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Abstract: Surface functionalization of inorganic nanostructures is an effective approach for enriching their po-
tential applications. Methyl-Imogolite (MeIMO) with a chemical formula of (OH)3Al2O3SiOH, is a an alumino-
silicate nanotube material and like IMO NTs is diamagnetic and behaves as an insulator. However, doping with 
small amount of iron could lead to new magnetic and conductive properties. Moreover, Fe replacing Al in the 
outer surface of NTs, leads to interesting catalytic properties. In the present work, textural and surface properties 
of Fe-doped MeIMO nanotube were obtained by 1.4 wt% of Fe content in either direct synthesis (Fe-x-MeIMO) 
or ion exchange in post synthesis loading (Fe-IE-MeIMO) methods. Samples properties were investigated by 
XRD; N2 sorption isotherms at 77 K and (DR) UV-Vis spectroscopy. According to analysis results, in a post 
synthesis sample occurrence of isomorphic substitution of Al3+ by Fe3+ ions is more considerable, following by 
the larger mesoporous volume, which confirms the loading of Fe3+ ions on the external surface of NT. In addi-
tion, the small proportion of Fe oxo-hydroxide nanoclusters are detectible in UV-Vis spectra of post synthesis 
samples comparing to direct synthesis, due to the tendency of Fe to form Fe-O-Fe bridges.  

 
Keywords: methyl Imogolite (MeIMO); nanotubes; isomorphic substitution; Fe-doping; Ion exchanging; adsorp-
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Experimental section 
MeIMO was obtained as described in the previous 
research [1]. Fe-x-MeIMO samples were obtained by 
direct synthesis as follows: a proper amount of 
FeCl3*6H2O was added to 20 mM solution of HClO4, 
then MEOS (Methyltrietoxysilane) and Al-sec-
butoxide were added to the solution, stirred at room 
temperature for 18h, diluted to 20 mM in Al, auto-
claved at 100 °C for 4 days, filtered, washed and 
dried overnight at 50 °C in oven.  
       Fe-IE-MeIMO was prepared by adding a proper 
amounts MeIMO powder into the aqueous solution 
of FeCl3*6H2O for 24 h under stirring. The solid was 
then filtered, washed and dried in the oven at 50 °C 
overnight. 
XRD patterns were obtained on a X’Pert Phillips 
diffractometer (Cu Ka radiation:1.541874 Å, step 
width: 0.02˚, time per step: 2.00s). To determine the 
BET SSA (Brunauer- Emmett-Teller Specific Sur-
face Area) and porous volume quantities reported in 
Table 1, N2 isotherms were measured at -196°C on 
samples previously out-gassed at maximum tempera-
ture of 250 °C, in order to remove water and other 
atmospheric contaminants which contained in the NT 
structure [2,3]. NL-DFT (Non Local Density Func-
tional Theory Method) was used to determine the 
Pores Size.   
       Distributions Diffuse Reflectance (DR) UV-Vis 
spectra of out-gassed samples were measured on a 
Cary 5000 UV-Vis-NIR spectrophotometer (Varian 
instruments).  

 
Figure 1. (a) Imogolite type NTs structure, The cell parameter a 
corresponds to the distance between the centres of two NTs within 
a bundle [4]. (b) Section of Imogolite and Methyl-Imogolite nano-
tubes, in which ferric ions can replace Al3+sites [5, 6]. 
 
Results and discussion 
Evidence is given of the isomorphic substitution of 
Fe for Al in Fe- IE- MeIMO obtained by ion ex-
change in post synthesis method:  
i) according to UV-vis spectroscopy, both Fe-
containing  samples exhibit UV bands , which can be  
attributed to ligand-to-metal (O–Fe) charge-transfer 
transitions of isolated Fe(III) ions in octahedral envi-
ronment [7] and to a small amount of FexOy 
nanoclusters; 



 

 

ii) XRD patterns of  both Fe containing samples, in-
dicates that incorporation of Fe atoms in tube struc-
ture without alteration of IMO structure is limited, 
which can be seen in a value of 2 theta in the first 
intense peaks, correlating atomic distance (Table 1). 
However, in Fe doped samples, the d100 has a slight 
increase in the case of post synthesis (Fe-IE-
MeIMO), and a decrease in the case of direct synthe-
sis (Fe1.4-MeIMO). Increasing the d100 correspond-
ing to the cell parameter, offers the possibility of 
isomorphic substitution Al3+ in an octahedral coordi-
nation with Fe3+ during the post synthesis process. 
The small increase in the ‟a” value is attributed to 
the larger Shannon radius of isolated Oh Fe3+ com-
paring to Al3+. In a case of direct synthesis Fe1.4-
MeIMO, substitution of smaller Cl- anions instead of 
ClO4- anions in a lattice matrix during the synthesis, 
resulted in the smaller ‟a” lattice parameter [8-10]. 

 
 

Fig. 3. UV-Vis spectra of Imogolite and Me-Imogolite, loaded 
with 1.4 wt% of Iron, by a means of Ion exchange process  
 
Table 1 Samples textural properties as derived by N2 sorption iso 
therms at -196 °C and low angles XRD patterns 

a) As obtained by applying the t-plot method. 
b) As calculated by applying the eq.:              
 
Studying the BET surface analysis results are 
confirme the isomorphic substitution of Al3+/Fe3+.  
The comparison of the PSDs of three samples show 
that all samples have both micropores and 
mesopores, although with different relative abun-
dance. In Fe-IE-MeIMO sample, formation of addi-
tional mesopores following by larger mesoporous 
volume are noticed. The larger mesoporous volume, 
can be attributed to changing the direction and 
alignment of bundles due to Fe3+ ions loading on the 
external surface of tubes, which are also in favour of 
an increase in an inner diameter of Fe-IE-MeIMO 

and consequently the high probability of isomorphic 
substitution of Fe3+/Al3+ in nanotube structure. 

 
 
Figure 3 NL-DFT Pore Size Distributions of MeIMO NTs, ob-
tained by applying a N2 –zeolite kernel to adsorption branches 

 
Conclusion 
Present research concerning the synthesis and char-
acterization of a new kind of modified alumino-
silicate nanotubes (MeIMO), by iron doping, either 
by direct or post-synthesis reactions. Unexpectedly, 
the post-synthesis loading procedure led to some 
Al3+/Fe3+ isomorphic substitution by means of cation 
exchange. Direct synthesis method proved to be very 
difficult, due to the presence of Fe-precursor in the 
synthesis medium, finally lowering the reaction 
yield. Consequently, the ionic exchange could be a 
promising method to allow doping IMO NTs not on-
ly with iron, but also with other trivalent cations that 
could repace external Al, without altering the synthe-
sis medium and Fe-IE-MeIMO can consider as a 
highly potential material for a shape and size selec-
tive catalyst in some chemical reactions.  
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Sample Fe  
wt% 
 

BET 
SSA, 
m2 g-1 

Total 
Pore 
Volume, 
cm3 g-1 

Microp
ore 
volume 
(cm3g-1)a 

d100, 
nm 
 

a, 
(nm)b 

MeIMO --- 587 0.34 0.13 2.45  2.83 
Fe-IE-
MeIMO 

1.4 560 0.33 0.10 2.50 2.87 

Fe1.4-
MeIMO 

1.4 579 0.30 0.19  2.37  2.74  
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Abstract 
 
      Nanotechnology has already contributed signifi-
cantly to technological advances in energy industry 
and has the potential to revolutionalize drilling indus-
try. Nanomaterials are considered to be among the 
best candidates for smart fluids formation which can 
improve the performance of conventional drilling 
fluids. The demand for more efficient drilling tech-
nologies necessitates development of innovative 
drilling fluids. Drilling deeper, longer and more chal-
lenging wells in harsh HPHT (High-Pressure and 
High-Temperature) environments is made possible 
by improvements in drilling technologies, including 
more efficient and effective drilling fluids. The key 
challenge in developing such drilling fluids is to 
maintain the stability of key fluid properties such as 
rheology and fluid loss particularly at higher temper-
atures and pressures. Formulation of novel water-
based fluids under optimal concentrations, increase 
the efficiency of drilling operations for the maxi-
mum recovery of new and matured HPHT reser-
voirs. The aim is for oil industry to apply improved 
drilling fluid recipes, so as to achieve more efficient 
drilling process with a simultaneous reduction in the 
environmental footprint. Nanoparticles can play sig-
nificant role in the development of such smart drill-
ing fluids due to their small size which contributes to 
unique filtration properties.  
 
This work focuses on lab techniques for assessing 
and analyzing advanced water-based drilling fluids 
containing iron oxide and silica nanoparticles. These 
nanofluids are used to reduce fluid loss in water-
based drilling fluid containing bentonite. Their per-
formance is assessed utilizing API HPHT/LPLT 
(American Petroleum Institute, Low-Pressure and 
Low-Temperature) filter press. Scanning Electron 
Microscope (SEM) pictures were used to analyze the 
nanoparticle size range. Analysis by SEM of the fil-
ter cake produced reveals their good performance by 
giving deep insights for their microstructure, the in-
terfacial phenomena and the interaction between ben-
tonite particles and the nanoparticles. Zeta potential 
measurements using Phase Analysis Light Scattering 
(PALS) method were used to assess the stability of 
the developed suspensions. The changes in the rheo-
logical properties of the nanofluids were measured at 

HTHP conditions using a standard Fann type vis-
cometer and concentric cylinder rheometer and 
showed good rheological behavior.  
 
The examined nanoparticles have the potential not 
only to significantly reduce the fluid losses but also 
to maintain the rheological properties of the fluid. 
Their relatively low concentration in the drilling sys-
tem provides a base for more efficient, environmen-
tal friendly and safer drilling practices. Their unique 
characteristics are expected to play a vital role in 
solving many technical challenges encountered dur-
ing oil and gas drilling operations. 
 
1. Introduction 
 
 Drilling operations are time and cost consuming 
for the oil companies. Their success is heavily de-
pendent on the drilling fluid (mud) that is used. Rhe-
ological and fluid loss characteristics should be ex-
amined carefully so as to achieve the optimal per-
formance of the drilling process.  
Addition of nanoparticles can improve or at least 
maintain their properties even at high temperatures 
[1]. This research aims at understanding the vital role 
of iron oxide and silica nanoparticles as drilling fluid 
additives to preserve or even improve drilling fluid 
properties at high temperature conditions by examin-
ing their filtration characteristics and rheological pro-
file. This work also aims at finding out what is the 
optimal concentration of such nanoparticles. By for-
mulating novel water-based fluids with optimal con-
centrations of the given nanoparticles, one expects 
increase in drilling operation efficiency with the im-
proved filtration and rheological characteristics of 
these fluids.  
Nanoparticles were found to be valuable additives 
and showed promising potential in several oilfield 
applications in the upstream oil and gas industry [2]. 
Because they exhibit different adsorption and trans-
portation behavior in different porous media, nano-
particles have been used successfully as stabilizers in 
emulsions and foams, as rheology modifiers, as fluid 
loss additives in surfactant-polymer or water based 
drilling fluids, and for preventing migrating of fines 
in formations [3].  
Drilling fluid loss is considered as the major source 
of capital expenditure during drilling operations. 



 

 

Nanoparticles have been proved to be more effective 
in reducing the filtrate losses than conventional fluid 
loss reducer (Poly Anionic Cellulose-PAC) [4]. Na-
noparticles have the potential to solve or to improve 
this problem predominantly by utilizing their proper-
ties, which stem from their small sizes [5]. Rheologi-
cal properties and filter cake formation are important 
factors that affect fluid loss behaviour and subse-
quently formation damage particularly under HPHT 
conditions [6,7]. Addition of iron oxide nano-
particles have been examined and showed a slight 
increase in the filter cake thickness and small chang-
es in rheological characteristics [8]. The objective of 
this work is to present a comprehensive experimental 
analysis on the implementation of iron oxide and 
silica nanoparticles in water-based mud (WBM) to 
improve filtration characteristics, by identifying their 
optimal concentrations in the drilling fluid system 
both at LPLT and HPHT conditions. Produced filter 
cakes were examined and analyzed with SEM tech-
nique which allows deep insights for their micro-
structure. 
 
 
2. Experimental 
 
2.1. Materials and sample preparation 
 
 The bentonite (Gold Seal) was supplied by Halli-
burton in powder form. The water bentonite suspen-
sion gives a mixture of a pH range 8-10. The iron 
oxide nanoparticles were purchased by Sigma-
Aldrich in powder form, black in color, with a spher-
ical shape and an average diameter of <50 nm. Nano-
silica was purchased by Sigma Alrich in powder 
form with a spherical shape and an average diameter 
of 12nm. De-ionized water with pH range 6.8-7.2 
was used along with the bentonite to prepare the base 
fluid. All the prepared samples had pH in the range 
of 7.9-8.3. 
The preparation of the samples was carried out fol-
lowing American Petroleum Institute Standards, API 
Specifications 13A  and API 13B-1 [9 & 10]. The 
base fluid (BF) was formulated using a bentonite 
concentration of 7wt. % in 600 ml de-ionized water. 
Different concentrations of iron oxide nanoparticles 
and nanosilica were used of 0.5%, 1.5% and 2.5% by 
weight (Table 1).  
 
Table 1. Concentrations of produced samples. 

 
Base Fluid 

(BF) 

Concentration 
of nanoparti-
cles, wt. % 

Bentonite, g. nanopar-
ticles, g. 

 
De-ionized 

water (600 ml) 

0.0 45.161 0.000 
0.5 45.405 3.243 
1.5 45.901 9.836 
2.5 46.408 16.574 

 
 
 
 

2.2. Rheological Measurements 
 
 The rheological properties of the different fluids 
were measured using a rotational standard Fann type 
viscometer at different temperatures as per API pro-
cedures and fitted to the Herschel-Bulkley model 
given by 
 

( )nHB K γττ !+=                       (1) 
 
uses three rheological parameters, the Herschel-
Bulkley yield stress ( HBτ ), the flow consistency in-
dex (K) and the flow behavior index (n) that shows 
shear thinning or shear thickening behavior. The 
Herschel-Bulkley rheological model has proven to be 
a good choice for many water-bentonite suspensions 
as well as for many drilling fluids and its usage is 
favored over the other models [11, 12]. Obtaining 
yield stress is a very difficult process because it de-
pends not only on the measuring technique but also 
on the model used to assess the data [13].  
 
2.3. Fluid Loss Measurements 
 
 The filtration characteristics of the drilling fluids 
were obtained following the API procedure. Data 
was collected using a standard LPLT and a HTHP 
filter press. A differential pressure of 300 psi and a 
temperature of 250°F were applied for HTHP meas-
urements. For SEM analysis the filter cakes were 
dried in the oven at 250˚F for three hours before 
making the measurements. 
 
2.4. Zeta Potential Measurements 
 
 The Zeta potential of the samples was determined 
using a Zeta Potential Analyzer  (ZetaPALS) from 
Brookhaven Instruments Corporation. It determines 
zeta potential using Phase Analysis Light Scattering 
(PALS). The instrument’s electrodes were coated 
with palladium, and a He-Ne laser was used as a light 
source. Zeta potential values used as an indicator of 
the stability of the examined nanoparticles in suspen-
sion. 
 
3. Results and Discussion 
 
3.1. Rheology 
 
 Rheological data were analyzed via the Herschel-
Bulkley rheological equation. The rheogram for the 
7.0% (w/w) bentonite aqueous suspensions with dif-
ferent concentrations of iron oxide nanoparticles at 
room temperature are shown in Fig. 1. It can be 
clearly seen that the addition of the iron oxide nano-
particles changes the rheological behavior of the 
nanobased fluid with respect to the base fluid.  The 
yield stress at 25.5˚C, increases dramatically and 
almost quadruples from 3.41 Pa in the base fluid to 



12.75 Pa, which is upon the addition of 2.5% (w/w) 
iron oxide nanoparticles. 
 

 
Figure 1. Rheogram for 7% (w/w) bentonite aqueous 
suspensions with different concentrations of iron 
oxide nanaoparticles at 25.5˚C. 
 
On the other hand, samples containg nanosilica ex-
hibited a complex pattern regarding yield stress vari-
ations (Fig. 2). At 40˚C the yield stress showed an 
increase for all the different concentra-tions used, but 
at 60˚C the yield stress decreased and reached the 
lowest value of  2.1 Pa upon the addi-tion of 0.5% 
silica nanoparticles. 
 

 
Figure 2. Rheogram for 7% (w/w) bentonite aqueous 
suspensions with different concentrations of silica 
nanopowder at different temperatures. 
 
3.2. Fluid Loss Measurements 
 
 LPLT filtration results for samples containing 
iron oxide nanoparticles are shown in Table 2. Addi-
tion of iron oxide nanoparticles causes reduction of 
fluid loss for all samples. More specifically, the base 
fluid had a 30-minute filtrate volume of 10.9 ml. The 
sample with 0.5% iron oxide nanoparticles improved 
the filtration loss to 9.8 ml (10% less than the base 
fluid). The samples with 1.5% and 2.5% iron oxide 
recorded 9.1 ml and 8.7 ml fluid loss respectively, 
resulting in 16.5% and 20.2% reduction in the filtrate 
volume respectively. 
In contrast, samples containing silica nanoparticles 
(Fig. 3) exhibited a significant increase in the filtra-
tion volume with the biggest to be upon the addition 
of 2.5% nanosilica with 57.8% increase compared to 

the base fluid. Addition of 0.5% and 1.5% of nanosil-
ica resulted in an increase by 54.1% and 46.8% re-
spectively. 
 
Table 2. Filtration characteristics for the different samples contain-
ing iron oxide nanoparticles at LPLT. 

 
 
 

 
Figure 3. Filtration characteristics at LPLT condi-
tions of samples containg different concentrations of 
silica nanoparticles at 30 min test. 
 
Filtration results for samples containing iron oxide 
nanoparticles at HPHT conditions are shown in Fig. 
4. Addition of 0.5 wt.% iron oxide results in a signif-
icant improvement in the filtrate volume by 42.5% 
compared to the base fluid. In contrary, at HTHP 
static conditions addition of 0.5 wt.% silica na-
nopowder adversely affect the filtration charac-
teristics with an increase in the filtration volume by 
13% compared to base fluid (Fig. 5). 
 

 
Figure 4. Cumulative filtrate volumes after 30 min under 
static conditions at dffferential pressure of 300 psi and a 
temperature of 250˚F for samples containing different cin-
centrations of iron oxide nanoparticles. 
 

Sample 
 
              % iron  
       oxide (w/w) 

 
0% 

 
0.5% 

 
1.5% 

 
2.5% 

Filtration volume 
at 30 min (ml) 

10.9 9.8 9.1 8.7 

Uncertainty, (ml) ± 0.2 ± 0.2 ± 0.2 ± 0.2 
Fluid loss change 

% 
N/A -10.0 -16.5 -20.2 



 

 

 
Figure 5. Comparative cumulative filtrate volumes 
after 30 min under static conditions at dffferential 
pressure of 300 psi and a temperature of 250˚F, for 
BF, BF+0.5% iron oxide nanoparticles and BF+0.5% 
silica nanoparticles. 
 
3.3. Scanning Electron Microscopy (SEM) 
 
 The homogeneous and well textured mudcake re-
veals another positive characteristic of the nano-
based fluids. The well dispersed mudcakes that are 
created from the fluids containing iron oxide nano-
particles demonstrate their high potential for decreas-
ing drilling and production problems that are caused 
from poor mudcakes. The interpretation of the SEM 
images (Fig. 6) produced from the HPHT test from 
samples containing iron oxide nanoparticles, shows 
that the filter cake of the 0.5 wt.% iron oxide nano-
particles has a smoother surface compared to that 
formed using the base fluid. Another noticeable point 
is that small agglomerates have been formed between 
the bentonite and iron oxide nanoparticles which can 
affect the flow characteristics of the drilling fluid. 
 

 
Figure 6. Scanning Electron Microscope (SEM) images, from the 
mudcake at HPHT conditions for base fluid (left) and upon the 
addition of 0.5% (w/w) iron oxide nanoparticles, at 200μm magni-
fication (right).  
 
3.4. Zeta potential Measurements 
 
 Zeta potential measurements of water-bentonite 
suspensions with different cocnentration of nanopar-
ticles and at different temperatures showed that the 
iron oxide nanoparticles were stable in colloidal sus-
pensions, whereas samples containing silica na-
nopowder were unstable under different tempera-
tures (Fig. 7 and Fig. 8).  
 

 
Figure 7. Zeta Potential of water - 7% bentonite sus-
pensions containing iron oxide nanoparticle samples 
at different concentrations (0.1, 0.2, 0.3, 0.4 and 0.5 
Wt%) at 25°C and 40°C. 
 

