO
stripping peak, indicating that a less amount of CO molecules
adsorb on the active surface of Pd/C (NaH,PO,). More-
over, the simple and sharp line profile of the stripping
peak observed for the Pd/C (NaBH,) demonstrates that the
structure of the sample is relatively homogeneous [17]. After
stripping, sharp peaks of two CV curves are disappeared in
the 2nd cycle. It indicates that the CO preadsorbed on the
surface of electrocatalysts is thoroughly oxidized in the first

potential scan and the active sites on the Pd surface recover
again.

CO has been commonly identified as an intermediate,
and the major poisonous species in the alcohol oxidation
process, that is prone to adsorb on the surface active sites of
electrocatalysts, has been widely used as an effective method
to evaluate the active surface area of electrocatalysts [18].

4. Conclusions

In summary, two different 20 wt% nanoparticle Pd/C elec-
trocatalysts were prepared with NaBH, and NaH,PO, as
reductants, respectively. Pd/C (NaBH,) catalysts have small
average diameter (3.3 nm) and large electrochemical surface
areas (56.4 mz-g’l). Therefore, Pd/C (NaBH,) exhibits higher
reactivity toward EOR in alkaline electrolyte, compared to
Pd/C (NaH,PO,). The CV tests show that the E ., on Pd/C
(NaBH,) is more negative than that of Pd/C (NaH,PO,);
the peak current densities of Pd/C (NaBH,) (28.8 mA-cm2)
are higher than those of Pd/C (NaH,PO,) (17.4 mA-cm ™).
After a 3600s chronoamperometry test at —0.3V, Pd/C
(NaBH,) exhibits a better stable electrocatalytic activity
towards ethanol oxidation in the alkaline media than Pd/C
(NaH,PO,).
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Anatase titanium dioxide nanoparticles (TNPs) are synthesized by a simple and cost-effective process with and without freshly
water-soluble egg white proteins (albumin) via sol-gel method. The main advantage of using egg white proteins as a gelling
agent is that it can provide long-term stability for nanoparticles by preventing particles agglomeration. The X-ray diffraction and
FTIR results indicate that the synthesized nanoparticles have only the anatase structure without the presence of any other phase
impurities. Additionally, the TNPs are characterized by a number of techniques such as thermogravimetric analysis (TGA), X-
ray diffraction analysis (XRD), transmission electron microscopy (TEM), Fourier transform infrared spectroscopy (FTIR), and
ultraviolet visible spectra (UV-vis). The sizes of titanium dioxide nanoparticles with and without using egg white solution are
12.55 + 3.42 nm and 21.45 + 4.21 nm, respectively. The results indicate that egg white solution is a reliable and cheap green gelling

agent that can be used as a matrix in the sol-gel method to synthesis tiny size TNPs.

1. Introduction

Recently, titanium dioxide (TiO;) has proven to be one of the
promising n-type semiconductors because of its wide band
gap (3.2eV) under ultraviolet light [1]. In addition, having
high physical and chemical stability as well as high refractive
index makes this material widely researched [2, 3]. Due to
its optical and electronic properties, it can be used in several
fields such as photocatalyst, solar cells, sensors, self-cleaning,
and bactericidal action [4-6].

Three types of crystallographic structures have been dis-
covered for titanium dioxide including anatase (tetragonal),
rutile (tetragonal), and brookite (orthorhombic). Among
the structures, rutile is the most stable one while anatase
and brookite are metastable phases at ambient temperature.
However, due to the large surface area per unit mass and
volume, anatase appears to have the highest photocatalytic
activity compared to the others [7]. The anatase crystal itself
also presents a finer transparency under near wultraviolet
compared to rutile [8]. Furthermore, the low crystal lattice
packing fraction causes anatase crystal to have low hardness

and reduces its refractive indices. Therefore, it is preferable in
some applications.

Numerous methods were introduced to synthesize TNPs.
Some researchers suggest the microemulsion method due
to its short processing time [9]. By using the physical
vapor deposition (PVD) method, materials are condensed
after evaporated to form solid [10]. Other methods such
as hydrolysis [11] and hydrothermal [12, 13] have been
used in many studies. As for sol-gel method, the materials
undergo hydrolysis and polycondensation processes to form
the sol and then gel will be formed after aging or gelation
and eventually become solid crystals after drying. This can
be a simple method as it requires low temperature and
controllable final product properties [14-16].

The small size of titanium dioxide nanoparticles can be
obtained by using an appropriate gelling agent in the sol-
gel method. Egg white proteins (albumin) are famous for
their gelling, foaming, and emulsifying characteristics, in
addition to their high nutrition quality [17-19]. Because of
its solubility in water and its ability to associate with metal
ions in solution, egg white has been used as a binder cum



gel forming material in forming the shape of porous ceramics
and bulks [20-22].