 
Figure 8. Zeta Potential of water - 7% bentonite sus-
pensions containing silica nanopowder samples at 
different concentrations (0.1, 0.2, 0.3, 0.4 and 0.5 
Wt%) at 25°C and 35°C. 
 
4. Conclusions 
 
 The experimental research conducted hereby, 
illustrated the successful application of iron oxide 
nanoparticles in improving mud filtration characteris-
tics in porous media using WBM. The main conclu-
sions that can be extracted from this work are: 
 
• Iron oxide nanoparticles were stable in colloidal 
suspensions of de-ionized water at different tempera-
tures, have positive charge and improved filtration 
characteristics. Apparently at these concentrations, 
the net repulsive and attractive forces were in a ratio 
such that the clay platelets aligned in configurations 
which decreased drastically the filter cake permeabil-
ity, which led to improved filtration characteristics. 
• Samples containing silica nanopowder were not 
stable at different concentrations and had negative 
charges. These characteristics of silica nanopowder 
adversely affect the clay platelets configuration re-
sulting in a lower efficiency filter cake with high 
fluid losses. 
• At HPHT conditions iron oxide nanoparticles are 
more efficient at lower concentrations. Maximum 
reduction of filtration loss achieved upon the addition 
of 0.5 wt.% iron oxide nanoparticles, which proved 
to reduce filtrate losses by 42.5% compared to the 
base fluid. 



• At LPLT conditions higher fluid loss reduction 
experienced at higher concentrations of iron oxide 
nanoparticles.  
• Filtration behaviour both at LPLT and HPHT 
conditions of samples containing silica nanoparticles 
is affected negatively for all the different concentra-
tions of nanosilica tested. 
• Rheological measurements at different tempera-
tures showed changes in the rheological properties 
and especially in the associated yield stress for iron 
oxide nanoparticles. The changes are not excessive, 
allowing their utilization plausibly without using 
additional rheological additives. 
• Drilling fluid samples containing nanosilica at 
different concentrations demonstrated slight rheolog-
ical changes with the most important to be the reduc-
tion in the yield stress for all the produced samples at 
60˚C.  
• Analysis of the produced filter cake images by 
SEM, showed that addition of iron oxide nanoparti-
cles lead to smoother surfaces compared to that 
formed using the base fluid. Furthermore nanoparti-
cles tend to agglomerate with the bentonite particles 
which may cause a huge impact in the drilling fluid 
flow characteristics. 
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Abstract: Materials have been affecting architectural 
design since the beginning of human civilization and 
architectural expression. In the 20th century Le 
Corbusier quoted that a “house is a machine for 
living in”. Nowadays, the 21rst century leads towards 
a new correlation: “a house can be a living machine, a 
living organism”. The use of advanced technology 
has provided a wide range of possibilities in 
implementing architectural design. Nanotechnology 
in construction materials enables high performance in 
terms of energy, light, security and intelligence 
(Leydecker, 2008). Furthermore provides new, 
innovative and revolutionary materials that can alter 
design and performance of buildings. This has led to 
the launch of Nanoarchitecture, where 
nanotechnology integration concerns not only the use 
of nanomaterials and manipulation techniques but 
also the reconsideration of forms and design methods 
– ultra high performance buildings (dynamic, 
interactive) (Johansen, 2002). In this sense, external 
surfaces can react and adapt to the environment, 
featuring the qualities of self-assembly, self-healing 
and self-repair. Nanomaterials are proven to be very 
effective in aiding structures that suffer climatic 
strain both in performance and economy over time 
(Parthenopoulou, Angelides, 2010) and in enhancing 
existing structures. Throughout research in existing 
and potential applications of nanotechnology and use 
of smart materials in architecture, this study 
demonstrates the level of influence of nanomaterials 
on architectural design and attempts at setting the 
basis for proposing an innovative system of outer 
“skin”. 
  
Keywords: nanomaterials, nanoarchitecture, 
construction applications 
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Figure 1. Architectural nanotechnology projects: 
NanoVentSkin (left) is a surface system that consists of 

nanoturbines that filter the air and produce energy and 
Carbon Tower (right) is made entirely out of carbon 

nanofibers.



Outline 
This paper outlines briefly a part of our research 
which is under development at the 5th Department of 
School of Architecture (Aristotle University of 
Thessaloniki, Faculty of Engineering). 
The scope of the current research is to find the degree 
of influence (influence, affect or determine) which 
nanotechnology may have on architectural design of 
buildings and other infrastructure.  
Our hypothesis expresses that since building 
materials are the inclusive means for expressing 
architectural ideas and realizing proposals for 
buildings, they could have severe influence on forms, 
structures, function, rhythm and other factors of 
architecture.  
 
The Role of Material 
Creating and implementing an idea comes as a result 
of a procedure, a temporary effort in order to produce 
a unique product or result. In this sense the “product” 
of architectural creation is considered as a project and 
architectural design is the continuous and dynamic 
process that follows a circular or a spiral route 
(Diagram 2). Materials traditionally belong to the 
implementation stage of the design cycle but they can 
enter from the beginning whereas they can also 
constitute the inspiration of the idea. They affect 
structure, form, aesthetics, cost, construction methods 
and techniques, as well as lifespan and performance 
of a specific construction. Materials are the means by 
which ideas are realized and architecture expresses 
itself.    
 

 
Diagram 2. 5 stage architectural design cycle.  

 
Architects nowadays demand innovative materials 
that can combine high quality, performance and 
flexibility in serving the design needs. Not only in 
terms of economy, energy efficiency and quality of 

living in buildings but also in terms of producing 
structures that once was impossible. New culture of 
materials has ex post and ex ante effects: they can 
improve/restore existing buildings and they can 
create innovative new ones. 
 

  
Nanotechnology Materials 
Manipulation of materials at the nanoscale (10-9m) 
has led to the development of new and/or improved 
properties, mechanical and chemical 
(PhysicsAuthGR, 2010). At nanoscale level, 
materials are more chemically reactive with stronger 
electrical properties and here quantum influences are 
dominant, affecting their optical, electrical and 
magnetic behaviour. Nanomaterials such as carbon 
nanotubes, nanofibers and organic electronics have 
revolutionized technology providing new abilities 
and increment existing ones.  
Electron Microscope has provided knowledge of how 
nature has developed interesting properties i.e. the 
lotus effect, the mussels, the geckos, the morpho 
butterfly, some species of starfish etc. Those 
properties give the ability of self-cleaning, durable 
anchorage in the water, attachment to every surface, 
or even a strong colour effect that has nothing to do 
with pigments (Schulenburg, 2007, Leydecker, 
2008). Science has already been utilizing this 
knowledge in various sectors of industry and 
especially in medical applications and electronics. 
Following this trend, the field of construction 
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Diagram 1. Above are the forces of change that lead to the 
development of innovative new products (Ashby, Ferreira, & 
Schodek, 2009). 



industry has great potential of gaining ground in 
energy efficiency, cost reduction and sustainability.      
Nanomaterials can be produced by “top down” and 
“bottom up” techniques. They can be distinguished in 
categories depending on how many dimensions are in 
nanoscale: materials with no dimensions 
(nanoparticles), one nanoscale dimension (nanofibers, 
nanotubes), two (nanocoatings) and three dimensions 
(quantum dots, nanocrystals, colloids) (NanoWerk, 
2014). 
 
Nanomaterials in Architecture and Construction     
As materials evolve in this concept, architectural 
design and construction will follow this evolution as 
well. Nanotechnology presents the ability of change 
in the way we build throughout altering the basic 
properties of matter. For instance structures can be 
built by “bottom up” techniques because materials 
like carbon nanotubes have the capacity of self-
assembling. Nanotechnology affects deeply 
architecture and construction industry on all scales. 
Therefore architecture will be able to operate at 
optimum levels. As new materials and manufacture 
processes are discovered, “nanoarchitecture” is 
emerging and this will unleash the imagination 
towards: 
! discovering, production and use of new 

materials with integrated adjustment 
mechanisms to meet a prescribed statute of 
requirements, 

! upgrading existing materials enriching them 
with new algorithms that will withdraw the 
desired physical and mechanical properties from 
a machine, 

! developing “healing” materials, which will be 
able to restore failure from earthquakes in 
bearing structures, flaws or cracks due to aging 
or wear, erosion, damage from natural disasters 
or caused by human factor (bombings, terrorism 
etc.), or to enhance energy efficiency of existing 
buildings and other structures, 

! producing materials for protection of structures, 
whose value and age makes them irreplaceable 
cultural property, 

! revealing new forms that are now becoming 
possible and feasible because of the inherent 
properties of materials and can create complex 
structures and save weight, mass and energy in 
the implementation of plans, 

! adding significant contribution at the climatic 
transformations that occur throughout the 
buildings.  

If we take buildings as being climatic transformers, 
i.e. machines that alter the external environment in 
order to create quality climate conditions for living, 
working and resting within the interior, then we 

expect nanomaterials to play a major role in 
remodelling this climate. And, most important, they 
will achieve that consuming the energy which exists 
within the environment of buildings. Nowadays, large 
amounts of energy are spent to ensure thermal 
comfort inside buildings (heating, cooling, 
ventilation) taking the external climatic environment 
and partly modifying it with the use of energy. Using 
nanotechnology and nanomaterials this will be made 
possible, i.e. to transform the external climatic 
environments using the free energy that exists outside 
or inside of buildings. Paint, glass, frames, coatings, 
flooring and furnishings can be programmed through 
a holistic assurance system of quality requirements. 
All the above will affect dramatically the nature and 
function of materials, structure methods, construction 
techniques, speed of production (materials)/project 
implementation (building construction), as well as 
returns on investments and use capital. The most 
important is that it will significantly affect 
architectural morphology, rhythm, interior design, as 
well as urban design, planning and programming of 
urban life and development.   
In architecture, two fundamentally different design 
approaches prevail when dealing with materials and 
surfaces: honesty of materials – “what you see is 
what you get”: this approach is favoured by those 
architects for whom authenticity is a priority and who 
value high quality materials, and fakes – artificial 
surfaces that imitate natural materials: are chosen for 
cost reasons. In future, a third option will be 
available: functional nanosurfaces, emancipated from 
underlying material: the properties of such ultra-thin 
surfaces can differ entirely from the material they 
enclose and can be transparent and completely 
invisible. Additionally, it is possible to generate 
nanocomposites with new properties: nanoparticles or 
other nanomaterials are integrated into conventional 
materials so that their characteristics are improved 
and can be accorded new functional properties or 
even be made multifunctional (Leydecker, 2008). 
Nanomaterials expand design possibilities. Aesthetic, 
functional and emotional qualities are expressed more 
easily and control is enabled, even upon the aging 
process, which gives a dynamic to the aesthetics of 
surfaces. The bright colour fully reflects the 
architectural concept. Pure forms and volumes are the 
objective at several architectural projects. Cleanliness 
of surfaces is of great importance when the target 
concept is a dialogue/contrast with the environment 
or the light-and-shadow play, which is degraded 
when surfaces are covered with dirt. 
Once LeCorbusier assimilated the house with “a 
machine to live in”, now at the beginning of 21rst 
century this leads to a new relationship that takes the 
building as a living organism.  



As technology evolves, the field of molecular 
engineering presents a new frontier for architecture. 
Buildings are designed, developed and operate as a 
living organism. What was considered until recently a 
myth and fantasy is now a reality, and what today 
seems impossible will be reality in the near future 
(Johansen, 2002).   
Originally, nanotechnology enables materials with 
high performance in terms of energy, light, security 
and intelligence. In the next stage, the growth of 
carbon nanotubes and other revolutionary materials 
could alter design and performance of buildings. For 
example, the distinction between the carrier body and 
the outer surface can be removed as new and very 
strong materials function simultaneously as a bearing 
structure and surface finish. Nanotechnology in 
serving Architecture derives the Nanoarchitectural 
style. “Nanoarchitecture” essentially means the use of 
nanotechnology practices in architecture. The 
integration of nanotechnology may involve either the 
use of nanomaterials and techniques, or 
reconsideration of forms and design methods. 
Construction projects that could not be realized with 
conventional materials now they become possible. 
The size of required materials is smaller, their 
assembly time is shorter and their lifecycle is 
considerably expanded. Augmented features of many 
materials launch design, enabling the most unrealistic 
projects and offering innovative solutions.  
Buildings are now designed in order to interact with 
nature. The possibility of development of Ultra High 
Performance Buildings (dynamic, interactive), with 
an internal logic, is also given. These buildings 
maintain stability through negative feedback 
interactions and promote their development by 
applying positive feedback (Johansen, 2002). In this 
sense, the building can be programmed to monitor the 
environment (internal or external) and to adapt or 
change its form so that it is in harmony or in 
symbiotic relationship with nature and man. The 
cooperation of the sciences of biology and 
nanotechnology can provide biological characteristics 
in materials, structure and morphology. Surfaces can 
metabolize, respond and adapt to the environment, 
and have the properties of self-assembly, self-healing 
and self-repair.  
Nanotechnology has already been used in 
construction materials such as concrete (stronger, 
more durable, easy to assemble), steel and metals 
(improved mechanical properties) and glass (self-
cleaning). The use of nanotechnology leads to more 
effective usage of materials and reduction of 
environmental pollution deriving from their 
production processes. Nanomaterials allow 
constructors to offer better guarantee for their 
projects and customers to enjoy less maintenance cost 

(PRLog, 2007). The use of nanotechnology especially 
in the improvement/protection of materials that suffer 
climatic strain can be proven cost effective and 
efficient in enhancing mechanical properties and 
expanding life cycle (Parthenopoulou et al, 2010). 
Construction nanomaterials can be categorized as 
follows (Zhu et al, 2004): 

a) high performance structural materials: 
conventional materials such as steel and 
concrete reinforced with nanoparticles, 

b) functional coatings and thin films: coatings 
augmented with properties such as self-
cleaning, anti-bacterial properties, etc, 

c) filler nanoparticles, additives and 
admixtures: carbon nanotubes, metal and 
non-metal oxides (e.g., TiO2, SiO2, CaCO3), 

d) environmental and performance monitoring 
Sensors, 

e) new materials and new applications. 
Materials in construction reinforced with 
nanoparticles may include low maintenance 
windows, long endurance and resistant to scratches 
floors, improved and high duration paint, healthy and 
safe climates (indoor), antimicrobial steel surfaces, 
anticorrosive metal coatings, concrete admixtures for 
self-healing and strength, nano-insulating materials of 
better energy efficiency and UV protective 
membranes.   
 
Potential and Existing Architectural Applications 
During our research we came across several 
interesting and intriguing projects of architectural 
activity. A brief review of the most innovative 
applications is necessary in order to prove the 
hypothesis, i.e. the degree of the effect of 
nanotechnology on architectural design and creation.  
 
Carbon Tower: 
A project proposal by Peter Testa, a building of 40 
storeys, 
Carbon Tower 
is made 
entirely from 
carbonfibers. 
If this is built 
it would be the 
lightest and yet 
the strongest 
building of this 
type. The basic 
format is not 
complex: it is a 
cylindrical 
building which 
consists of 40 
strands of 

Figure 2. Carbon Tower - model 
(Peter Testa Architects)



carbonfibers (about 1 inch wide and nearly 650 feet 
long) that are arrayed in a helicoidal, or crosshatch, 
pattern. Filling the structure between floors is an 
advanced glass substitute – a kind of transparent foil. 
A pair of ramps on the building exterior offers 
circulation and it further stabilizes the structure. 
In this example it is obvious that the form is more 
flexible and with plasticity, in comparison to a 
conventional tower – skyscraper. Its light weight is 
apparent and the use of transparent fillings gives the 
impression that this structure is free of constraints.   
 
eTree: 
Designed by Dennis Dollens (founder of Genetic 
Architecture Program of ESARQ), the eTree is a self-
shading Tower and a project that is under study. It 
consists of a central spine whose structural code lends 
itself to multiple design paths resulting in different 
kinds of structural leafing and branching forms. 
While prominent in the developmental stages of the 
tower’s panels, the eTree is eventually repressed in 
favour of the load-bearing monocoque façade 
supporting the building and held in compression and 
tension by the fifteen floor planes. The linking, 
chainmail-like components are part of an on-going 
search for load-bearing panels that can take on 
environmental performance duties - such as filtering 
and ventilation - as well as, in other design 
formulations, housing sensor-embedded monitoring. 
Additionally, the panel designs adjust easily to 
produce pockets where plant, algae, or other 
biological agents may be grown in living facades 
(Dollens, 2014).  
Plasticity and movement is the visual outcome here 
as well. In addition, this concept is freed from the 
usual load bearing structure and borrows support 
principles from nature (trees in particular). The outer 
skin is serving other purposes as well, which are 
environmentally oriented.    

 
 

NanoHouse: 
The NanoHouseTM Initiative is a collaboration scheme 
between Australian architects, engineers and 
designers for the creation of an energy efficient house 
through the possibilities that offers nanotechnology. 
The objective is to create a living environment, which 
allows climate control with the use of 
nanoengineered glass panels. Windows and walls will 
keep rooms cool with heat reflecting paint and 
coatings. Glass will shut out light at the flick of a 
switch and will clean itself in the rain. Kitchen and 
bathroom surfaces will be antibacterial (Masens, 
2002). This project was inspired by Dr Masens 
(Nanoscale Technology Institute, Sydney) and held 
by the architect J.Muir.  
In this case the use of glass is extended and with ease, 
as glass panels are the medium to achieve climate 
control. This could mean that glass can be used 
without limitation and without the collaboration of 
supporting systems (for instance air conditioning 
systems or shades).  
 

 
 
Soft House: 
The “Soft House” was designed by KVA Matx. 
Many of the fixed surfaces found in conventional 
houses, are here replaced by semi-transparent, mobile 
energy collector curtains with embedded thin 
photovoltaic films. Central element of this project is a 
cylindrical curtain that plays the role of a skylight. 
Rechargeable batteries are enclosed in the curtain and 
can either store energy for later use or broadcast it 
elsewhere, while lighting elements in the fabric allow 
stored energy to be transmitted as light. The 
flexibility of the fabric allows the tubular structure to 
be used in many ways and direct the light to any area 
within the home. Even if placed lower, it can 
completely redefine the interior of the house, creating 
a completely independent and autonomous living and 
work area. These materials if placed in a house of 

Figure 3. eTree LA Tower (Dollens, 2014) 

Figure 4. The NanoHouse (Muir)



1,200 square feet (~ 110m2) can produce 16 kilowatts 
DC or AC (KVA, 2009).  
More than an energy generator, these curtains serve 
the architectural need for dynamic and ad hoc 
transformation of interior spaces, altering the inner 
spatial environment at will.   

 

 
 
Nano Vent Skin: 
This surface was designed by Mexican designer 
A.Otegui. It uses wind turbines in nanoscale 
(nanoturbines). The Nano Vent Skin consists of 
different types of microorganisms that can convert 
solar and wind energy into renewable energy and can 
absorb CO2 from the atmosphere. The outer skin of 
the structure absorbs sunlight through an organic 
photovoltaic skin and transfers it to the nano-fibers, 
inside the nano-wires, which then is sent to storage 
units at the end of each panel. Each turbine on the 
panel generates energy by chemical reactions on each 
end where it makes contact with the structure. 
Polarized organisms are responsible for this process 
on every turbine’s turn. The inner skin of each 
turbine works as a filter absorbing CO2 from the 
environment as wind passes through it. Every panel 
has a sensor on each corner with a material reservoir. 

When one of the turbines has a failure or breaks, a 
signal is sent through the nano-wires to the central 
system and building material (microorganisms) is 
sent through the central tube in order to regenerate 
this area with a self-assembly process (NOS, 2008). 
  

 

 
Highly innovative and energy efficient, this external 
skin-like surface (NanoVentSkin) protects the 
structure and also produces energy and filters air.  
It may not serve aesthetic needs but provides energy 
autonomy and gives the opportunity for high 
performance.   
 
Solar Ivy: 
Mimicking the form of ivy and its relationship with 
the environment, this system is called SolarIvy. It 
was designed by Samuel and Teresita Cochran and 
consists of thin solar photovoltaic panels that 
resemble the leaves of ivy and generate power. This 
“skin” can be incorporated on the side of a building. 
When the sun is shining or the wind blowing, it can 
generate power (SolarIvy, 2011).  
SolarIvy enriches the appearance of a building / 
structure, when it is applied on a façade, and 
simultaneously has the ability of providing energy 

Figure 5. “Soft House” model (KVA, 2009)  

Figure 6.  Photovoltaic curtain detail (KVA, 2009) 

Figure 7. Surface detail (NOS, 2008)

Figure 8. NanoVentSkin on a building.



functioning as photovoltaic system. It is a bi-
functional decorative element for external surfaces.   