In this study a simple, costeffective, and environment
friendly synthesis introduced to synthesize anatase TNPs by
using water-soluble egg white proteins as a gelling agent via
sol-gel method. The gelling agent will help to control the
nanoparticles size and dispersion due to the expansion during
calcination. Furthermore, the surface morphology and size
of the anatase titanium dioxide nanoparticles were identified
and analyzed by using different apparatus.

2. Experimental Procedures

2.1. Preparation of Anatase TiO, Nanoparticles. Sample A asa
precursor solution to synthesis TNPs without using egg white
solution was prepared when titanium (IV) isopropoxide
(98%, Acros Organics) was dissolved in the glacial acetic
acid (100%, Merck), it acts as a catalyst to prevent titanium
isopropoxide from the nucleophilic’s attacks by the water [23]
and deionised water (18.2 M(Q cm) with the molar ratio of
1:10:200. The solution was stirred for several hours and
dried at about 80°C overnight. The dried gel was grinded
and calcined in a muffle furnace at 500°C for 5 hours. To
synthesize sample B of TNPs with egg white solution, the
precursor solution was prepared as above mentioned. Freshly
water-soluble egg white proteins (30 mL) were homogenized
in water (100 mL) by stirring on a magnetic stirrer. Then, the
egg white solution was added dropwise into the precursor
solution. The solution was continued to be heated and stirred
at about 80°C for 5 hours. The result solution was then dried
in the oven at 80°C overnight. The dried crystal was grinded
and calcined at 500°C for 5 hours.

2.2. Characterization of TiO, Nanoparticles. The dried fine
gel of synthesized TiO, was subjected to thermogravimet-
ric analysis (TGA) (Mettler Toledo TGA/SDTA 851e) in
order to measure the thermal stability of the materials.
Bruker-D8 Advance Powder X-ray diffraction (XRD) was
used to determine the crystal phase identification and
estimate the crystallite size. To measure the particle size
and morphology of TNPs, transmission electron microscopy
(TEM), LEO-Libra 120 and scanning electron microscopy
(SEM), and Zeiss Supra 35VP were used. Fourier transform
infrared spectroscopy (FTIR) studies were carried out in the
400-4000 cm™! frequency range. For the infrared absorption
spectra, the samples were formed into pellets with KBr
and the spectra were recorded on a BRUKER FTIR Spec-
trometer. IR spectroscopy in the transmission mode gives
qualitative information about the way in which the adsorbed
molecules are bonded to the surfaces as well as the structural
information of solids. For UV-visible absorption spectrum,
samples were dispersed in distilled water and sonicated
ultrasonically for the absorption studies on a Mettler Toledo
spectrophotometer.

3. Results and Discussion

In this study, egg white solution was applied as a stabilizer and
gelling agent for reducing agglomeration of nanoparticles.
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Water-soluble proteins of egg white forms a matrix of entan-
gled polymeric chains, inside the cavities of which can trap
small volumes of metal ions. During heat treatment, the dried
precursors decompose into nanocrystalline products. The
schematic illustration of TNPs’ synthesis by using egg white
solution is depicted schematically in Figure 1.

3.1. Thermogravimetric Analysis (TGA). Figure 2((a) and (b))
shows the TGA curves of TNPs’ sample A and B. According
to the curve (a) in Figure 2, sample A experienced two
main step downs through the TGA test. The first weight
loss happened at about 105°C due to the water evaporation.
The second mass loss occurred at 105°C-340°C which is
due to the volatilization and combustion of organic species
such as CH;COOH [24]. There is no associated signal with
these latter thermal events in the TGA curve confirming the
crystallization and phase transition events.

TGA curve of the TNPs synthesized using egg white
solution. Sample B is presented in curve (b) of Figure 2. This
curve descends until it becomes horizontal around 450°C.
TGA curve of sample B experienced three main step downs
through the TGA test. The first weight loss between 50 and
110°C is an initial loss of water. The second weight loss starts
from 110 to 255°C that is related to the decomposition of the
chemically bound and last weigh reduction is between 255
and 450°C due to decomposition of organic groups and albu-
min. No weight loss between 450 and 900°C was detected on
the TGA curve, which indicates the formation of nanocrys-
talline TiO,. TGA curve reveals that the proteins were
removed by heating process to burn out the organics in air.

3.2. Powder X-Ray Diffraction (XRD). Figure 3((a) and (b))
shows the XRD patterns of samples A and B of TNPs. The
XRD peaks in the wide angle range of 26 (20° < 20 <
90°) ascertained that the peaks in 25.367°, 37.053°, 37.909°,
38.667°,48.158°,54.051°,55.204°, 62.867°, 68.976°,70.479°,
75.303°, and 82.926° can be attributed to the 101, 103,
004, 112, 200, 105, 211, 204, 116, 220, 215, and 224 crys-
talline structures of anatase synthesized TNPs, respectively,
(Anatase XRD JCPDS Card no. 78-2486).