 
 
Phase Changing Materials (PCM) – Glass Façade Sur 
Falveng: 
The Sur Falveng building (retirement home in the 
Swiss Alps) has 20 apartments with south orientation. 
All of them have openings in the south elevation and 
are heated actively or passively. The glass panels 
consist of 8cm composite glass element - this 
contains in the middle a hydrated filler material 
which functions as a latent solar heat storage medium 
and protects the room from overheating. The heat 
capacity of that element is equivalent to the heat 
capacity of a concrete wall 15cm thick. The glass 
façade becomes transparent when the material passes 
from the state of solid to liquid. Therefore, the 
change of state of the material has a direct impact on 
the appearance of the building (Leydecker, 2008).   
This example shows the direct effect of the certain 
material on the aesthetics, as the appearance (façade) 
of the building has become dynamic. The former 
changes according to the climatic conditions: 
transparent when the weather gets warmer and non-
transparent when the outside temperature drops.  
 

 
 
Further trends and research 
As it has become obvious, nanotechnology provides 
great possibilities for innovative architectural 
creation, not only in terms of performance but also in 
terms of aesthetics and design dynamics. New 
nanomaterials, hybrid or not, may constitute by 
themselves a new mean (language) by which 
architectural ideas can be expressed. Taking all this 
experience as a starting point, our research 
continuous on, investigating the possibility of 
creating an outer “epidermis” in buildings, that is an 
intelligent system which could function as a 
structural as well as a secondary feature, combining 
innovative materials and forms in order to achieve 
high performance in architecture. 
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Abstract: The conversion of 3-
Aminopropyltrimethoxysilane (3-APTMS) capped 
noble metal ions (Au3+ , Pd2+ , Ag+) into respective 
nanoparticles in the presence suitable organic reduc-
ing agents constitute new rout of metal nanoparticle 
synthesis justifying potential applications in many 
biomedical applications. The choice of organic re-
ducing reagent precisely govern the dispensability, 
nanogeometry, pH and salt tolerance of as synthe-
sized nanoparticles for specific application. Some of 
the organic reducing agent enable the formation of 
organic –inorganic hybrid during nanoparticle syn-
thesis justifying enhanced catalytic activity of nano-
material. It was further investigated that the presence 
of graphene suspension along with reaction mixture 
facilitate the process of nanoparticles synthesis with 
significant change in electrocatalytic ability of the 
material. The presence of graphene allow nucleation 
site for nanoparticles and results the formation of 
hybrid nanomaterial having potentiality for biocom-
patible thin film formation. This study will also per-
mit us to discuss a new rout of nanoparticles synthe-
sis justifying the miceelar behaviour of 3-APTMS 
that precisely control the practical usability of nano-
material in biomedical applications. 
  
Keywords: Graphene, 3-APTMS, Nanoparticle Syn-
thesis, Electrocatalytic ability, . 

 
 
Introduction: Recently, graphene has emerged as a 
promising material for new technological evolution  
and has played an important role in electronic com-
ponents, modified electrodes, and mechanical resona-
tors, sensors. Nanosheets of reduced Graphene Oxide 
(rGO) tend to restack when used in graphite paste 
electrode and hence limit the electrocatalytic ability 
of graphene. For the fabrication of graphene paste 
electrodes, CNTs or other nano/micro sized particles 
(such as metallic nanoparticles) could be used as 
spacers to reduce the coalescence of graphene into 
graphite structures thus increasing the available sur-
face area of the graphene sheets[2]. Noble metal na-
noparticles formed by the reduction (with suitable 
organic reducing agents) of 3-APTMS capped noble 
metal ions (Au3+, Pd2+ , Ag+) into respective nano-
particles can serve as spacers between individual 
Graphene sheets and increase the electrocatalytic 
activity of the graphene paste electrode. The pres-
ence of graphene suspension along with reaction 
mixture facilitate the process of nanoparticles syn-

thesis with significant change in electrocatalytic abil-
ity of the material. The presence of graphene allow 
nucleation site for nanoparticles and results the for-
mation of hybrid nanomaterial having potentiality for 
biocompatible thin film formation.[7]. The as-
synthesized rGO-AuNPs nanocomposite enablethe 
formation of nanocomposite (PBNPs–rGO-AuNPs) 
dispersion with Prussian blue nanoparticles 
(PBNPs).The resulting nanomaterial suspensions in 
one way, display excellent electrocatalytic activity 
during the electrochemical sensing of H2O2 as com-
pared to Prussian Blue and PBNPs-AuNPs nano-
composite. The result on these line are reported in 
this communication. 
 
Results and Discussion 
 
Organic Reducing Agents and 3-APTMS Mediat-
ed Synthesis of AuNPs 
 
AuNPs functionalized with primary amine have re-
ceived great attention [7]. It has been found that the 
presence of organic reducing agents profoundly af-
fects the properties of as formed AuNPs. The use of 
formaldehyde as a reducing agent enable the for-
mation of AuNPs in 1-2 hours and their catalytic 
activity is better compared to that prepared with oth-
er organic reducing agent (ketones, GPTMS, etc.). 
This could be explained due to the formation of 
imine when interacting with 3-APTMS. Imines are 
typically formed by the condensation of primary 
amines (3-APTMS) and aldehydes (Formaldehyde) 
and  are catalytic in nature [7].  
 
Role of reduced Graphene Oxide (rGO) in synthe-
sis of Gold Nanoparticles (AuNPs)   
 
Reduced Graphene Oxide consists of graphene like 
sheets, chemically functionalized with oxygen 
groups such as hydroxyls and epoxides, these oxygen 
functionalities play an important role by providing 
reactive sites for the nucleation and growth of gold 
nanoparticles (Figure 1).  Another important ad-
vantage of adhesion of AuNPs to graphene sheets is 
that the act as spacers and prevent aggrega-
tion/restacking of graphene sheets in dry state as well 
as in when using it in graphite paste electrode there-
by making both faces of graphene accessible [2]. 
 



 

 

 
Figure 1. Schematic Representation of Nucleation 
of Gold Nanoparticles as functionalized Reduced 
Graphene Oxide surface. 
 

 
Figure 2 (A) show the TEM images and respective 
SAED of grapheme sheet, (B) show the TEM im-
age and respective SAED of rGO-AuNPs nano-
composite. 
 
Electrocatalytic reduction of H2O2 

We subsequently examined the electrochemical be-
haviour of Graphene-AuNP-PB nanocomposite mod-
ified electrode. Figure 3a, 3b and 3c shows the cyclic 
voltammograms of the PBNPs (a), AuNP-PB nano-
composite (b) and Graphene-AuNP-PB nanocompo-
site (c) modified electrode in 0.1 M phosphate buffer 
(pH 7.0) in absence and the presence of 5 mM H2O2 
(Figure 3). There is an increase in cathodic current 
on the addition of H2O2, the reduction currents for 
all the three electrodes (Figure 3). However, the gra-
phene-AuNP-PB nanocomposite modified system 
shows higher reduction current(Figure 3c) as com-
pared to only PB-system (Figure 3a), and PB-AuNPs 
system (Figure 3b) indicating better electrocatalytic 
activity of nanocomposite toward H2O2. The am-
perometric responses for these systems were record-
ed on the addition of varying concentrations of H2O2 
(5 nM to 2 mM) in 0.1 M phosphate buffer (pH 7.0) 
at working potential of 0.0 V vs. Ag/AgCl as shown 
in Figure 4. It is clear from Figure 4 that the response 
was amplified in case of graphene-AuNP-PB nano-
composite (Figure 4c) than PBNPs (Figure 8a), and 
AuNP-PB nanocomposite (Figure 4c)again suggest-
ing the good electrocatalytic behaviour of composite 
material towards the reduction of H2O2. 

 
Figure 3: Cyclic Voltammogram of  PBNPs (a) 
AuNP-PBNPs (b) rGO-AuNP-PBNP (c) modified 
electrode in absence (1) presence (2) of 5Mm 
H2O2. 

 

 
Figure 4: Ampereometric Response of  PBNPs (a) 
AuNP-PBNPs (b) rGO-AuNP-PBNP (c) modified 
electrode on addition of varying concentration of 
H2O2 from 0.05 µM to 2mM at 0.0 V vs. AgCl in 
0.1M Phosphate Buffer (pH 7) containing 0.5 M 
KCl.The inset shows calibration plots of H2O2 
analysis respectively 
 
The calibration curves for H2O2 analysis at modified 
electrodes were constructed using average currents 
recorded for each concentration point. The inset of 
Figure 4 depicts the calibration curves for H2O2 at 
PBNP (curve a), AuNP-PB nanocomposite (curve b) 
and Graphene-AuNP-PB nanocomposite (curve c) 
modified electrodes. The sensitivity of PBNPs, 
AuNP-PBNP nanocomposite and rGO-AuNP-PBNP 
nanocomposite modified system towards H2O2 has 
been calculated from the linear curve and found to be 
23.08 ± 1.00, 39.21 ± 1.70 and 52.02± 
1.00µAmM−1cm−2 respectively. The lowest detec-
tion limit for H2O2 analysiswas found to be 2 µm, 
1µM and 50 nM respectively. 
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Introduction

I
nnovative technologies such as the nano-particle
can potentially cause some risks for environment,
health, and economic sustainability. For this rea-

son, a suitable management plan should be developed
in order to reduce those concerns and to establish
an e�cient and competitive business. Therefore, in
this paper a Reliability, Availability, Maintainability
and Safety Analysis (RAMS) is developed in order
the mitigate the above-mentioned risks [1], [2].

Nanotechnology Benefits and Risks

N
ano-materials are used in a variety of indus-
tries due to their unique characteristics. The
application of nanotechnology in product de-

velopment can bring some advantages such as re-
sponse to customer needs, develop of a cost-e↵ective
process, and provide high quality products. Despite
of the advantages, nano-particles show potential risks
for safety and environment. For this reason, cur-
rent studies focus on understanding the toxicology of
nano-materials by performing hazard identification
and exposure analysis [3], [4].

Studies performed on toxicology of nano-materials
prove that the increased reactivity of nano-particles
is due to their small size, their enlarged surface per
unit of mass and their potential to agglomerate. All
of these factors can represent sources of toxicity.

In addition, nano-powders in the presence of ig-
nition are able to cause fire and explosion when in
contact with air. On the other hand, some nano-
materials have catalytic reaction depending on their
composition and structure which can arise new safety
concerns. Regarding the environmental contamina-
tion, the high usage of nano-materials in industrial
applications such as nano-lubricants may lead to
release of these materials into the environment.

RAMS Methodology

R
AMS analysis is a risk assessment study ap-
plied during the design and operating phase
of the industrial projects. The goals are to

reduce the safety and environmental issues by im-
proving the system architecture and enhancing the
system performance and productivity [5]. In this
study a RAMS approach is performed on a plant
producing nano-materials. The general RAMS al-
gorithm developed in this paper is demonstrated in
Figure 1.

!

Figure 1: RAMS Methodology Flowchart

In addition, the study is focused on analysing the
reliability of safety systems by performing a Safety
Integrity Level Assessment (SIL) procedure. This
helps to determine the adequacy of the safety system
in order to mitigate any possible incidents inside the
plant. The SIL levels defined as probability of failure
on demand are shown below:

• SIL 1: 10�2 - 10�1

• SIL 2: 10�3 - 10�2

Page 1 of 2



• SIL 3: 10�4 - 10�3

• SIL 4: 10�5 - 10�4

Conclusion

T
he approach reveals the plant design deficien-
cies, which could compromise the system func-
tionality leading to production loss, human

safety issues, and environment contamination. Fur-
thermore, Figure 2 shows the distribution of the most
critical components assessed from reliability and SIL
analysis. In this figure each of the SIL category is
composed by a di↵erent number of safety function.
The particularity is that each of the safety functions
within a specified SIL group have the same reliability
degree. The safety functions with SILs equal to 3 or
4 are considered critical and therefore for their case
provision of additional safeguards is required.
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Figure 2: SIL Assessment Results on Safety

A number of safety functions with SIL 3 are as
follows:

• The H2S and H2 detector which detect the gas
leakage and initiates an alarm by the PLC0.

• The Shutdown valve, located on the gas
pipelines, activates plant shutdown in case of
high pressure.

• The Shutdown activation of the electrical power
in case of high temperature in the furnace (re-
actor section).

Nevertheless, the optimal logistic solutions for the
procurement of the maintenance and spare parts are
suggested in order to improve the system reliability
and integrity. Those activities include the periodical
check and replacement of critical components.
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Abstract  
Graphene has excellent mechanical, thermal, optical 
and electrical properties and this has made it a prime 
target for use as a filler material in the development 
of multifunctional polymeric composites. However, 
several challenges need to be overcome in order to 
take full advantage of the aforementioned properties 
of graphene. These include achieving good 
dispersion and interfacial properties between the 
graphene filler and the polymeric matrix. In the 
present work we report the thermal and mechanical 
properties of reduced graphene oxide/epoxy 
composites prepared via a facile, scalable and 
commercially-viable method. Electron micrographs 
of the composites demonstrate that the reduced 
graphene oxide (rGO) is well-dispersed throughout 
the composite. Although no improvements in glass 
transition temperature, tensile strength, and thermal 
stability in air of the composites were observed, 
good improvements in thermal conductivity (about 
36%), tensile and storage moduli (more than 13%) 
were recorded with 2 wt% of rGO. 
 
Keywords: Thermal reduction, graphene oxide, 
reduced graphene oxide, tensile modulus, thermal 
conductivity, glass transition temperature, 
dispersion. 

Introduction 
Due to its remarkable mechanical, electrical, and 
thermal properties, graphene has evoked a lot of 
interest amongst researchers working on the 
development of multi-functional composites for a 
variety of applications [1, 2]. However, the inert 
nature of graphene makes it difficult to take full 
advantage of its excellent properties when used as a 
filler material in polymeric composites. Such 
composites are usually characterized by poor filler 
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dispersion and poor interfacial properties between 
the filler and the polymeric matrix material, arising 
from the poor compatibility between graphene and 
many polymeric matrices. Functionalization of the 
graphene has been widely adopted as one of the 
ways of overcoming the aforementioned challenges, 
either by allowing the easy exfoliation of graphite 
platelets or increasing the compatibility between 
graphene sheets and the chosen polymeric matrix [3, 
4]. Oxidized graphene sheets, known as graphene 
oxide (GO) sheets, are typically prepared by 
oxidization and exfoliation of graphite [5, 6] and 
have been used as the starting material in the 
production of graphene-based composites. Although 
some researchers have reduced GO in-situ using 
hazardous chemical reagents such as hydrazine 
hydrate, others prefer to reduce GO prior to its 
incorporation in composites [1].  

In the present work reduced graphene oxide 
(rGO)/epoxy composites are produced in a facile, 
scalable and commercially-viable way. This 
involves dispersing freeze-dried GO in a diglycidyl 
ether of bisphenol-A (DGEBA) epoxy resin by shear 
mixing. The GO is then reduced in-situ (to rGO) by 
using a relatively high-temperature cure schedule for 
the epoxy resin system, after adding the hardener. 
The thermal and mechanical properties of the 
composites produced are characterized and the 
viability of the processing technique is 
demonstrated. 

Experimental 
A standard DGEBA resin (Araldite LY556; 
Huntsman, UK), having an epoxide equivalent 
weight (EEW) of 185 g/eq, was used. The curing 
agent was an accelerated methylhexahydrophthalic 
acid anhydride (Albidur HE600; Evonik, Germany), 

mailto:g.olowojoba@imperial


having an anhydride equivalent weight (AEW) of 
170 g/eq. 
 A suspension of graphene oxide was 
prepared via a modified Tour et al. [6] synthesis in a 
custom-built rig, using natural graphite flakes (150 
– 500 µm, Sigma-Aldrich). This was freeze-dried 
using a Powerdry LL1500 freeze dryer (Thermo 
Scientific, UK). 
 The freeze-dried GO, having an average 
lateral size of 33 ± 17 µm, was dispersed in the 
DGEBA epoxy resin using a three roll mill (80E; 
Exakt, Germany). A stoichiometric amount of the 
anhydride (Albidur HE600) was then added to the 
GO/DGEBA mixture (i.e. the ratio of DGEBA to 
anhydride was kept at 185:170, as according to their 
equivalent weights). The resulting mixture was 
stirred at 500 rpm for 15 mins at a temperature of 60 
oC under atmospheric pressure using an overhead 
stirrer. The mixture was degassed at -1000 mbar and 
60 oC for 15 mins to remove trapped air bubbles. The 
degassed mixture was poured into preheated 
rectangular steel moulds with internal dimensions of 
150 x 80 x 3 mm3 and cured at 90 oC for 1 hr, and 
160 oC for 2 hrs. A post-cure step of 200 oC for 30 
mins was carried out to ensure sufficient in-situ 
thermal reduction of the GO, to rGO, in the 
composite [7]. 
 Thermogravimetric analysis (TGA) was 
carried out on the composites and GO samples using 
a TGA/DSC 1 apparatus (Mettler Toledo, UK). A 
sample of the freeze-dried GO was thermally 
reduced according to the cure schedule employed for 
processing the composites (i.e. 90 oC for 1 hr; 160 
oC for 2 hrs and 200 oC for 30 mins). The GO and 
rGO samples were analysed in a nitrogen 
atmosphere using a heating rate of 5 oC/min, while 
the composites were analysed in air using a heating 
rate of 10 oC/min. All samples were analysed over 
the temperature range 30 to 800 oC. 

The thermo-mechanical properties of the 
rGO/epoxy composites were determined using a 
Q800 dynamic mechanical thermal analyser 
(DMTA) from TA Instruments, UK. Rectangular 
samples with dimensions 60 x 10 x 3 mm3 were 
subjected to temperature sweeps from 30 to 200 oC 
at a heating rate of 2 oC/min in a dual-cantilever 
mode using a frequency of 1 Hz and an oscillation 
strain of 0.05%. 
 X-ray photoelectron spectroscopy (XPS) 
analyses were performed using a Theta Probe 
spectrometer (ThermoFisher Scientific; UK). The 
instrument was operated at a base pressure of 1 x 10-

9 mbar. XPS spectra were acquired using a MXR1 
monochromated Al Kα X-ray source (hυ = 1486.6 
eV). An X-ray spot of ~400 μm radius was 
employed. High resolution, core level C1s spectra 

were acquired using a pass energy of 20 eV. The GO 
sample spectra were charge-referenced against the 
C1s peak at 284.4 eV to correct for charging effects 
during acquisition. 
 Uniaxial tensile tests were conducted on 
the rGO/epoxy composites at room temperature 
using a universal tensile testing machine (5584; 
Instron, UK). Dumbbell specimens having a gauge 
length of 25 mm were used. A displacement rate of 
1 mm/min was adopted. The tensile properties were 
averaged from the results obtained from a minimum 
of five specimens. The strain was measured using a 
clip-on extensometer. 
 The thermal conductivities of the 
rGO/epoxy composites was determined from their 
thermal diffusivities measured by the laser-flash 
technique using an LFA-427 Nanoflash (Netzsch, 
Germany). Three shots each were made on 10 x 10 
mm2 samples which were 2 mm thick. A temperature 
range of 30 to 60 oC was used, at 10 oC intervals, 
with a laser voltage of 450 V and a pulse width of 
0.8 ms. The samples were coated with a thin layer of 
graphite prior to testing to increase absorption and 
transmission of the infrared radiation energy. 
 The morphology of the fracture surfaces of 
the composites was examined using a Leo 1525 
(Carl Zeiss, Germany) scanning electron microscope 
equipped with a field emission gun (FEG-SEM). An 
accelerating voltage of 5 kV was used, the samples 
being sputter-coated with a thin layer of chromium 
prior to examination. 

Results and discussion 
Fig. 1a shows the thermograms of the pristine GO 
and of the rGO reduced according to the temperature 
schedule adopted for curing the composites. In both 
thermograms, the weight loss at 100 oC, of 15% in 
the case of GO and 7% in the case of rGO, may be 
attributed to the evaporation of adsorbed water. A 
further 30% weight loss at 200 oC can be observed 
in the case of GO. This has been attributed to the 
thermal decomposition of oxygen-containing 
functional groups (OCFGs) on the surface of the 
GO. It has previously been shown that most of the 
OCFGs, which are attached to the basal aromatic 
plane of a GO sheet (i.e. hydroxyl and epoxy 
groups), can be removed by annealing at 200 oC [8], 
thus partially restoring the thermal, electrical and 
optical properties of graphene. 

Fig. 1b shows the C1s XPS spectra of GO 
and rGO, as well as the associated four-component 
fit which quantitatively represents the bonds 
between the carbon atoms on the GO and other 
moieties. A significant reduction in the OCFGs 
bonded to carbon atoms can be observed upon 
reduction of the GO to rGO, in agreement with the 



TGA results discussed above. These techniques 
clearly demonstrate the effectiveness of the GO 
reduction strategy adopted in this work for the 
preparation of the rGO/epoxy composites. 

 

 

Fig. 1. (a) Thermograms of GO and rGO in a 
nitrogen atmosphere with a heating rate of 5 oC/min; 
(b) XPS of GO before and after reduction showing a 
decrease in the concentrations of functional groups 
present after reduction to rGO. 

The morphologies of the fracture surfaces 
of the composites are shown in Fig. 2. Although the 
surface morphology of the neat epoxy (Fig. 2a) 
appears relatively smooth, those of the composites 
(Figs. 2b–e) exhibit increasing surface roughness 
with increasing rGO content.  
 

 

 

 

 

 
 
Fig. 2. Fracture surface morphology of rGO/epoxy 
composites examined by FEG-SEM. (a) Neat epoxy, 
(b) 0.1 wt%, (c) 0.5 wt%, (d) 1 wt%, (e) 2 wt% rGO. 

 
It can also be seen in Figs. 2b–e that the 

rGO appears to be evenly dispersed throughout the 
composite. This is to be expected due to the fact that 
the GO contains epoxy groups which would impart 
good compatibility with the DGEBA resin and 
improve dispersion during mixing. Furthermore, 
since significant reduction of the GO takes place at 
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200 oC, the epoxy matrix would have already gelled 
at this temperature, therefore preventing re-
agglomeration of any unattached rGO during 
reduction. 
 The thermo-mechanical properties of the 
in-situ thermally-reduced rGO/epoxy composites 
are shown in Fig. 3.  
 

 

 
Fig. 3. Thermo-mechanical properties of the 
rGO/epoxy composites. 
 

From Fig. 3a, the storage moduli of the 
composites at 35 oC can be seen to increase with 
increasing rGO content; rising from 2640 MPa for 
the neat epoxy polymer to 2990 MPa in the epoxy 
composite filled with 2 wt% rGO. The glass 
transition temperature of the composites, as shown 
in Fig. 3b, decrease with increasing rGO content, 
from 158.6 oC for the neat epoxy to 144.3 oC for the 
epoxy matrix in the composite with 2 wt% rGO (i.e. 
a decrease of nearly 15 oC). As discussed elsewhere 
[9], the increase in the storage modulus may be 
attributed to good interfacial adhesion between the 
rGO and the epoxy matrix due to the chemical 
interaction between the functional groups on the GO 
and epoxy during the in-situ reduction. This 
chemical interaction between the GO and epoxy 
may also lead to an increase in the molecular weight 

between crosslinks of the cured epoxy matrix. For 
this reason, the glass transition temperature may 
decrease as the rGO concentration increases. 
 Fig. 4 shows the thermal stability of the 
rGO/epoxy composites in air as measured by TGA. 
The thermal stabilities of the composites appear to 
decrease somewhat with increasing rGO content. 
This can be seen more clearly in Fig. 4b where the 
rate of thermal degradation of the composites at 
around 400 oC increases with increasing rGO 
content. Since the GO is only partially reduced in the 
composite, the oxygen content of the cured 
composite may therefore be expected to increase 
with increasing rGO content. This will lead to an 
increase in the rate of thermal degradation, as 
confirmed in Fig. 4b.  
 

 

 
Fig. 4. Thermogravimetric analysis of the 
rGO/epoxy composites. 
 
 Fig. 5a shows the tensile moduli of the 
composites. The moduli increase from 2900 ± 70 
MPa for the neat epoxy to 3290 ± 60 MPa for the 
2wt% rGO/epoxy composite. This increase in 
modulus may be ascribed to the relatively high 
modulus of the rGO filler and to the good interfacial 
adhesion between the rGO and the epoxy matrix. 
The good interfacial adhesion may arise from 
surface chemistry interactions, as well as from 
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mechanical interlocking of the wavy rGO sheets 
with the epoxy matrix. As Fig. 5b shows, the tensile 
strengths of the composites tend to decrease with 
increasing rGO content. The tensile strength 
decreases from 68.7 ± 10.6 MPa in the neat epoxy to 
44.1 ± 5.0 MPa in the composite with 2 wt% rGO. 
Such a decrease has been attributed to the change in 
molecular weight between crosslinks of the epoxy 
matrix, as mentioned above. Zaman et al. [10] 
obtained similar results with 4,4’-Methylene 
diphenyl diisocyanate (MDI)-functionalized 
graphene nanoplatelet (GNP)/epoxy composites. 
 

 

 
Fig. 5. Mechanical properties of the rGO/epoxy 
composites (a) Young’s modulus, (b) tensile 
strength. 

 Fig. 6 shows the thermal conductivities of 
the rGO/epoxy composites. The thermal 
conductivities tend to increase with increasing rGO 
content and also with increasing temperature, as 
expected. The maximum thermal conductivity 
recorded was 0.264 W/mK for the 2wt% rGO/epoxy 
composite at 60 oC. The corresponding thermal 
conductivity of the neat epoxy polymer is 0.190 
W/mK. At 30 oC, the corresponding values are 0.243 
W/mK and 0.179 W/mK for the 2 wt% rGO/epoxy 
composite and neat epoxy respectively (i.e. an 

increase of about 36%). The measured thermal 
conductivities exhibited by these composites are 
relatively high when compared to the value of 0.21 
W/mK reported in the literature for a GNP/epoxy 
composite [11]. This may be attributed to the 
excellent dispersion of the rGO in the epoxy 
resulting from the processing technique adopted in 
this work.   
 

 
Fig. 6. Thermal conductivities of neat epoxy and 
rGO/epoxy composites at different temperatures. 

Conclusions 
A facile, scalable and commercially-viable method 
has been developed to prepare polymeric composites 
of DGEBA epoxy resin with varying rGO content, 
having improved thermal conductivities. It consists 
of dispersing freeze-dried GO in a DGEBA epoxy 
resin using a three-roll mill and subsequently curing 
at a relatively high temperature with an anhydride 
curing agent, thereby both partially reducing the GO 
to rGO in-situ and curing the epoxy matrix. The 
rGO/epoxy composites so produced exhibit a good 
dispersion of rGO, as observed by electron 
microscopy, which ensures significant 
improvements in the thermal conductivity, storage 
modulus, and tensile modulus. Other properties are 
however slightly weakened such as the thermal 
stability, glass transition temperature, and tensile 
strength, probably due to remaining oxygen groups 
in the embedded rGO and higher molecular weights 
between crosslinks. These results, taken together, 
show that it is possible to tune the properties of an 
epoxy polymer with a simple and viable method of 
GO addition. 
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Abstract 
The aim of this work is to enhance lubrication with different amount of YSZ nanoparticles 
(size<200nm) and characterization of tribological properties of AISI 4140 steel material in the 
lubricating system. Synthesized YSZ nanoparticles are dispersed with different concentration (0.1%, 
0.5% and 1.0% wt.) in synthetic engine oil (SAE10W40) and tribological tests are conducted using 
ball-on-disc geometry. The coefficients of friction is decreased about 12.6% using of nanoparticles as 
an oil additive. 

1. Introduction 
Nanoparticles are used as additives in coatings or lubrication systems in order to prevent friction and 
wear of materials in industry. The new interest area of nanotribology shows that the lubricants with 
nanoparticles have novel property in tribology, such as wear resistance, low friction coefficient, and 
high load capacity [1][2]. ZrO2 is one of the nanoparticles used for tribological consideration such as 
coatings [3] and lubricant additives [4]. When zirconia doped with yttria, yttria-stabilized zirconia 
(YSZ) has good mechanical properties at high temperature and good chemical stability up to 1200 °C 
[5]. Y2O3 stabilized cubic zirconia is one of the key material for the development of high temperature 
zirconia ceramics as well as thermal barrier and wear resistant ceramic coatings. The objective of this 
study is to evaluate the effect of addition YSZ nanoparticles on the tribological properties of engine 
oil. 

2. Experimental Details 
Y2O3 (8% mole) stabilized ZrO2 (8YSZ) powders were synthesized via high energy milling (HEM) 
which have been processed for 24 h with 1200 rpm. After HEM, heat treatment was carried at 900 °C 
for 2 hours for stabilization. Specific surface area value of 8YSZ was measured by BET as 32,8 m2/g. 
SEM image and XRD profile of YSZ was given figure 1 and figure 2, respectively. 

The prepared YSZ nanoparticles were dispersed in engine oil (SAE10W40, with a density of 0.88 
g/cm3 and a viscosity of 97 cSt at 40 °C). Lubricant samples were prepared using mechanical stirring 
and an ultrasonic probe with four different amount of YSZ nanoparticles were varied from 0 to 1% by 
weight. 

 

 

 

 
Figure 1. SEM image of YSZ nanoparticles  Figure 2. XRD profile of YSZ nanoparticles 
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 The tribological properties of the lubrication with YSZ additives were evaluated using CSM ball-

on-disc tribometer (Figure 3). The balls (3 mm in diameter) used in our experiment were made of WC-
6% Co. The tribological tests were conducted at room temperature under a load of 10 N with a speed 
of 5 cm/s. AISI 4140 steel samples were austenitized at 860 ˚C for 1 h, quenched and tempered at 280 
˚C for 20 min. Hardness of the steel samples and the balls were 56.1 HRC and 91.5 HRA, 
respectively. The worn surfaces of the samples were examined with a scanning electron microscope 
(SEM, Zeiss Supra 50VP). 

3. Results and discussion 
Figure 4 shows the variation of friction coefficient as a function of sliding distance during the 
tribological tests. Lubrication oil with YSZ nanoparticles can form a protective layer between friction 
pairs. The friction coefficient was reduced with addition of the YSZ nanoparticles in amount of 0.1 
and 0.5 %. When the base oil and 1 wt. % addition YSZ with base oil were used, the coefficient of 
friction shows high value also shows fluctuation in the condition of base oil and 0.1 wt. % addition 
YSZ with base oil. It was considered that dry contact between steel and ball could not prevent in the 
low amounts of YSZ additive and the base oil conditions. During the tribological tests, steel and ball 
were in contact with their asperities of their surfaces. Thus, the sliding motion was prevent by 
asperities so the friction coefficient was increased. When higher concentration of YSZ is added into 
base oil, nanoparticles can pile up between friction pairs, so protective layer may blocked [6]. As the 
nanoparticles concentration was higher than optimum, the nanoparticles acted as a abrasive. Therefore, 
the friction coefficient was increased when 1 wt. % was added. For the suspension with 0.5 wt. % the 
best tribological behaviour was of YSZ exhibiting 12.6% of friction reduction. 

 

Figure 5 shows the surface morphologies of the wear tracks. The measured wear track wides were 
71.5, 72.3, 58.7 and 78.8 µm of base oil, 0.1 wt. %, 0.5 wt. % and 1 wt. %, respectively. The major 
reason for the increased wear track length in comparison to the base oil in 0.1 wt. %  is probably the 
lack of YSZ nanoparticles and discontinuity in the oil film. A possible reason of increasing the wear 
track length in the 1 wt. % concentration, nanoparticles accumulate around asperities and act like 
abrasive also prevent the protective oil film. As shown in figure 5 (a) the rubbed surface obtained in 
base oil is rough with many wide, parallel and deep grooves. Addition of 0.1 wt. % YSZ the wear 
track length and grooves were decreased according to base oil (Figure 5b). Addition of 0.5 wt. % YSZ 
significantly smoothed the wear track zone (Figure 5c). In contrast, when 1wt. % was added, the 
nanoparticles caused the many deep scratches on the surface also the wear track length was increased 
(Figure 5d). 
 

 

 

 
Figure 3. Figure illustrating the wear test 
device and the wear geometry 

 Figure 4. Coefficients of friction as functions of 
the sliding distance 



 
 
 
 
 
 

 
Figure 5. SEM images of worn surfaces of AISI 4140 steel using different lubricants: (a) base oil, (b) 
0.1%, (c) 0.5% and (d) 1%  YSZ additive 

4.  Conclusions 
The addition of YSZ nanoparticles to engine oil performed a difference in the coefficient of friction. 
The highest coefficient of friction value was obtained with 1 wt. % because of it was agglomerated 
and acted like abrasive. For 0.5 wt. % YSZ concentration of engine oil, friction coefficient and wear 
track length were reduced by 12.6 and 17.9%, respectively. This study suggests a promising 
application of YSZ as lubricant additives and represents a first step towards fundamental 
understanding of tribological properties of YSZ. 
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Abstract: Surface modification of titanium mimicking a nanoscale hierarchical structure was 
widely studied. Anodization is a method has been used to frabication titanium dioxide (TiO2) 
nanotube arrays on titanium surface in order to increase osteointegration. Using graphene 
oxide (GO) coating on biomaterial surfaces is a great potential for long-term use of 
orthopaedic implants due to its biocompatibility and antibacterial property. The aim of this 
study is to frabicate anodized titanium coated with graphene oxide (ATiGO) using anodization 
and electrodeposition of graphene oxide, respectively. Scanning electron microscopy (SEM) 
were used to investigate surface morphology. Their physiochemical properties were evaluated 
by energy-dispersive X-ray spectroscopy (EDX) and X-ray diffractrometer (XRD). 
Furthermore, cell proliferation of mouse osteoblastic cell line (MC3T3-E1) was investigated 
using MTT assay. The results from ATiGO, GO coated on titanium (TiGO), anodized titanium 
(ATi), and pure titanium (Ti) were compared and discussed. The results in the present study 
suggest that graphene oxide can promote osteoblast behaviors when compared with anodized 
titanium and pure titanium without GO coating. 

 

1. Introduction 

Currently, many people lost their lives or parts of body because disorders of bone [1]. The surgical 
intervention is only method for treating symptomatic. Artificial bone is chosen for replacement of 
bone diseased or damaged part. Titanium is one of the most popular light-weight metals used for 
orthopedic implant. Because their physical property and excellent biocompatibility [2]. Titanium can 
be resistant to corrosion due to their surface is protected by two to ten nm of titanium dioxide (TiO2) 
layer which spontaneously formed when exposing to oxygen in the air. Corrosion resistance of 
titanium can prevent its surface and its biocompatibility [3]. However, its thin oxide layer is unable to 
prevent corrosion for long-term implants that caused to a metal ion release. When titanium inserted 
into body for long-time replacement over than 5 years, the thin oxide layer is not enough for protecting 
a metal ion release. Therefore, a corrosion of titanium can lead to a failure of implants. A surface 
modification of titanium becomes necessary subject to reduce on [4].   

Anodization is alternative to modify titanium surface in order to increase its resistance corrosion 
property. This method can fabricate TiO2 nanotube arrays on its surface. In addition, process of 
anodization can be controlled the building of oxide thickness, crystal structure, and diameter of oxide 
nanotubes by manipulating electrochemical parameters [5]. S. Sirivisoot et al.[6] fabricated TiO2 



nanotube arrays via anodization in hydrofluoric acid solution as an electrolyte and 20 volts were 
applied for 15 minutes. As a result, TiO2 nanotube has 50-60 nm diameters and 200 nm lengths.  

A modification of surface titanium with coating as carbon-base materials has been interestied. For 
example, Mulltiwalled carbon nanotube, fullerol and graphene are carbon-base nanomaterials which 
have been widely used for biomaterial surface coating [7]. K. Brammer et al. [8] studied the effect of 
carbon-coated on titanium oxide nanotube (C-TiONT) to titanium oxide nanotube (TiONT). 
Anodizations were frabicated TiONT at 20 V for 30 minutes. 0.5% w/v hydrofluoric acid to acetic 
acid. Carbon film was deposited onto TiONT substrates from a pyrolytic graphite wafer (99.999% 
purity) in sputtering system. They found that both of TiONT and C-TiONT enhance osteoblasts 
growth over smooth Titanium. On the other hand, alkaline phosphatase activity on TiONT was higher 
than on C-TiONT. Moreover, they observed that mechenchyma stem cells on C-TiONT had higher 
amount of osteocalcin and osteoponin when compared to TiONT. Additionally, they indicated that 
surface chemistry of carbon coating did not have effect on adhesion, growth or morphology but had a 
major influence on osteogenic differentiation. Oh S. et al [9] studied the response of MC3T3-E1 
osteoblast cells on TiO2 nanotube array. They reported that significantly by 300–400% as compared to 
cell proliferation on unanodized titanium which is in micro-scale roughness. Nanoscaled structure 
gives larger surface area than micro-scaled structure leading to higher protein adsorptions and cell 
adhesion. They recommended that anodization could be useful as an excellent treatment of titanium 
surface for orthopedic applications [10]. 

Graphene is a single layer of graphite, two dimensional atomic sheets which compose carbon atoms 
arranged in a flat honeycomb structure. Graphene is biocompatible due to their physical and chemical 
properties [11]. Graphene oxide is produced by chemical oxidation of graphene. Its structure is similar 
to graphene but theirs having oxygen functional groups. Graphene oxide have a hydroxyl and epoxide 
on basal planes. Carboxyl and carbonyl functional groups are present on edges [12].Depan et al. [13] 
studied effect of GO to cell proliferation in chitosan polymer-base scaffolds. MC3T3-E1 mouse pre-
osteoblast cell line was used for cell proliferation evaluation. They reported that GO could success 
fully interpromoted osteoblast proliferation and gave an assumption that the negatively charge and 
hydrophilic (polar) of GO in this study, or carboxyl group, could be an important factor to promote a 
higher interaction between osteoblast cells and material. 

Graphene oxide is a popular material which is also used for surface modifications. An 
electrodeposition of graphene oxide on metal surfaces has been very popular among several 
techniques because of its easily controlable process and inexpensiveness [14]. A several authors were 
studied eletrodeposition of graphen oxide on titanuim surface for orthopedic applications. For 
example, M. Li et al [15] used MG63 human osteosarcoma cells and L929 fibroblast cells for 
evaluating the effect of graphene oxide and hyrdoxyapatite (GO/HA) coating by a electrodeposition on 
pure titanium surface. A both of L929 and MG63 cells have a healthy morphology on the GO/HA 
composite materials. The result can indicate that GO/HA coatings on pure titanium as a composite 
material has a possibility of using as implants for load-bearing hard tissue replacements. Y. 
Phacharoen et al.[16] studied antibacterial properties of a composite of graphene oxide and 
hydroxyapatite which were elctrodeposited on anodized titanium surface. As a result, graphene oxide 
and hydroxyapatite could reduce cell survival of bacteria. Morover, sharpe edges of graphene oxide 
can lead to damage cell membrane of bacteria. 



The surface modifications of titanium were performed by anodization of titanium and then 
electrodeposited of graphene oxide on its surface, and analysed. The aim of this study is study 
behaviors of mouse pre-osteoblast cell (MC3T3-E1) on difference surfaces of titanium: commercially 
pure titanium (Ti); anodized titanium (ATi); graphene oxide electrodeposied on pure titanium (TiGO) 
; and graphene oxide electrodeposied on anodized titanium (ATiGO).  

2. Materials and Methods 

2.1 Anodization of titanium 

The commercially titanium foils (99.2 % purity;  Alfa Aesar, USA) with 100 x100 mm and 0.025 mm 
of thickness were used in the present study. The samples were mechanically cut into size of 10 mm 
x10 mm. Then, the samples washed twice with acetone and cleaned in ultrasonic sonicator for 15 
minutes before use. The samples were etched for 10 second in acid solution (1.5wt% nitric acid: 1.5 
wt% hydrofluoric acid = 1:1) in order to remove oxide layer. Ti samples were used as anode, while 
platinum wire was used as cathode. The distance between anode and cathode was 10 mm. Electrolyte 
for anodization was 1.5wt% hydrofluoric acid solution (HF) and polyethylene beaker was used as 
electrolyte container. All solutions were prepared from reagent grade chemicals and deionized (DI) 
water. Anodization was carried out at 20 V using a DC power supply (APS-3005D ATTEN DC power 
supply digital, China) for 15 minutes. Electrolyte was stirred using a magnetic stirrer during 
anodization. After anodization, the samples were rinsed with DI water and dried in room temperature 
[6]. 

2.2 Electrodeposition of graphene oxide 

About 150 or 200 µg/ml of graphene oxide solution (GO) (Graphen Square Inc, South Korea) was 
used as an electrolyte. Isopropyl alcohol and DI water were used as a solvent. Titanium (Ti) or 
anodized titanium (ATi) were used as anode, while platinum was used as cathode. The 
electrodeposition of graphene oxide on samples was carried out at a constant potential of 10 V (APS-
3005D ATTEN DC power supply digital, China) for 10 minutes and electrolyte was stirred using a 
magnetic stirrer. After electrodeposition, the samples were dried in room temperature. The samples 
define as about 150 µg/ml graphene oxide electrodeposied on pure titanium (TiGO150) and anodized 
titanium (ATiGO150) and 200 µg/ml graphene oxide electrodeposied on pure titanium (TiGO200) and 
anodized titanium (ATiGO200) [16]. 