The crystallite size (D) can be determined by the Scher-
rer’s formula (D = KA/(fBcosf)). A is the wavelength of X-
ray radiation (CuKe = 0.15406 nm), K is a constant taken as
0.89, B is the line width at half maximum height (FWHM)
of the peak, and 6 is the diffracting angle. The (101) plane
was chosen to calculate the crystalline size (either plane can
be used for this purpose). The average crystalline size for the
TNPs synthesized with and without using egg white solution
is approximately 11 nm to 18 nm, respectively.

3.3. Transmission Electron Microscopy (TEM). TiO, nanopar-
ticles were dispersed in distilled water and sonicated ultra-
sonically. Then, they were dropped cast on a copper grid
of TEM. Figures 4(a) and 4(b) show morphology and size
distribution of TNPs” samples A and B. The size histograms
of the TNPs are shown beside the relative TEM images. The
histograms show that the main particle size of samples A and
B of TNPs were about 21.45 + 4.21 nm and 12.55 + 3.42nm,
respectively.
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FIGURE 1: Schematic illustration showing how protein of egg white prevents agglomeration of nanoparticles.
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FIGURE 2: TGA curves for samples A and B of TNPs from room
temperature to 900°C ((a) and (b)).
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FIGURE 3: X-ray diffraction patterns for samples A and B of TNPs
((a) and (b)).

3.4. Fourier Transform Infrared Spectroscopy (FTIR). Figure
5((a) and (b)) shows the spectra of TNPs of samples A
and B of which were synthesized via sol-gel method in
the range of 400-4000cm™!. In Figure 5, curve (b) is for
sample B of synthesized TNPs by using egg white solution.
In this curve, peaks at 485cm™' and 732cm™! are for

O-Ti-O bonding in anatase morphology [25, 26]. The bands
centered at 1621 cm ™! and 3354 cm™! are the characteristic
of surface-adsorbed water and hydroxyl groups [25]. Curve
(a) in Figure 5 shows sample A of TNPs. The peaks at
479 cm™! and 652 cm ™! are contributions of the anatase TNPs
[27]. The peaks centred at 1627 cm™! at 3388 cm™" are the
characteristic of 6-H,O bending and vibration of hydroxyl
groups [26]. There is no peak at 2900 cm™! for curve (a) and
(b) of TNPs regarding C-H stretching band, which means
all organic compounds were removed from the samples after
calcinations.

3.5. UV-Visible Absorption Spectrum. Figure 6((a) and (b))
shows the UV-vis absorption spectra for samples A and B
of TNPs between 300 and 800 nm. Sample A has got a peak
in 380nm and sample B has got a peak in 371 nm. It is
clear that as the size of particles decreases, peaks become
sharper and the absorbance increases in the sample which
was synthesized by using egg white solution. The blue shift
is ascribed to the decrease in crystallite size.

The band gap energy (E) was calculated as per the
literature report [28] using the following equation:

Band gap energy (E) = %, (1)

where h is the Planks constant, 6.626 x 1073*7s, ¢ is the
speed of light, 3.0 x 10® m/s and A is the wavelength (nm).
According to this equation the bandgap of sample A is 3.2 eV
and the bandpag of sample B is 3.3eV, and these results
confirm that when the size is smaller, the bandgap will be
bigger.

A smaller particle size means a larger band gap, since
fewer molecular orbitals are being added to the possible
energy states of the particle. Hence, absorption will occur at
higher energies, so a shift towards shorter wavelengths will be
apparent.
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FIGURE 4: Transmission electron microscopy images and the particle size distributions for samples A and B of TNPs ((a) and (b)).
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FIGURE 5: Fourier transform infrared spectra for samples A and B of
TNPs ((a) and (b)).

4. Conclusion

Anatase TNPs were synthesized with and without water-
soluble egg white proteins (albumin) by the sol-gel method.
From XRD and FTIR results, it is clear that synthesized
TNPs exhibited the anatase structure. TEM and XRD results
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FIGURE 6: The Ultraviolet visible spectra for samples A and B of
TNPs ((a) and (b)).

indicate that using egg white solution as a matrix improves
the crystallinity and decreases the size of particles. The par-
ticle sizes of the TNPs, with and without egg white solution
were 12.55+3.42 nm and 21.45+4.21 nm, respectively. Water-
soluble proteins of egg white forms a matrix of entangled
polymeric chains, inside the cavities of which can trap small
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volumes of metal ions. During heat treatment, the dried
precursors decompose into nanocrystalline products. The
results confirm that egg white solution is an appropriate
gelling agent for synthesising TNPs by using sol-gel method.
The current simple, cost-effective and environmental friendly
synthesis method using water-soluble egg white proteins can
be extended to prepare fine particles of other interesting
materials.
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