2.3 Characterization 

The surface morphology of sample was observed after gold coating by scanning electron microscopy 
(SEM-EDS, Bruker, USA). The diameters of TiO2 nanotube were analyzed using image analysis 
solfware (ImageJ version 1.32, Montgomery) In order to investigate the elemental composition of 
graphen oxide coating, the samples were investigated by an energy dispersive X-ray spectrometer 
(SEM-EDS, Bruker, USA). The phase of electrodepositing was evaluated by using X-ray diffraction 
(XRD, BRUKER AXS : D8DISCOVER, USA) at a scanning rate of 1º/min.  

2.4 Cell culture 



Mouse pre-osteoblasts ((MC3T3-E, population number = 13-15, MTEC, Thailand)) were cultured in 
alpha-modified minimal essential medium (alpha-MEM, Hyclone, USA) supplemented with 10 vol% 
fetal bovine serum (FBS, Gibco, USA), and 1 vol% penicillin/streptomycin (Invitrogen Corporation) 
at 37˚C in a humidified atmosphere of 5% CO2 in air. The culture media were replenished every 48 
hours.  

2.5. Cell seeding  

MC3T3-E1 cells were subcultured when 80-85% confluence through trypsinization (0.25% trypsin 
and 0.25 EDTA; Invitrogen Corporation). Cells were seeded onto the samples and plastic polystyrene 
as control at a density of 5x104 cells/cm2 into 24-well culture plates (Corning, USA).  

2.6 Cell proliferation assay 

After cultured for 1, 3 and 5 days, the culture media were removed and the samples were rinsed three 
times with 1x phosphate saline buffer. About 150  l of 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) working solution was added onto the cell-culture samples in 
order to allow the formations of  formazan crystals. Then, 24-well culture plates were incubated at 37º 
C in a humidified atmosphere of 5% CO2 in air for two hours. Then, 85 µl of MTT working solution 
were removed and using 50 µl of dimethyl sulfoxide (DMSO) for dissolve purple formazan crystals. 
About 100 µl of the mixed solution was tranfered to 96-well culture plates and incubated about 10 
minutes at 37º C. The absorbance of solution was analyzed at a wavelength of 540 nm using 
spectrophotometer (Synergy Mx Multi-mode Reader, USA). The percentages of viable cells were 
calculated as in a following equation [16]. 

Cell viability (%) = (Absorbance of solution incubated with samples /Absorbance of solution 
incubated with control) ×100% 

3. Results and discussion 

3.1 surface morphology 

Top sectional scanning electron microscope (SEM) images of the samples. Smooth surface of 
commercially pure titanium surface, Ti shown in figure 1(a). After anodization, TiO2 nanotubes were 
fabricated on titanium surface with 50 nm diameters, as shown in figure 1(b). Morover, a smooth 
surface of Ti became to a nano-porous surface of TiO2 nanotube arrays.  In present study, anodization 
was carried out S. Sirivisoot et al.[6]. They fabricated TiO2 nanotubes with 200 nm in a length and 50-
60 nm in a dimensional. Therefore, a length of TiO2 in present study is similar to period work. 



 

Figure1. Top sectional scanning electron microscope (SEM) images of: (a) commercially pure 
titanium, Ti; and anodized titanium, ATi (scale bar: 500nm). 

 After graphene oxide electrodeposition, SEM images show a thin layer of graphene covering on 
samples. About 150 µg/ml graphene oxide electrodeposied on Ti (TiGO150) and ATi (ATiGO150), 
shown in figure 2 (a) and 2 (b), respectively. About 200 µg/ml graphene oxide electrodeposied on Ti, 
(TiGO200) and ATi, (ATiGO200), shown in figure 2 (c) and 2(d), respectively 

 

Figure2. SEM images of: (a) TiGO150; (b) ATiGO150; (c) TiGO200; and (d) ATiGO200 (scale bar: 
500nm). 



SEM images use for physical analysis that show a surface morphology of samples. A necessary 
confirm a chemical characterize of Ti, ATi and GO electrodeposition. Energy dispersive X-ray (EDX) 
was used to chemical analysis.  

3.2 Energy dispersive X-ray (EDX) analysis 

The EDX analysis has shown the atomic of elements in each sample: Ti; ATi; TiGO150; ATiGO150; 
TiGO200 and ATiGO200, respectively. Oxygen component of ATi is significantly increasing when 
compare to Ti. On the other hand, titanium component of ATi is significantly decreasing when 
compare to Ti. The reasonable of TiO2 is fabricated by anodization. The fabrication of TiO2 

nanotube arrays in fluoride containing electrolyte is involve of two reactions. TiO2 layer 
occurs according to the oxidation of Ti by the following the equation (1). 

Ti + 2H2O  TiO2 +4H+ +4e-  (1) 
The pits formation of TiO2 by the following the reaction 

TiO2 + 4H6F-      [TiF6]2- + H2O  (2) 

The applied potential drives Ti4+ ion from Ti migrates to the electrolyte. Ti4+ is combines with 
fluoride ion (F-) to form a titanium hexafluoride complex ([TiF6]2-), which is stable in water.It 
believed the competition between the formations of TiO2 in equation (1) and the dissolution in 
equation (2), is leading to the anodized titanium dioxide nanotube arrays produced [17] 

Table1. , The carbon component of samples then electrodeposited with graphene oxide is 
approximately to 9.70%, 9.80% 17.00%, and 22.02% as TiGO150, ATiGO150, TiGO200, and 
ATiGO200, respectively. The elemental percentage of carbon is significantly increasing as the 
concentration of graphene oxide increased. Therefore, the elemental percentage of oxygen and 
titanium are significantly difference when compare with each samples; TiGO150; ATiGO150; 
TiGO20; and ATiGO200, respectively. To understand the reaction after electrodeposited of graphene 
oxide onto Ti and ATi surface. The X-ray diffraction (XRD) analysis is used for study structure of the 
crystal.  

Table1. EDX analysis, the elemental percentage of carbon (C), titanium (Ti), and oxygen (O) on TiGO150, ATiGO150, TiGO200, 
and ATiGO200.  Data analysis is mean ± standard deviation (N=3; n=1). Statistical analysis was used one-way ANOVA: *p < 
0.05 when compared O of Ti with ATi. **p < 0.05 when compared Ti of Ti with ATi. #p < 0.05 when compared C of each 
samples: TiGO150; ATiGO150; TiGO200; and ATiGO200. ##p < 0.05 when compared O of each samples: TiGO150; ATiGO150; TiGO200; 
and ATiGO200. +p < 0.05 when compared T of each samples: TiGO150; ATiGO150; TiGO200; and ATiGO200. 

 

Ti ATi          TiGO150        ATiGO150       TiGO200      ATiGO200 

Atom.{at%] Atom.[at.%]        Atom.[at.%]      Atom.[at.%]     Atom.[at.%]      Atom.[at.%] 

O Ti O Ti C O Ti C O Ti C O Ti C O Ti 
1 18.18 81.82 27.99 72.01 10.95 27.62 61.43 8.55 48.04 43.42 19.09 35.16 45.76 16.16 33.66 50.18 
2 17.24 82.76 32.56 67.44 11.23 36.16 52.61 10.02 45.2 44.78 14.29 21.99 63.73 23.61 25.24 51.15 

3 20.58 79.42 40.91 59.09 6.93 24.17 68.9 10.83 47.41 41.76 17.62 30.5 51.88 26.3 24.12 49.58 
MEAN 18.67* 81.33** 33.82* 66.18** 9.70# 29.32## 60.98+ 9.80# 46.88## 43.32+ 17.00# 29.22## 53.79+ 22.02# 27.67## 50.30+ 
SD 1.72 1.72 6.55 6.55 2.41 6.17 8.15 1.16 1.49 1.51 2.46 6.68 9.14 5.25 5.21 0.79 



3.3 X-ray diffraction (XRD) analysis 

 

Figure3. The XRD patterns of: TiGO150; ATiGO150; TiGO200; ATiGO200; and graphene 
oxide (GO). 

Graphene oxide was drop onto the ATi surface and dried in room temperature as uses for GO 
analysis. The sharp peak appears at 2 Theta = 10.16º as GO. On the other hand, XRD patterns 
of of: TiGO150; ATiGO150; TiGO200; and ATiGO200 absence the peak at 10-12º. 
Electrodeposition of graphene oxide leads to absence of peak at 2Theta approximately to 10-
12º. [14]. Graphene oxide is a plane structure of graphite. Grophene oxide have a many 
oxygen functional groups such as, carboxyl (C−OOH), hydroxyl (C−OH), and epoxy 
(C−O−C).After a potential was applied GO migrated to the positive electrode (anode). In 
electrodeposition process, oxidation occurs at the anode. Some oxygen functional groups of 
GO could be remove during this process. These oxygen-containing groups become covalently 
attached to its coating surfaces. For example, when GO reacted with anodized titanium that 
presence of TiO2, functional group on the GO surface such as, hydroxyl and carboxyl were 
removed. Then, some unpaired electrons bonded with the free electrons on the surface TiO2 to 
form a Ti–O–C structure [18]. 

 

 

 

 



3.4 Cell proliferation using the MTT assay 

 

Figure 4. Cell viability of MC3T3-E1 pre-osteoblast cells evaluated at day 1, 3, and 5of cultivation. . 
Data analysis is mean ± standard deviation (N=3; n=3). Statistical analysis was used one-way 
ANOVA : p < 0.05 

The MTT assay was used to determine the level of mitochondrial function of osteoblasts culturing on 
the surfaces of the Ti, ATi, TiGO150, ATiGO150, TiGO200, and ATiGO200. The percentages of cell 
viability after 1, 3 and 5 days of cultivation are showed in Figure 4. Ti had the lowest cell proliferation 
when compare with each samples of day 1, 3, and 5. Nanoscaled structure surface of ATi give a larger 
surface area than flat structure leading to higher protein adsorptions and cell adhesions [10]. 
Therefore, oxgen compononent of ATi is significant increase because TiO2 nanotube arrays were 
fabricated on Ti surface after anodization. An experiment showed significant higher of cell 
proliferation on ATiGO than TiGO substrates when compare to each samples at day 1, 3, and 5 of 
cultivation. Moreover, ATiGO200 had significant higher cell proliferation than ATiGO150. The 
elemental percentage of carbon is significantly increasing as the concentration of graphene oxide 
increased. The present of high carbon and oxygen elements are play a major role to promotes cell 
proliferation.  

4. Conclusions 

TiO2 nanotube arrays fabricated on Ti substrate by anodization process in hydrofluoric acid 
electrolyte and GO were successfully electrodeposited onto the samples. The EDX results 
indicate the presence of carbon element on the samples with confirmed GO electrodeposition. 
The XRD results indicate GO became to lose some oxygen functional group via 
electrodeposition process. Cell proliferation was tested by MTT assay. The results show that 



ATiGO had significantly difference higher promote pre-osteoblast cell when compare to 
TiGO as the same concentration of graphene oxide electrodeposited. The results show that 
graphene oxide coating onto TiO2 nanotube surface can promote cell proliperation of pre-
osteoblast cells. 
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Abstract : We report our last progress about the concept of collecting piezoelectric charges from vertical zinc oxide (ZnO) 
nanowires (NWs) for development of force-displacement sensor. Finite element (FE) modeling of NW pixels achievable 
through realistic microfabrication processes showed that piezopotential collection efficiencies of about 60% could be ob-
tained by proper design. ZnO seed-layer thickness is an important parameter. The presence of a gap between NWs and con-
tacting electrodes, which could be caused by process variability, was found to result in a sustainable 30 % drop in piezoelec-
tric signal. Heterogeneous integration issues were also addressed, with selective growth of ZnO NWs as part of the microfab-
rication process. Arrays of µm-long single NWs with diameters in the 150 nm range were obtained by the hydrothermal 
method on patterned substrates. These simulation and experimental results are providing useful guidelines for the design and 
integration of high resolution and high sensitivity NW-based force-displacement sensors. 
 
Keywords:  heterogeneous integration, nanowires, piezoelectricity, zinc oxide, sensor, simulation. 

 
1. Introduction  
One-dimensional nanostructures offer a large range 
of potential applications in nanoelectronic devices. 
For instance, ZnO piezoelectric nanowires are prom-
ising elements for chip functionality enhancement 
[1]. In this context we are working on the implemen-
tation of ZnO NW arrays (Fig. 1) for high sensitivity 
and high spatial resolution sensor applications [2]. 
This paper discusses some aspects of the heterogene-
ous integration of these NWs within conventionnal 
silicon technologies. 
The device exploits the piezoelectric polarization and 
the resulting change of the I-V characteristics of a 
semiconductive ZnO NW under bending. In order to 
integrate such a device, a certain number of issues 
must be addressed: (i) define a suitable NW-based 
“pixel” geometry based on the in-depth understand-
ing of pixel piezoelectric behaviour and on techno-
logical considerations, (ii) develop specific micro-
fabrication processes such as seed-layer growth and 
patterning and (iii) implement controlled NW growth 
on processed chips as part of the fabrication flow. 
On one hand, a simulation study of the full contacted 
pixel of Fig. 1 was carried out. With heterogeneous 
integration in view, we analyzed the piezo-response 
of one pixel as a function of ZnO seed-layer thick-
ness and of contact distance to the NW, in order to 
evaluate the influence of these parameters and ac-
count for process variability. On the other hand, the 
nature of the seed layer is another tunable parameter. 
Its impact on NW features (namely average diameter, 
length and tilt angle) was investigated experimental-
ly. Low temperature processes such as hydrothermal 
growth [3] are the only ones that enable chip post-
processing without damage to the underlying layers. 
Thus, this technique was used to grow ZnO NWs on 
different clean-room processed polycrystalline layers, 
both template-free and patterned into arrays.  

 
Figure 1: Schematic of the arrayed-NW sensor. Inset: one pixel 
constituted of an individually contacted vertical NW, with its two 
electrodes, a ZnO seed-layer (brown) and an Si substrate (blue). 
 
2. Simulation and experimental conditions 
A. Finite Element Model 

The unit-cell is composed of a 50-nm thick silicon 
substrate, a piezoelectric ZnO seed-layer of variable 
thickness, a single vertical piezoelectric ZnO NW 
(diameter DNW=50nm and length LNW=600nm) and 
two, 30 nm thick, gold electrodes placed at the NW 
base, where the piezopotential generated by NW 
bending is maximum. A clamped edge condition is 
imposed on the bottom surface of the silicon sub-
strate, and a lateral force of 80nN is applied at the 
free-end of the NW. Symmetrical contacts were con-
sidered. The electrode on the side where the force is 
applied is grounded, whereas the second one has a 
floating potential. Simulations were carried out using 
COMSOL multiphysics®. For the sake of simplicity, 
and because we were only concerned with general 
trends, we used linear mechanical parameters and 
bulk linear piezoelectric coefficients for ZnO. We 
assumed undoped ZnO with no free charges. The 
piezopotential attenuation, i.e. the ratio of the piezo-
potentials in the floating electrode and within the 
NW, was analyzed as a function of seed-layer thick-
ness (t) and contact to NW distance (d). 
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B. Nanowire growth 
ZnO NWs were synthesized by the hydrothermal 
method on different ZnO polycrystalline layers. The 
aqueous solution was prepared with zinc nitrate hex-
ahydrate Zn(NO3)2·6H2O and hexamethylene tetra-
mine (CH2)6N4 with an equimolar concentration of 
30 mM and 10 mM for template-free and patterned 
substrates, respectively. To promote the growth of 
nanowires of suitable dimensions, the solutions were 
heated at 90°C for 16 hours and 5 hours, respective-
ly. For patterned substrates, a triangular lattice of 
square holes (150 nm × 150 nm with variable spac-
ing) was defined by e-beam lithography and dry-
etched through a 100nm-thick SiNx layer deposited 
on top of the ZnO seed-layer  
 
3. Results and Discussion 
FEM simulations show that the bottom region of the 
NW is featuring the highest piezopotential (Fig. 2a). 
Potential inversion in this region is a known effect 
due to clamping [4], [5]. A parametric analysis of the 
seed-layer thickness (t) demonstrated that collection 
efficiency increases as seed-layer thickness decreas-
es. For a realistic thickness of 20 nm, i.e. a techno-
logically achievable thickness, and for perfect con-
tact between electrode and NW contact (d = 0 nm), 
piezopotential attenuation was about 60% (Fig. 2b). 
This value droped to 30% with a few nm gap be-
tween contact and NW, and remains quite stable for 
larger gaps, giving an order of magnitude of what 
can be expected accounting process variability. 
A choice of suitable seed layer of appropriate thick-
ness was then carried out among 13 different clean-
room processed ZnO layers. Deposition techniques 
included atomic layer deposition (ALD), chemical 
vapor deposition (CVD) and sputtering. The charac-
teristics of hydrothermally grown ZnO NWs on these 
layers showed that Gallium-doped ZnO layers depos-
ited at 450°C by CVD yielded low densities of  nan-
owires with targeted dimensions, with µm-long NWs 
of diameters 85 ± 23 nm and 165 ± 40 nm on tem-
plate-free and patterned substrates (through 150nm 
holes spaced by 750nm), respectively (Fig 3a and b). 
Next steps will include electrode deposition and the 
characterization of the NW-electrode contact.  
 
4. Conclusion and Perpectives 
The simulation results provided insight into device 
tolerance regarding process variability associated to 
microfabrication. Regarding heterogeneous integra-
tion, a silicon-technology-compatible NW growth 
process was implemented which yielded controlled-
density NW growth on pre-patterned chips, using a 
low-temperature process that prevents damage of the 
underlying layers. NW-electrode contacting remains 
to be validated but these primary results are very en-
couraging. 
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Figure 2: a) Simulated piezopotential profile within one pixel 
where points A and B show the maximum potential location 
within the NW and in the right electrode, respectively; and b) 
evolution of the piezopotential attenuation as a function of t (full 
line, d=0nm) and as function of d (dashed line, t=20nm). 

 
Figure 3: SEM cross-section views of vertical ZnO NWs on Gal-
lium-doped ZnO layers: a) template-free; and b) patterned. The 
insets are the corresponding top views. 
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Abstract: Antenna is used in many wireless communication devices, such as mobile phone and 
radar, as well as in medical devices, such as sensor or transmitter. In the present study, graphene was 
used as a patch material, of antenna because of mechanical, electrical and biocompatible properties. 
Thus, it is replaced the metallic patch-material in simulation. Titanium dioxide was used as a 
dielectric substrate because of it has light-weight, corrosion resistance and shape memory. The 
antenna was designed as microstrip with graphene as patch and titanium dioxide as dielectric 
substrate. The simulation results showed an early test of antenna size variation and various positions 
of feed point. The result of size variation showed that the width variation was more effective than 
length, moreover, better than a theoretical size obtained from a mathematical model. Each position 
of feed point gave an unique reflection coefficient of input and output electromagnetic signal wave. 

Keywords: Antenna, Biomedical Devices, Feed Point, Graphene, Size Variation, Microstrip, 
Titanium Dioxide. 

 

Introduction 

Wireless technology has been an important part of developments in communication, education, business, 
and biomedical device telemetry. Orthopaedic implantation is a medical treatment of bones by a use of 
medical devices such as plates and screws. For example, a shoulder endoprosthesis is composed of endplate, 
transmitter circuit, strain gauge, cables, circuit, power coil, and antenna [#]. Antenna is a receiving and 
transmitting electrical signal instrument [2] and can be modified to be specific for a source of signal or target 
[3]. In biomedical telemetry, it is used in implant surgery and real-time monitor of blood pressure and 
glucose [4]. It is classified into three types, including wired, slot and patch antennas. Each type has different 
physical and electrical characteristics. Wired antenna is a common antenna that always used in low 
frequency wave range and its radiation pattern is omni-directional [5]. Slot antenna is an antenna that has 
slots or holes on itself and is used in a high frequency wave range (such as cell phone base station). It has a 
radiation characteristic as bidirectional radiation pattern [6, 7]. Patch antenna can be found in mobile phone 
because it has a small size, low cost and light weight and used in a wide range of frequency from 100 MHZ 
to 100 GHZ. Its radiation characteristic is omnidirectional [8]. Patch antenna is more suitable to be used in 
orthopaedic medical devices than wire and slot antennas because of its versatile working range, and a smaller 
size when compared to wire and slot antennas. Moreover, Costa et al. reported that the round shape antenna 



had an absorbing cross section smaller than the edged shape antenna such as rectangular one [9]. Therefore, 
in the present study, a rectangular shape of graphene microstrip antenna was studied. Each patch antenna is 
composed of three components, including patch, dielectric substrate and ground plane. The patch part is 
used to radiate electromagnetic energy or signal. The dielectric substrate is the main mechanical and 
electrical characteristic of antenna. The ground plane is related to radiation pattern of antenna but it is not 
yet very important in the beginning of antenna design. The patch and dielectric substrate are fabricated from 
different materials. The materials for patch part should have a low resistance and high stability to 
environmental condition and chemical reaction, which is usually metallic materials such as copper and 
aluminum. The material for dielectric substrate should have a low relative dielectric constant in order to 
possess high efficiency in energy radiation of antenna [10]. However, the metallic material can cause a 
burden when its size is shrunk. Such antenna can lead to serious drawbacks, such as reductions of effective 
electron movement and resonance in high range frequency [11]. Therefore, metallic material is replaced by 
graphene in the present study, because graphene has a good electric conductivity and mechanical properties 
[12]. Moreover, graphene is a biocompatible material that do not cause harm in the human body and it can 
support and promote cell attachment and growth [13]. Graphene is an atomic-scale honeycomb shape of 
carbon atom that stronger than steel 100-300 times and has very high stiffness [12, 14, 15]. Titanium is 
widely used in orthopaedic implants. Titanium dioxide (TiO2) is an oxide of titanium, which is occurred 
upon a contact with air and water. TiO2 has a dielectric constant at 100 farad/meter [16] and is used in many 
applications including sensor and solar cell. Moreover, titanium has light weight, corrosion resistance, and 
shape memory effect when combined with other materials such as nickel [17]. Thus, the material for 
dielectric substrate of graphene microstrip antenna is TiO2. Furthermore, when graphene and TiO2 were 
combined together as the antenna, it could induce a lower resonance frequency from Terahertz to Gigahertz 
and was assured that the antenna is biocompatible with human healthy tissues [11]. In the present study, 
antenna performance in the term of reflection coefficient from mathematical model and simulation of 
graphene microstrip antenna was reported with various patch sizes (width and length) and positions of feed 
point on antenna.  

  

Theoretical Backgrounds 

First, the size of graphene microstrip antenna was designed with a theory calculation. The geometry of 
graphene antenna in the present study is a rectangular shape, because the previous study reported that the 
rectangular shape of antenna had better ability to absorb the electromagnetic radiation and can transform to 
the energy in the cross section of material better than the round shape [9], [18]. The mathematical model for 
a basic design of rectangular antennas is firstly introduced by Balanis [19]. The constant parameters used in 

the mathematical model include the dielectrical constant (!" ) which is 100 farad/meter, the speed of light 

(c) which is 3×10&m/s, the height of antenna (h) which is 2 mm, and the middle of frequency range ('() 
which is 2.5 GHz. The rectangular antenna dimensions were calculated for both patch and dielectric 
substrate. The mathematical model for each compartment is used to determine an appropriate size of that 
compartment, which is width and length. First, the width and length of graphene patch were calculated. 
Then, width and length of dielectric substrate were determined. The first equation used to calculate the width 
of graphene patch is shown in Equation (1).  
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 In Equation (1), the parameter ()*), which is the width of patch, can be calculated by substituting 

all constants (c, '( and !"). Then, )* was found to be 8.4 mm. The next mathematic equation uses the value 
of )* to calculate the length of patch, as shown in Equation (2). 
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 The effective length of patch (56..) in Equation (2) can be further calculated and is also used to 
calculate the real length of patch (Lp) in Equation (4). The efficiency value of dielectric constant (!6..) can 
be calculated from Equation (3). 
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 The height of antenna (h) is assigned to be 2 mm in the present study. From Equation (1), the width 
of patch ()*) is known. The value of !6.. was found to be 75.704. Then, !6.. was replaced in Equation (2), 
therefore, it became Equation (4). 
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 When c and '( were replaced in Equation (4), Lp was found to be 6.9 mm. Next, the most effective 
length or the real patch length (Lp) is calculated, as shown in Equation (5). 

5* = 	5F'' − 2∆5 

 In Equation (5), ∆5 is an extension length of patch antenna that can affect to the effective 
length of patch (56..). The extension length (∆5) can be calculated from Equation (6). 

∆5 = 0.412ℎ
91KLL:D.M (OP:D.-QE)

91KLL=D.-QE (OP:D.&)
 

  The values of Wp from Equation (1) and !6.. from Equation (3) were substituted in Equation (6). 
The ∆5 was found to be 0.742 mm, and then replaced in Equation (5) to find the Lp, as shown in Equation 
(7). 

5* = 	5F'' − 2(0.742) 

The Lp was found to be 5.417 mm. Thus, the size of patch part was 8.4 mm in width and 5.414 mm 
in length from the theoretically mathematical model.  

 At this point, the dimension of patch part is completed. The next part is the dimension of dielectric 
substrate. The mathematical equations to calculate the width and length of dielectric substrate are shown in 
Equations (8) and (9). 

(1) 

(2) 

(3) 

(4) 

(6) 

(7) 



)TU = 6ℎ + Wp 

5TU = 6ℎ + 56..  

 The Equation (8) is used to find the width of dielectric substrate by substituting the previously 
calculated parameters from the patch design. Since h was set as 2 mm in the present study and Wp was found 
to be 8.4 mm, the value of Wsd was found to be 20.4 mm from Equation (8). And the equation (9) is same as 
equation (8) but use to find the length of dielectric substrate, the value of Lsd was found to be 18.9 mm. 

 After deriving parameters from Equations (1)-(9), the dimensions of patch antenna and dielectric 
substrate were summarized in Figure (1). Then, this theoretical geometry of the graphene microstrip antenna 
was used further in software simulation to determine the reflection coefficient of input and output signal 
wave. 

 

Figure (1). A diagram represents the theoretically-calculated dimension of graphene microstrip antenna. (A) 
The top view of microstrip shows the inner rectangle, which is the patch part (width=8.4 mm and 
length=5.417 mm), and the outer rectangle, which is the dielectric substrate. (B) The side view of microstrip 
shows the dielectric substrate (width=20.4 mm, length=18.89 mm, and height=2 mm). 

 

Simulation Result 

The present study used an EMCoS Antenna VLab software (EMCoS Ltd., Tbilisi, Georgia) for a 
mathematical simulation of graphene microstrip antenna on titanium dioxide substrate. A three-dimensional 
antenna is shown in Figure (1) with its theoretically calculated width and length. The antenna in Figure (1) 
was used as a beginning model in software simulation of antenna performance. The interested parameter in 
the present study is a reflection coefficient of input and output signal wave, or S11. The simulated result of 
theoretically designed antenna is shown in Figure (2).  

(8) 

(9) 
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)	

b
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Figure (2). Reflection coefficients (S11) of theoretically-designed graphene antenna in a frequency range of 
2.4-2.6 GHz. The values of S11 are between -1.1175 × 10-1 dB and -1.130 × 10-1 dB. 

 Therefore, the next step is to vary width and length of graphene patch to find the appropriate value 
of S11 to be close to -10dB. The values of width and length were varied in simulation software. The simulated 
results from length and width variation are showed in Figures (3A) and (3B), respectively. The Figure (3A) 
shows the result from the simulation of length variation, when the theoretical length (L) is 5.417 mm and 
the range of variation is between 4.417 mm and 11.717 mm. The result suggests that the length of patch at 
10.417 mm (dot line at the bottom of the figure) has the most approached value to -10 dB. At L=10.417 mm, 
S11 is between -1.543×10-1 dB and -1.554×10-1 dB. The length of patch at 5.417 mm, which is the theoretical 
value, has the most distant value to -10 dB. At the theoretical length,  S11 is between -0.013×10-1 dB and -
0.016×10-1 dB. The Figure (3B) shows the result from the simulation of width variation, when the theoretical 
width (W) is 8.4 mm and the range of variation is between 7.4 mm and 13.0 mm. At the width of 9.6 mm 
(cross line at the bottom of the figure), the most approached value to -10 dB is found and S11 is between -
1.622×10-1 dB and -1.653×10-1 dB. The width that has the most distant value of S11 from -10 dB is at 10 
mm (dot line at the top of the figure), which has S11 between -0.013 × 10-1 dB and -0.016 × 10-1 dB. 

From the Figure (3), the results suggest that the width and length variation of graphene patch has a 
direct effect to the reflection coefficients (S11) and antenna performance. The width that has the most 
approached value of S11 to -10 dB is at W=9.6 mm and the most distant value of S11 is at 8.2 mm. The S11 

values were varied from 0 dB to -1.653 × 10-1dB. The results of S11 from the length variation were close to 
each other at -1.2 × 10-1 dB to -1.6 × 10-1 dB. The mathematical simulation of the graphene patch was also 
performed when changing the location of feed point on the antenna. Feed point is where the components of 
antenna feed the electromagnetic waves to antenna [20]. The results showed that the location of feed point 
also affected to the reflection coefficients (S11). The simulation result of S11 with various feed point positions 
of designed antenna (Figure (1)) is shown in the Figure (4). 

From the Figure (4), the feed point that has the most approached value of S11 to -10 dB was at the 
point ‘h’, which has the position of x=0.0042, y=0.0027, and z=0.002. The result of S11 at the point ‘h’ is 
between -7.00 × 10-4 dB and -8.00 × 10-4 dB. Although at the ‘h’ position S11 is the most approached to -10 
dB, this simulation was tested after the width and length variation to observe the effect of position of feed 
point to the antenna efficiency. 



 

 

Figure (3). Reflection coefficients (S11) of graphene microstrip antenna in a frequency range of 2.4-2.6 GHz: 
(A) length variation; and (B) width variation from the theoretical value  

 

Figure (4). A diagram shows various positions of feed point on the antenna that used in mathematical 
simulation. The results of reflection coefficient (S11) for each feed point are: a) -3.30 × 10-4 dB to -4.00 × 
10-4 dB; b) -5.50 × 10-4 dB to -6.40 × × 10-4 dB; c) -2.95 × 10-4 dB to -3.40 × × 10-4 dB; d) 0 dB; e) 0 dB; f) 0 

dB; g) -2.70 × 10-4 dB to -3.20 × 10-4 dB; h) -7.00 × 10-4 dB to -8.00 × 10-4 dB; i) -3.30 × 10-4 dB to -3.90 × 



10-4 dB; j) -2.80 × 10-4 dB to -3.30 × 10-4 dB; k) -1.90 × 10-4 dB to -2.25 × 10-4 dB; l) -2.40 × 10-4 dB to -2.90 

× 10-4 dB; and m) -2.40 × 10-4 dB to -2.90 × 10-4 dB. 

 

Discussion 

The width and length variation of the patch part had a strong effect on graphene antenna radiation in term 
of reflection coefficient (S11). The result of S11 suggested that the width variation was stronger effect to the 
antenna than the length variation. The results of S11 from the width variation were between 0 dB to -0.165 
dB. The value of S11 was close to -10 dB the most at the width of 9.6 mm (S11=-0162 dB to -0.165 dB), 
whereas, at the width of 10.0 mm the value of S11 was between -0.001 dB and -0.002 dB. For the length 
variation, the results of S11 were mostly close to each other from -0.120 dB to -0.160 dB. At the length of 
10.417 mm, the value of S11 was between -0.154 dB and -0.155 dB, which was close to -10 dB the most 
among other lengths. However, the best value of S11 from the length variation was less than the best value 
of S11 from the width variation. The highest value of S11 (-0.011 dB) at the L=5.417 mm (the theoretical 
length). The results suggested that effect of the length variation to the graphene antenna radiation was less 
than the width variation. In a previous study of copper microstrip antenna used for medical devices which 
works in frequency ranges of 2-2.8 GHz and 5.3-6 GHz, the S11 was less than -10 dB [21]. It is probably 
because the size of that antenna is much larger than our antenna. Moreover, graphene patch has different 
electrical property and could affect the S11 rather than using the copper patch.  

 

Conclusion 

The theoretical design of microstrip did not give an appropriate result of return loss. Size variation of antenna 
was simulated and showed better results than the theoretical one. The width variation had a most approached 
result of S11 (reflection coefficient of input and output signal wave) to -10 dB when compared to the length 
variation. The length variation showed the similar results of S11 which suggested that the microstrip was 
stable to the length variation more than the width variation. The result in the present study is different from 
the previous study which reported that the graphene antenna was sensitive when changed the size of length 
[9]. It is also probably because the define of direction dimension is different in each work. Each position of 
feed point gave an unique result of return loss. In the future work, we will find an appropriate way to 
optimize the microstrip to exhibit the return loss at -10 dB and will observe simulated radiation 
characteristics of the microstrip in the human body. The work in optimizing the size antenna to exhibit the 
better return loss (close to -10 dB), and test the new design of antenna to compare with the theoretical design 
is still in progress.  
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Abstract 

The photovoltaic activity in the poly(3-hexylthiophene) (P3HT) and non-toxic CuInS2 (CIS) 

quantum dot (QD) composite films has been studied. The photoluminescence (PL) spectrum 

of the P3HT is found to be strongly influenced by the presence of CIS molecules. Their 

presence quenches the PL emission from polymer, which is an evidence of the charge transfer 

from P3HT to CIS QDs. The electrical characterization also showed that CIS doping induces 

a major enhancement in the J-V characteristics at illumination. The power conversion 

efficiency of the solar structure containing 50 % w/w content of CIS is observed to be ~ 0.39 

%, which is about an order of magnitude higher as compared with that of pristine P3HT 

device. 

 

Keywords: Conducting polymer, non toxic quantum dots, photovoltaic applications, thin 
films. 

 

I. INTRODUCTION 

I-III-VI2 ternary compound non-toxic quantum dots (QDs) have recently attracted the 

scientific community for their application in various fields of nano-electronics [1-3]. Their 

non-toxic nature in conjunction with semiconductor like electrical and optical properties has 

been the driving force behind this [4]. Although, the technology for II-VI compound 

semiconductor QDs has already progressed but their commercialization in various regions of 
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the world has been banned. This is due to the presence of toxic heavy metals such as Cd, Pb, 

Te, Se, As etc. in their composition, which pollutes the environment. 

CuInS2 (CIS) is the most extensively studied form among various I-III-VI2 ternary 

compositions. It has a small direct band gap of 1.5 eV, high absorption coefficient (>105 cm-

1), high photoconductivity and long term electronic stability [5-7]. The Bohr exciton radius 

for CIS QDs is ~4 nm hence nanopaticles having size less than ~ 8 nm can show quantum 

confinement effects [1]. In the present work, we have developed a composite of CuInS2 QDs 

with the conjugated polymer poly(3-hexylthiophene) (P3HT) and studied its photovoltaic 

response. Polymer matrix is chosen because of its well established processing technology. 

Also, the cost of energy conversion in polymer based devices is much lower as compared to 

that in inorganic semiconductor based devices. The novelty of introducing QDs into the 

polymer matrix is that the exciting properties of QDs can be exploited by a simple and 

economic spin cast technique. Polymers, also act as a capping agent that passivate the surface 

states of QDs leading to reduction in their coagulation [8, 9]. 

 

II. EXPERIMENTAL DETAILS 

The conducting polymers, P3HT and poly(3,4-ethylenedioxythiophene):poly 

(styrenesulfonate) (PEDOT:PSS) were commercially procured from Sigma Aldrich, USA. 

The CIS QDs were synthesized in the lab itself using indium acetate (In(OAc)3), copper 

iodide (CuI) and 1-dodecanethiol (1-DDT) by solvothermal route as explained in our earlier 

communication [10]. The so formed CIS QDs were dispersed in a P3HT solution, already 

dissolved in toluene 10 mg/ml. Two different P3HT:CIS composite solutions were made 

keeping concentration of CIS as 25 and 50 % w/w. These composite solutions were then 

homogenised by ultrasonication for ~30 minutes and their PL spectra were recorded using 

Shimadzu UV-VIS spectrofluorophotometer (Model RF 5310PC). For SEM measurements 
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the composite film was coated on a glass substrate and the imaging was done using Zeiss 

EVO MA 15. Finally, the solar cell structure ITO/PEDOT:PSS/composite/Al was fabricated 

[11] and its dark and illuminated J-V characteristics were measured using Keithley 

Sourcemeter 2400 under NEWPORT-MD69907with an irradiance of 100 mW/cm2. 

 

III. RESULTS AND DISCUSSIONS 

Fig. 1 shows a typical SEM image of P3HT:CIS composite film. It can be observed that QDs 

are homogeneously distributed in the polymer matrix, which is utmost required for the 

dissociation of photogenerated excitons throughout the film. The average size of the QD 

clusters is observed to be ~ 40 nm.  

 

Fig. 1: A typical SEM image of P3HT:CIS (50 % w/w) composite film. 

 

The PL spectra of P3HT:CIS composite with different CIS concentrations are shown in Fig. 

2. A very high PL emission is observed from pristine P3HT, which is an evidence of the 

formation of excitons in the polymer. The so generated excitons have tendency to relax to 

ground state within a timescale of a few femto seconds. This is undesirable because if all of 

the excitons decay then there will be no charge carriers for the flow of current in the 

photovoltaic device. These excitons, therefore, have to be dissociated into free charge carriers 
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before they can decay to emit PL. The PL spectra also ensures that CIS QDs, due to their low 

lying LUMO level and high electron affinity, have capability to dissociate the photogenerated 

excitons in the closely lying polymer chains. The intensity of PL emission due to polymer is 

found to decrease as the content of CIS increases in the composite. At 50 % doping content 

the emission from P3HT is almost completely quenched. However, an additional peak at 670 

nm in PL spectrum of the composite film is also observed. This is due to the radiative decay 

of excitons, which are either transferred from polymer or generated in the QDs itself. The 

intensity of PL emission at 670 nm is also observed to increase as the concentration of CIS 

increases from 25 to 50 % w/w.. The suppression of PL due to P3HT and enhancement in PL 

emission of CIS with increasing CIS concentration is a strong evidence of intermolecular 

coupling between the two species, leading to efficient charge transfer from former to later. 

 

 

Fig. 2: Effect of CIS QDs on the PL spectrum of P3HT polymer. 

 

The dark and illuminated J-V characteristics of the solar cell structures are shown in Fig. 3. It 

is observed that under illumination there is a down ward shift in the J-V curve of both the 

cells. The down ward shift is an evidence of the generation and flow of free charge carriers in 

the solar cell structure. The larger will be the current flow more will be the shift. 
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Fig. 3: J-V characteristics of P3HT and P3HT:CIS solar cells. 

 

The inclusion of CIS QDs at 50 % w/w concentration induces a larger down ward shift as 

compared with that of pristine P3HT device. This is due to the fact that CIS QDs owing to 

their high electron affinity are able to dissociate the photogenerated excitons in the polymer 

chains, which increases the number of charge carriers in the photoactive film. The free 

electrons, so generated, are dragged by the QDs and are transferred to the cathode via 

hopping. The photo conversion efficiency of pristine P3HT cell was calculated to be 0.03 % 

and for P3HT:CIS cell (at 50 % w/w concentration) the value is 0.39 %. This enhancement, 

although, is not substantial for commercialization of this structure but it can be further 

improved by controlling other fabrication parameters that control the device efficiency. These 

are donor to acceptor ratio, annealing temperature, choice of solvent, morphology and film 

thickness. Apart from this, the presence of numerous defects in the CIS QDs also limit the 

device performance. It may also be noted that the PL emission at 670 nm is due to decay of 

excitons in QDs, which is again undesirable in the interest of developing high efficiency 
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device. This problem can be resolved by doping P3HT:CIS composite films with carbon 

materials like carbon nanotubes and graphene. These nanofillers have high electron affinity 

and large surface area by which, they are able to dissociate almost all the excitons generated 

in their vicinity [11]. They also have tendency to develop highly conducting interconnected 

percolation pathways in the polymer matrix which enhances the charge transport towards the 

electrodes. 

 

IV. CONCLUSIONS 

It can be concluded that addition of CIS QDs in the P3HT enhances the dissociation of 

excitons into free charge carriers. The photo conversion efficiency of P3HT:CIS composite 

cell is found to be ~ 0.39 %, which is more than about an order of magnitude as compared 

with that of pristine P3HT cells. 
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Introduction 
 
It is important to develop the high-precision 

computerized methods for medical rapid diagnostic 
which is generalizing the unique clinical experience 
obtained in the past decade as specialized solutions 
for diagnostic problems of control of specific 
diseases and, potentially, for a wide health 
monitoring of virtually healthy population, identify 
the reserves of human health and take the actions to 
prevent of these reserves depletion. Problem-solving 
of the complex and mass rapid diagnosis is, on the 
one hand, the creation of multi-function, multi-
parameter stationary systems, and on the other one, 
in the field of mobile medicine, i.e. in the creation of 
mobile diagnostic units, through which the patients 
take the information about their health and then send 
to the diagnostic center through the Internet or the 
telephone network [1].  

Diagnostic methods based on the analysis of 
biological liquid drying spot (pattern, facies) have all 
these advantages. Applications and techniques of 
dried blood spot (DBS) sampling (DBS-based 
polymerase chain reaction technologies, LC-MS/MS 
methods for quantitative analysis of small molecules, 
digital microfluidics platform for DBS diagnostics, 
etc) are reviewing in Ref. [2].   

In addition, by today there has been accumulated 
a large amount of actual data on specific features of 
structure formation of different bio-liquids of human 
body in the normal state and during the pathological 
state development. A study of mechanisms for bio-
liquids’ structure formation by a method of optical 
microscopy is of specific interest [3-7].   Dry pattern 
(facies, spot) is formed by evaporation of small drop 
of the biological liquid on a flat substrate. Such a 
pattern can be used for the diagnosis of various 
diseases.  

 
Materials and Methods 
We demonstrate some capabilities of the hard-

ware-software complex Morfo in the field of solving 
the diagnostics problems of the human body in nor-

mal state, and when pathology states are being de-
veloped (Fig.1) [5,6].  

 

 
 
Figure 1: Blood serum facies: a – norm; b – pa-

thology. 
 
Formation of cracks and concretions occurs in the 

process of bio-liquid dehydration. Due to a complex 
component composition this process occurs phase-
by-phase accompanied by formation of solid phase 
concentration zones, which are formed through cor-
responding bio-liquid components with definite 
physicochemical parameters. After evaporation of 
free water, a bio-liquid drop fully goes over into a 
solid phase and forms a facies. As a result of bound 
water evaporation being continued, in the facies 
structure there are developed rather powerful pro-
cesses of stretching and compression of material, 
also due to protein molecules’ coagulation, what 
causes the facies cracking and structural elements 
formation – cracks. Concretions are formed as a re-
sult of homogeneous substance accumulation in dif-
ferent facies zones, as a rule, surrounded by cracks. 

In the course of experimental and clinical studies 
it has been shown that cracks and concretions pos-
sess a well-defined interrelation with definite physio-
logical and pathological states of the human body [8-
10]. Therefore the study of quantitative characteris-
tics of cracks and concretions (a form, distribution 
homogeneity over the facies area, a size, a number 
and et al.) provides information on the microstructur-
al facies inhomogeneity. 

 



 

 

 
Figire 2: a - ASM image of inkjet droplet pattern 

which consists of monodisperse colloidal particles. b 
–DPD numerically modeling pattern.  The calcula-
tion visualization was performed via VMD 1.8. 

 
Also we are elaborating the useful software com-

plex to predictive modeling of setup, spreading, 
evaporation of liquid droplet of inkjet size, as well as 
self-assembly of solvated monodisperse nanoparti-
cles from the drop during evaporation (Fig. 2), [7]. 
The most difficult case for modeling is a drop of bio-
logical liquid (such as blood serum, tear, saliva et al.) 
which consists of many different components of so-
lution and forms the complex dry pattern onto sub-
strate as a final stage of solvent evaporation process.  

 

 
Figure 3: Running status and perspectives in 

modelling by dissipative particle dynamics (DPD)  
 
 
The modern computer methods are not yet able to 

model such a system in details.  Our current investi-
gations suppose further development of DPD  meth-
ods to describing the formation of the dry pattern 
(Fig.3) and search for new interpretation of this pro-
cess and pattern diagnostics optimization. 

 
Conclusion 
A possibility for employing the complex’s soft-

ware for processing of bio-liquid images and specify-
ing the most informative quantitative criteria is 
shown. The complex’s application has allowed ob-
taining of interesting results not only in biomedical 
applications, but also acquisition of interesting data 
on the processes of facies structure formation.  Theo-
retical interpretation and computer modeling of such 

a system is an actual problem of modern science and 
technologies. 
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Abstract. In a technological eco-friendly society the use of cellulosic wood pulp for 
papermaking needs is rapidly declining. The use of wood pulps towards the development of 
valuable composite biomaterials is a challenging goal and an alternative to papermaking 
applications. The mechanical defibrillation of cellulose fibers to nanoscale dimensions (5-10 
nm) to produce nanofibrillated cellulose (NFC) offers an alternative route to drain the excess in 
pulp production and an attractive option to the development of innovative smart biomaterials. 
Currently, the development of NC-based raw materials is limited by the high production costs 
and the full potential of these materials in food, paper, biotechnological industries is still being 
explored. In this study, and benefiting from the strategic partnership between industry and 
academia, we describe the production of CMC nanocellulose suspensions and the properties of 
these raw materials for the development of controlled release systems in air-water interfaces. 

1.  Introduction 
Cellulose is the most abundant polysaccharide and widespread biopolymer in nature. For this reason, 
cellulose is an attractive source for the manufacture of sustainable bio-based materials. Alternatives to 
the use of cellulosic pulp are emerging, particularly in the form of nanocellulose (NC) obtained by 
mechanical defibrillation of pulp. NC are produced as aqueous suspensions of nanometric cellulose 
fibrils (5-20 nm diameters) with market expectations estimating that given the current range of 
potential applications the production of NC could reach 35million tonnes/year by 2020 [1]. At present, 
the high NC production costs are delaying the full portrayal of potential applications.  
Chemical and enzymatic pre-treatments performed to wood pulp facilitate the mechanical 
defibrillation process modification, reducing the energy input during mechanical defibrillation and 
costs associated. Enzymatically and chemically TEMPO-oxidized NC’s are commercially available, 
though the yield of nanofibrils in suspension is poor. Other cellulose derivatives such as 
carboxymethyl groups (CMC) have been attempted though the effect of degree of substitution on the 



 
 
 
 
 
 

NC suspensions and film properties is not fully characterized. So, the mechanical and water retention 
properties, the biocompatibility of commercial CMC are promising characteristics to use CMC as a 
support of biomolecules though the high degrees of substitution (DS) ranging between 0.5-1.2 and 
high density of anionic charged groups have a deleterious impact on the stability of the incorporated 
biomolecules [2] and even affecting the release behavior of incorporated drug [3]. 

In this study, we describe the modification of cellulosic pulp with low DS for the production of 
nanocellulose suspensions. The results obtained of differently modified carboxymethyl-NC are 
discussed and enable to evaluate the effect of degree of substitution on the properties of NC 
suspensions and NC films as potential eco-sustainable materials for the controlled release of bioactive 
components in air-water interfaces. 

2.  Experimental methods 
Characterized E. globulus wood pulp was chemically modified with different degrees of 
carboxymethyl groups. Modified and unmodified wood pulps were submitted to mechanical 
defibrillation for the production of nanocellulose (NC) suspensions. NC suspensions and films 
produced were characterized for their chemical, physical, optical, barrier and mechanical properties. 
The conditions used are described below. 

2.1.  Wood pulp sample 
E. globulus bleached kraft cellulosic pulp with 65q SR value composed of 5 mol% of xylans and 
cristalinity index of (CrI) of 77 was used throughout this study for chemical modification and 
nanocellulose production. 

2.2.  Functionalization of wood pulp and chemical characterization 
Modification of bleached kraft E. globulus pulp was performed under alkali conditions (20% (w/v)) by 
reaction with sodium chloroacetate (0.04moles) at 65qC for 4 hours with constant stirring. Presence of 
carboxymethyl groups was confirmed by FTIR analyses carried out on a Perkin Elmer spectrometer 
under controlled moisture (35% RH) and temperature conditions (23qC). Spectral absorbance of 5 
replicates for each sample was acquired at 2cm-1 spectral resolution in the 600-4000cm-1 frequency 
range. Absorption spectra were baseline corrected, smoothed using a Savitzky-Golay filter using Opus 
software (Bruker Optics). Quantification of carboxymethyl groups was done by solid state 13C NMR 
analyses on a Bruker Avance 400MHz (magnetic field 9.4T) operating at frequencies of 100.61 MHz 
using a 4mm Bruker double resonance probe using the ratio of signals of carboxylic substitution (at 
177ppm) and C-1 signal (at 105ppm) in the cross-polarization magic angle spinning (CPMAS) 
experiments as described elsewhere [4]. Acquisition parameters were as follows: contact time of 2ms, 
recovery delay of 4s accumulated for 7000scans.  

2.3.  Production of nanocellulose by ultra-homogenization 
E. globulus pulp and modified pulp were prepared at 3% consistency and submitted to ultra-
homogenization (GEA Panther NS3006L) in 8 passes, namely 1@500bar, 1@750bar, 1@1000bar, and 
5@1500bar.  

2.4.  Characterisation of nanocellulose suspensions 
Relative humidity and solids of nanocellulosic suspensions were determined by gravimetry. 
Qualitative evaluation of NC suspensions was done by spectrophotometric measurements 
(transmittance) in the range 200-800nm as described elsewhere [5]. 

2.4.1.  Viscosity measurements. Dynamic viscosity measurements were done on NC suspensions using 
CED solution in accordance to ISO 5351 (2009) using a glass viscosimeter at constant temperature 
(25qC).  
 



 
 
 
 
 
 

2.4.2.  Electrochemical properties. Electrochemical impedance spectroscopy (EIS) was used to 
evaluate the protective performance of nanocellulose additives against corrosion of 2024 aluminium 
alloys in saline solutions (in a 5 mM NaCl aqueous solution). Aluminium alloy 2024-T3 with the 
following composition was used: Cu 3.8-4.9 %, Mg 1.2-1.8 %, Mn 0.3-0.9 %, Fe 0.5 %, Si 0.5 %, Zn 
0.25%, Ti 0.15 %, Cr 0.1 %, other 0.15 %, balance Al. All the alloy panels were chemically etched 
prior to coating applications by a two-step cleaning procedure described previously [6]. 
Electrochemical impedance spectroscopy (EIS) measurements were carried out with a Gamry FAS2 
Femtostat coupled with a PCI4 controller at open circuit potential with an applied 10 mV sinusoidal 
perturbation in the 100 kHz to 10 mHz frequency range, taking 7 points per decade. For this purpose, a 
conventional three-electrode cell was used, composed of a saturated calomel reference electrode, a 
platinum foil as the counter electrode, and AA2024 substrates as the working electrodes, with a 
surface area of 3.3 cm2.  

2.4.3.  Incorporation of acetylsalicylic acid. NC suspensions (~45mg) were mixed with acid 
acetylsalicylic (15mg) and left at constant stirring at room temperature for 24hours. Aliquots of mixed 
suspensions were centrifuged at 4000rpm and further diluted (5 fold) before measuring absorbance 
values between 200-350nm. 
 

2.5.  Production of nanocellulose films 
NC films (~ 20g/m2) were produced by solvent-casting in a plexiglass support at constant temperature 
(25qC) in fan oven. Film thickness (µm) was measured using a Loretzen & Wettre equipment 
randomly across the 4 quadrants of the film. Films were characterized according to their optical and 
barrier properties. 
 

2.5.1.  Optical properties. Light transmission and film transparency were spectrophotometrically 
measured using a UV-1601 spectrophotometer (Shimadzu, Kyoto, Japan). Transparency of films was 
calculated considering the transmittance value at 600nm and the film thickness [7]. 

2.5.2.  Barrier properties. Water vapour transmission rate (WVTR) of films were measured in 
triplicate using a ASTME96-95 standard procedure through the dessicant method (gravimetry). 
Circular film samples were sealed to the open mouth of the test-cups (area 19.6cm2; internal depth 
2.0cm) containing a anhydrous calcium chloride (desiccant). The sealed test-cups were weighed and 
placed in a test chamber with forced circulation of air (using an air-fan), at 26 ± 1°C and 42%RH 
(obtained with a saturated aqueous solution of magnesium nitrate hexahydrate). The test-cups were 
periodically weighed over a three day period, to determine the amount of water transferred through the 
paperboard sample into the test cup. Water vapour transmission rate (WVTR, g.m-2.day-1) were 
obtained from the linear representation of the experimental data, namely sample weight gain Δw = (w 
– w0) versus time (t). Oil barrier properties were determined by contact angle using mineral (Silicon-
based) and vegetable (sunflower-based) oils. 
 

3.  Results 
Eucalyptus globulus bleached kraft wood pulp with 65qSR value and 75% relative humidity was 
chemically modified under aqueous eco-friendly conditions. Modified and unmodified pulps were 
used to produce nanocellulose suspensions. The results obtained are described below. 

Chemical modification of E. globulus wood pulp was confirmed by the presence of absorbance 
bands at 1590cm-1 (Figure 1A). Quantification of carboxymethyl groups conducted by NMR 
measurements using the ratio of bands 178ppm/105ppm (shown in Figure 1B) reveals pulps contained 
a low degree of substitution (DS 0.1) with one glucose residue modified in every 10 glucose residues. 



 
 
 
 
 
 

 

 
 
Figure 1. Characterization of prepared modified E. globulus pulps by FTIR analyses (A) and 13C NMR 
(B) for quantification of degree of substitution. 
 

Modified and unmodified pulps submitted to mechanical defibrillation process for the production 
of nanocellulose suspensions were qualitatively evaluated [5]. Nanocellulose suspensions of 
unmodified pulp exhibited low transmittance value (5%) suggesting the presence of an heterogeneous 
population of micro and nanofibrils in suspensions, while suspensions obtained with modified pulps 
exhibited larger transmittance values (>85%) suggesting a more homogeneous population of 
nanofibrils. 

Viscosity measurements (Figure 2A) conducted on NC suspensions revealed that modified pulps 
exhibited lower viscosity values around 200cm3/g when compared to unmodified pulp suspensions, 
and well above the value exhibited by the commercial TEMPO modified suspension (used as 
reference). 
 

  
Figure 2A. Intrinsic viscosity measurements of modified and 
unmodified NC suspensions compared to commercial 
TEMPO-modified NC sample 

Figure 2B. Electrochemical impedance readings performed 
in electrolyte reference sample, CMC modified and TEMPO-
modified NC suspensions. 

 
Electrochemical impedance spectroscopy (EIS) measurements and subsequent fitting of obtained 

EIS spectra using equivalent circuits, allowed the estimation of charge-transfer resistance for 
nanocellulose-based formulations, tested directly in 0.005 M NaCl solution for corrosion protection of 
AA2024 (Figure 2B). After 24 h of immersion, the carboxymethyl-modified NC (DS 0.1) behaves 
similarly to the bare (reference) electrolyte, though the TEMPO NC sample performed better than the 
previous 2. 

Additional experiments conducted on NC suspensions by incubation with acetyl-salicylic acid to 
study the effect of charge density on the stability of aspirin were carried out and monitored by 
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spectrophotometry (shown in Figure 3). Results obtained show the decrease of absorbance at 256nm 
with increasing degree of substitution. 

 
Figure 3. Absorbance measurements (200-350nm) of NC suspensions incubated with acetyl salicylic 
acid (aspirin). 
 

Films (~20g/m2) from modified and unmodified NC suspensions by solvent casting protocol were 
characterized regarding their optical, mechanical and barrier properties. Results obtained showed that 
films produced with NC suspensions from modified pulps exhibited lower transparency values and 
improved optical properties with increasing DS (Figure 4A), similar to the value obtained for the 
reference sample (TEMPO-modified). Films prepared with modified-NC suspensions were tested for 
their oil-barrier properties. As can be seen in Figure 4B, deposition of an oil drop onto the 
carboxymethyl-modified film retains the passage of oil up to 4 hours, whereas the oil drop deposited 
onto the unmodified film is not retained and soaks the paperboard sheet. Moreover, the lower water 
vapor transmission rate (WVTR) observed in modified films (data not shown) and improved oil-based 
properties (Figure 4B) suggest and improvement of barrier properties with modification. 
 

  
Figure 4A. Transparency values of NC films calculated 
using transmittance at 600nm and film thickness. 

Figure 4B. Oil-based barrier properties to vegetable oils of 
carboxymethyl-modified films at 10min and 4hours. 

 
The insertion of carboxymethyl groups to cellulose polymers resulted in improved optical and 

barrier properties, however the modification had no impact on the mechanical properties of films with 
high elastic modulus (~1.0x1010) when compared to elastic modulus (~5x109) obtained for unmodified 
pulp films in the range -50qC to 200qC (data not shown). 
 

4.  Discussion 
Currently, the development of cellulosic-based materials is highly valued as a sustainable alternative 
to fuel-based materials in food, cosmetic, electronic and biopharmaceutical industries. However, the 
high energy inputs and costs associated with the production of nanocellulose is hindering expansion of 
research with these raw materials and the full commercial exploitation. 



 
 
 
 
 
 

Benefiting from the strategic partnership between academia and industry, we have prepared 
carboxymethyl-modified nanocellulose suspensions. Characterization of NC suspensions revealed that 
carboxymethyl groups improved defibrillation process with formation of a homogeneous network of 
nanofibrils, as suggested by transmittance values obtained, when compared to the heterogenous fibril 
population from unmodified pulps. In consequence, the NC suspensions obtained from modified pulps 
exhibited lower viscosity values when compared to unmodified E. globulus suspensions though still 
more viscous than the observed for the commercially TEMPO-modified suspensions (Figure 2A). The 
lower viscosity values observed for the commercial sample may be related to the oxidative conditions 
involved during TEMPO-modification reaction, suggesting carboxymethyl NC suspensions with 
improved rheological properties may be considered as potential additives (thickeners) in food industry. 
Moreover, electrochemical impedance readings obtained for modified-NC suspensions (Figure 2B) 
were within the same range as those obtained for the electrolyte reference sample, and a potential 
biodegradable alternative to the existing ones in paint industry. Incubation of acetyl salicylic acid in 
NC suspensions showed that the band at 256nm attributed to acetyl salicylic acid decreased with 
increase degree of substitution (Figure 3) suggesting that charge density of NC suspensions may affect 
the stability of the drug. These results reveal the crucial role of charge density in the incorporation of 
drug for the development of solutions tailored for wound healing. 

Characterization of films produced with NC suspensions show that the increase of film 
transparency with increasing degree of substitution (Figure 4A), and improved oil-barrier properties to 
vegetable oils, as observed in Figure 4B. These properties allied with the observed lower water vapour 
transmission rates in carboxymethyl-modified films and oil-barrier properties (Figure 4A) together 
with the good mechanical properties, when compared to unmodified-films, suggest this raw material 
as valuable alternatives for film packaging in food industry. 

Our findings suggest that modification of cellulose for the production of NC results in a raw 
material with improved physical, optical, and barrier characteristics valuable in the development of 
sustainable and versatile bio-based materials to be used as alternative to petroleum-based products in 
air-water interfaces. 
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ABSTRACT 
           In this work, we present a new Raman SERS biosensing        
system for pesticides detection by measuring the 
Acetylcholinesterase (ACHE) activity. Gold nanoparticles 
(AuNP) were used as dynamic surface-enhanced Raman 
spectroscopy (SERS) for sensitive monitoring of ACHE activity 
in the presence of very low levels of Paraoxon (PO) pesticide. 
The limit detection of PO was determined at 10-2 nM. These 
results suggest that this methodology could be used for the non-
selective detection of all ACHE inhibitors at low concentrations. 
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1. INTRODUCTION 
          ACHE is one important enzyme in the brain. It hydrolyzes 
the neurotransmitter acetylcholine (ATC) to choline and acetic 
acid 1,2. ACHE can be inhibited by many types of neurotoxins 
and drugs and its inhibition can cause loss of memory and 
impairment of neuromuscular functions.3, 4 

         Paraoxon (PO) is an organophosphate pesticide, widely 
used in agriculture. It is known as a powerful ACHE inhibitor5. 
Therefore ACHE activity can be used as a biomarker of this 
pesticide exposure 6, 7. There are already techniques for the 
detection of ACHE inhibitors but most of them are specific to 
each pollutant and they usually require long times of analysis.       
In recent years, SERS has been developed for many applications 
such as detection. Due to its sensitivity and ease to use, SERS 
protocols have been implemented in many research areas such as 
biology, material science, art, and analytical chemistry.  The aim 
of this study is to provide a tool for the fast and sensitive 
detection of ACHE inhibitor pesticides using AuNP as active 
SERS substrate, without any functionalization step. 

2. Materials and methods 
2.1 Chemicals 
       ACHE from Electrophorus electricus (500U/mg), 
acetylcholine chloride was purchased from sigma-Aldrich. 
Phosphate Buffer (PB) was prepared at pH =8 as a mixture of 
KH2PO4 (1 M) and K2HPO4 (1M) solution in deionized water. 
HAuCl4 and Paraoxon 97% were purchased from Sigma 
Aldrich. ATC (0.01 M) is added to the ACHE solution in PB as 
substrate for activity measurements. 

 

2.2 Synthesis of gold nanoparticles  

        AuNP colloids were prepared according to the literature by 
citrate reducing method8. They were characterized by UV-
Visible spectroscopy and TEM to examine their shapes and 
average size. The spherical AuNP showed one Plasmon band at 
516nm with average size of 15nm. Before use the solution of 
synthesized AuNP was centrifuged.  

2.3 Raman SERS measurements 
      To collect the SERS spectra, 5µL of the analyte solution and 
5µL of AuNP solution were mixed before deposition on a glass 
slide. For each analysis, 6 SERS spectra were acquired at 
different position on the slide and an average of spectra was 
generated. SERS spectra were recorded with a Raman X-Plora 
spectrometer from HORIBA. The 638 nm excitation wave 
length was provided by a diode laser with an output power of 
4mW with a 50x microscope objective from 400 to 2000cm_1. 
The spectra were recorded with acquisition times of 10s with 5 
accumulations. The SERS spectra were recorded. All spectra 
displayed here were baseline subtracted and normalized. 

 2.4 Detection principle for the proposed biosensor 

2.4.1 In absence of pesticide (active ACHE) 

     The activity of ACHE was first monitored in the absence of 
pesticide. In this case, according to reaction (1), ATC added to 
the enzyme solution was totally hydrolyzed in choline and acetic 
acid.  

ATC+H2O                           Choline+Acetic acid (1)     

 

 2.4.2     In presence of pesticide (inhibited ACHE)  

        In the presence of pesticide, ACHE was inhibited and ATC 
cannot be totally transformed in choline and was still present in 
solution.  

ATC+H2O                           ATC + choline + acetic acid (2) 

2. Results and discussion 
In the absence of pesticide, after addition of AuNP to the analyte 
solution (ACHE + ATC), a very intense Raman signal is 
obtained (Figure 1a) corresponding to the SERS spectrum of 
choline with typical bands at 713, 960 and 1435cm-1(9,10).  In 
Figure 1b, the SERS spectrum of the ATC solution is presented 
for comparison purpose. The bands at 639 and 1735 cm-1 are 
characteristic of the acetic acid part of the molecule. Their 
disappearance in the spectrum 1a is directly correlated to the 
ATC hydrolysis as evidence of the ACHE activity.  
 

ACHE+Pesticide 

ACHE 



 
 
 
 
 
 
 
 
 
 
        
       
    

     

       

      In the presence of pesticides in the analyte solution, when 
AuNP are added, they bind to ATC molecules (eq. 2) that were 
not hydrolyzed by ACHE. In this case, the Raman signal (1c) 
which is observed is very close to the SERS spectra of pure 
ATC (1b) with the same characteristic bands of the molecule. 
This confirms that the inhibition of the ACHE activity in 
presence of paraoxon can be monitored by Raman spectrometry. 

 
 
   
 
 
 
 
 
 
 
 
 

Fig.2. (a) SERS spectra of ATC after incubation with ACHE mixed with PO 
pesticide 4*10-6; 4*10-8; 4*10-10 and 4*10-11 M respectively.                                                                                                       
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      

      
                                                                                                                         
          Different concentrations of paraoxon were tested from 
4.10-5 to 4.10-11 mol.L-1.  For each concentration, the pesticide 
solution was set at the contact with ACHE during an optimized 
duration of 3 hours before SERS analysis. As shown on Figure 
2, the intensity of the 639 and 1735 cm-1 bands increase with 
pesticide concentration showing the progressive loss of ACHE 

activity for the transformation of ATC. The intensity of the 639 
cm-1 band as a function of paraoxon concentration is plotted in 
Figure 3. It shows that this intensity is directly proportional to 
the PO concentration.  These results demonstrate that this 
nanobiosensor can be used for the detection of all ACHE 
inhibitors and for measuring the ACHE activity. 

3. Conclusion 
       A novel sensitive SERS nanobiosensor for detection of 
ACHE inhibitors and measuring ACHE activity was developed 
based on Raman spectroscopy using gold nanoparticles for 
SERS effect. This optimized protocol was found very sensitive 
for the monitoring of ACHE loss of activity in presence of very 
low paraoxon concentration. The response to paraoxon presence 
was found to be linearly correlated with its concentration.  The 
resulting nanobiosensor could be used in the future for the 
detection of all types of ACHE inhibitor with excellent 
sensitivity and good reproducibility.  
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Fig.1 (a) SERS spectra of ACHE mixed with ATC (without pesticide 
Eq.1), (b) SERS spectra of ATC control (c) SERS spectra of ATC added 
to ACHE mixed with PO (4*10-5 M)(presence of pesticide Eq.2). 

Fig.3. Calibration curve displays 
the effect of paraoxon on the 
Raman 639cm-1 peak intensity. 
ACHE was incubated with 
different concentrations of PO 
(4.10-5to 4.10-10 M), before adding 
ATC. 
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Abstract: The researchers and developers intend to 
obtain favourable mechanical and thermal properties 
on the field of polymer composites. The thermoset 
matrix polymer composites have great mechanical 
properties and relatively good thermal resistance, but 
they have not as good toughness as the thermoplastic 
polymer ones, ductile metals and alloys have. The 
high performance polymer composites usually give 
rigid reactions to the quickly forthcoming and cyclic 
loads. Rigidity could be caused by the pronouncedly 
rapid crack propagation and fracture velocity inside of 
the composite. This is the reason why it is important 
to improve their toughness without decrease the great 
strength properties (Karger-Kocsis, 2005). 
Usually the matrix of the polymer composite is 
responsible for the toughness of the complete 
material. Improvement in the toughness of the 
thermoset resins can be reached by several ways. One 
of them is creating nanostructure in the material by 
modification its morphology. On one hand it is 
possible by incorporation of nano-sized additives, 
nanoparticles to the resin on the other hand there is an 
opportunity to interblend different type of resins. 
During the crosslinking process of different mixed 
resins the compound can be divided to at least two 
segments by phase separation processes. Because of 
this phase separation in case of optimal conditions it 
is possible that nanostructured hybrid resin come into 
being with co-continuous conformation. In this 
nanostructured material, there are lots of 
entanglements of the molecule chains of the 
components by the way they have lots of secondary 
bounds between them with additional flexibility and 
toughness. By reason of the mentioned phenomena the 
crack propagation of the hybrid resin is hampered 
because of lots of bounds and molecule entanglements 
in the material (Turcsán et al, 2014). 
Using the mentioned phase separated hybrid resin as 
matrix material of fibre reinforced composite (Fig 1) 
it could result improved damping properties by the 
way enhanced toughness (Mészáros et al, 2014). 
The main aim of our research work is to create 
nanostructured high performance fibre reinforced 
polymer composites for mechanical applications and 
to investigate their morphological and mechanical 
properties. 

 
Figure 1: Theoretical structure of a co-continuous matrix 
hybrid composite  
 
Materials: As matrix material epoxy (EP), and vinyl 
ester (VE) were used. The EP consisted of a bisphenol 
A diglycidyl ether (with 188 g/epoxy equivalent, 
12000 mPa·s viscosity at 25°C, and 1.17 g/cm3 densiy, 
Ipox ER 1010 product name, manufactured by Ipox 
Chemical Hungary) and isophorone diamine hardener 
(with 43 g/hydroxy equivalent, 5-25 mPa·s viscosity 
at 25°C, ~660 mg KOH/g amine value, Ipox EH 2293 
product name, manufactured by Ipox Chemicals, 
Hungary). The VE resin (bisphenol based, with 1300 
mPa·s Brookfield viscosity 5 rpm at 25°C, 35% 
styrene content, AME 6000 T 35 (product name), 
manufactured by Ashland Italia S.p.A., Italy was used. 
In case of VE resin 2 wt% amount of methyl-ethyl 
ketone peroxide accelerator (in diisobutyl phtalate 
dissolved), MEKP-LA-3 (product name), 
manufactured by Peroxide Chemicals, South Africa) 
was used. As reinforcing material unidirectional 
carbon fabric Panex 35 FB UD 300 was used (sized 
for epoxy, manufactured by Zoltek Zrt., Hungary). 
 
Experimental: There were applied two different 
method for creating mixed resins. Both of them have 
1:1 ratio of EP and VE. In the first method (#1) the EP 
and VE resins were stirred for ten minutes. Then the 
amine of EP was added in and stirred for two further 
minutes again. Finally the catalyst of VE was added 
also stirred for two minutes. For the second method 
(#2) the EP and its amine was mixed in stoichiometric 
ratio, stirred for two minutes. After that it had 30 
minutes rest time at room temperature without 
stirring. Then the VE was added and stirred calmly for 
two minutes. Finally, exactly the same as the first 
method the catalyst of the VE was added and stirred 
for two minutes. Composites were made by simple 
hand lay-up method using 6 unidirectional carbon 



fabric layers, the orientation of the layers was the 
same. After the hand lay-up the laminates were 
pressed between parallel steel plates by hydraulic 
press with 0.5 MPa compressive stress at room 
temperature. Beside the EP/VE matrix, reference 
composites with exactly the same reinforcement 
orientation and content were also prepared with EP 
and VE. After 24 hours of crosslinking all of the 
laminated composites were cured at 80°C for 4 hours. 
The interlaminar shear stregth tests (ILSS) of the 
composite materials were carried out in compressive 
mode with 1,3 mm/min test speed on a Zwick Z020 
(Germany) universal testing machine at room 
temperature according to ASTM D3846-94. The 
specimens of the ILSS investigation were double-side 
notched to the middle layer of the composite plates, 
the direction of the reinforcement was along to the 
specimens. To avoid the buckling effect a special 
adapter was used during the ILSS tests. The images of 
the scanning electron microscopy (SEM) were 
produced by a JEOL JSM-6380 LA device. The 
samples were coated with a thin Au-Pd layer for the 
proper conduction of them and avoid overcharging. 
 
Results and discussion:  
The usefulness of the composites material can be 
characterized by their interlaminar properties because 
it can shead light to the quality of the matrix-
reinfoircement connection and the toughness of the 
matrix material as well. The results of the ILSS 
investigation (fig 2) show that the hybrid resin matrix 
composites have higher average shear stress values 
than the others beside moderate standard deviations. It 
can be rooted in the spacial phase structure and 
entanglemented molecule chains of the mixed resins, 
which could indicate a proper connection between 
components of the mixed resin and maybe between 
the matrix and reinforcement as well. 

 
Figure 2: The interlaminar shear strength of the investigated 
CF reinforced composites 
 
The SEM pictures of the fractured surface of ILSS 
specimens (fig 4) shows that the compatibility of the 
reinforcement and the matrix was proper in case of all 
investigated material but the cracking mechanisms of 
them were different. The EP composite (fig 3/a) shows 
typical fracture surface with good adhesion, the VE 
matrix composite have less good adhesion compared 
to the EP composite. The hybrid matrix composites 
have better reinforcement-matrix connection 
compared to the VE composite and their fracture 
surface shows hackle pattern effect, which demands 

more energy during the cracking process this is the 
reason of the higher level of interlaminar shear 
strength in case of hybrid resin matrix composites. 
The fracture mechanism of mixed resin matrix 
composites could be caused basically by the micro- or 
nanostructured phase boundary system of the hybrid 
resins. The lots of presumed entanglements of 
molecule chains results more toughen matrix and they 
may generate a better and tough connection between 
the matrix and fibre reinforcement. 

 
Figure 3: The SEM images on the fractured surface of the 
ILSS specimens, EP/CF (a), VE/CF (b), EP/VE/#1/CF (c), 
EP/VE/#2/CF (d) 
 
Conclusions: In this study high performance hybrid 
matrix fibre reinforced composites were produced and 
their mechanical properties were characterized. The 
developed hybrid matrix composites have better 
toughness because the phase structure of the mixed 
resins. Another benefit of them is the lower styrene 
content compared to the neat VE and reduced cost 
compared to the initial EP resin. 
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Abstract. High Pressure Laminates (HPLs) are durable, resistant, environment friendly and 
good cost-benefit decorative surface materials with special properties tailored to meet market 
demands. In the present work, Fluorinated Polyhedral Oligomeric Silsesquioxanes (F-POSS) 
particles were synthesized, characterized (by DSC, SEM and XRD) and incorporated in HPLs 
aiming the improvement of dirt-repellence and abrasion resistance. Promising results were 
obtained with F-POSS loads ranging from 0.25% up to 1.0% w/w of melamine-formaldehyde 
(MF) resin formulations.  

1.  Introduction 
High Pressure Laminates (HPLs) are considered the most versatile and ubiquitous decorative materials 
used by the furnishing and building industries to produce furniture, countertops, flooring and wall 
paneling surfaces. They exhibit high durability and special surface properties including chemical, heat, 
stain and wear resistance. HPLs consist of an assembly of phenol-formaldehyde resin-saturated layers 
(5 to 50) of kraft-paper topped by a single decorative-paper layer and, in some cases, a finishing 
protective overlay (Figure 1), all cured during pressing at high temperature and pressure.  

 

 
 

Figure 1. Scheme of a typical assembly of an HPL. 
 
Considerable research has been carried out to improve the hydrophobicity and oleophobicity of 

surfaces. Promising results concerning the use of oxidized siloxane surfactants to improve cleanability 
of melamine-formaldehyde (MF) based decorative laminates have been recently reported [1].  

It is well recognized that the development of hydrophobic surfaces is achieved by reducing the 
surface free energy (SFE) and/or by increasing the surface roughness [2,3]. It is also known that 
incorporating/grafting fluorinated or perfluorinated compounds reduces the SFE of a material [4,5] 
whereas surface roughness may be enhanced using bulky compounds such as Polyhedral Oligomeric 



 
 
 
 
 
 

Silsesquioxanes (POSS), which have a general structure (RSiO1.5)8 comprising a siloxane cage in a 
three-dimensional arrangement [6]. Both strategies can be combined using a fluorinated or 
perfluorinated POSS (F-POSS) [7] that can be incorporated into a resin formulation dissolved in a 
solvent or as dry powder by melt or mechanical blending.  

F-POSS are synthesized via a simple single-step base-catalyzed sol-gel method [5,8]. Generally, F-
POSS are white solid crystalline particles exhibiting a melting point between 120 - 140 ºC and low 
surface energy [8], therefore they are highly hydrophobic [5,8] and oleophobic [9] materials. Blending 
F-POSS into functional polymers, such as poly(methyl methacrylate) (PMMA), enhances the 
hydrophobicity and thus reduce the surface energy of the ensuing polymer composite [10,11]. 
Therefore, it is expected that F-POSS may be incorporated into other polymer mixtures, namely in 
melamine-formaldehyde (MF) resin formulations, in order to produce HPLs with improved surface 
properties, in particular, enhanced hydrophobicity. 

In this work a promising route to improve the dirt repellence character of HPLs by reinforcing the 
MF resin formulation with F-POSS particles, is presented. In particular, this work concerns the 
synthesis and characterization of 1H,1H,2H,2H-nonafluorohexyl POSS (FH-POSS) particles and their 
incorporation in HPLs. Though flurodecyl POSS (FD-POSS) is more stable and hydrophobic than 
other F-POSS materials [5,8], several attempts to obtain solid (powder) FD-POSS particles failed 
since the product was persistently a gel-type material unsuitable for dispersion in the MF resin 
formulations.  

2.  Materials and Methods 

2.1.  FH-POSS synthesis and characterization 
FH-POSS (1H,1H,2H,2H-nonafluorohexyl)8Si8O12, was synthesized by a sol-gel method [5,8]. FH-
POSS particles (a fine powder) were characterized by Differential Scanning Calorimetry (DSC), 
Scanning Electron Microscopy (SEM) and Powder X-Ray Diffraction (XRD).  

Decorative (deep brown color imitating wood texture) and overlay (semi-transparent) papers were 
impregnated with MF resin formulations containing different loads of FH-POSS particles (0.25%, 
0.50%, 0.75% and 1.0% w/w MF resin formulation). The ensuing FH-POSS-HPLs were prepared as 
usual and tested by proven industrial procedures (EN 438-2:2005). Contact angle (CA) measurements 
were carried out using three probe liquids (water, formamide and diiodomethane) to assess the 
wettability of the FH-POSS-HPLs and to determine the optimal load of FH-POSS particles. 

 

3.  Results and discussion 

3.1.  FH-POSS characterization 
Syntheses (4 replicas) of FH-POSS particles were carried out as described in the literature with 
consistently high yields (64% w/w product/silane) and a reproducible product. The final product 
consisted of a fine white powder with irregular size (0.5-5.0 Pm) and shape particles (Figure 2). 
Furthermore, the FH-POSS particles are highly crystalline having a triclinic unit cell (Figure 3) and a 
melting point of 127.06 ± 0.28 ºC (four replicas, data ascertained by DSC).  
 



 
 
 
 
 
 

  
Figure 2. SEM image of FH-POSS particles. Figure 3. XRD pattern of FH-POSS particles. 

3.2.  HPLs characterization 
The dispersion of FH-POSS particles within the MF resin formulation was satisfactory as observed by 
SEM-EDX images (Figure 4) of the FH-POSS-HPLs where the green spots correspond to Fluorine (F) 
and the red spots to Iron (Fe). The concentration of green spots indicates a regular distribution of FH-
POSS and it increases with the particle load, as expected, since the presence of fluorine derives solely 
from the FH-POSS particles. The presence of iron (red spots) is abundant and cannot be neglected. 
The most plausible explanation for iron is its presence in the decorative paper, probably as part of a 
pigment, and not from the MF resin since iron-based compounds are not allowed in MF resin 
formulations. Noteworthy the abundance of red spots (Figure 4) decreases as the load of FH-POSS 
particles in the MF resin increases, thus confirming that the presence of iron is concealed by the 
fluorinated particles. 
 

 
Figure 4. SEM-EDX images of FH-POSS-HPLs containing different loads (w/w) 
of particles in the resin formulation: a) 0.25%, b) 0.5%, c) 0.75% and d) 1.0%). 

 



 
 
 
 
 
 

Contact angle (CA) measurements were used to calculate the dispersive and polar components of 
the surface free energy (SFE) of HPLs containing FH-POSS particles (FH-POSS-HPLs), prepared 
with and without overlay – Figure 5. In both cases, CA increases with the presence of FH-POSS 
particles in HPLs formulations even when using low particle loads (e.g. 0.25% w/w MF resin 
formulation), hence indicating higher hydrophobicity of FH-POSS-HPLs in comparison with the 
conventional HPL (without FH-POSS). No significant changes in CAs were detected while increasing 
the amount of FH-POSS particles in resin from 025 to 1.0%. This result can be explained by migration 
phenomena occurring after resin drying and subsequent curing processes. In fact, the low surface 
energy FH-POSS particles [12] might migrate from the bulk to the surface of HPLs and consequently 
the SFE of the ensuing HPLs was decreased.   

Considering that the HPLs manufactured in the present work are of high gloss products with 
smooth surfaces it seems that FH-POSS particles do not interfere with the HPLs surface roughness 
and, therefore one may conclude that the decrease in SFE of HPLs is predetermined by chemical 
nature of FH-POSS particles. Furthermore, since the water CA on smooth surfaces turned hydrophobic 
by chemical transformations cannot be increased beyond 120° [13], FH-POSS loads should have been 
higher than 1% (w/w resin formulation) in order to accomplish a CA circa 120º. However, high loads 
of FH-POSS particles confer an undesirable whitish appearance to dark surface caused by decor paper, 
already visible with a load of 1.0%, interfering with the final aspect of the HPLs produced. Finally, 
comparing the two sets of results (Figure 5, a and b), it is clear that HPLs with and without overlay 
display similar values of CA and SFE. 
 

 
Figure 5. Measured CA (and respective error bars) and polar and dispersive components of SFE 
(including the total SFE error bars), for FH-POSS-HPLs containing different loads (wt %) of 
particles and prepared (a) without overlay and (b) with overlay. 

 
Recalling that the overlay is a finishing protective layer, CA measurements on HPLs without 

overlay were taken systematically over a three-month period, to examine the evolution of HPLs 
surface properties. The results (Figure 6) reveal that HPLs become more hydrophobic over time 
especially the FH-POSS-HPLs containing higher loads of particles (water CA around 100º were 



 
 
 
 
 
 

observed for HPLs with 0.75% and 1.0% w/w MF resin). This significant enhancement in 
hydrophobicity is most likely due to the following two main reasons: (1) MF resin residual curing 
occurs over time after HPL production has ended (in fact, during the hot pressing process resins are 
seldomly fully cured leading to dimensional variations, i.e. shrinking [14]); and, (2) additional 
migration of FH-POSS particles continue to occur during the MF resin curing process enhancing the 
reduction of SFE. 

 
 

 
Figure 6. Evolution of CA on FH-POSS-HPLs containing different loads (wt %) of particles 
and prepared without overlay, over a 3-month period. 

 
Given that a printed decorative paper was used for the production of FH-POSS-HPLs with overlay, 

these HPLs were further tested for abrasion/wear resistance (AR). This test measures the number of 
abrasion cycles the HPLs surface resists until wear-through of the decorative layer. The results 
presented in Figure 7 reveal that AR increases in the presence of FH-POSS, being directly 
proportional to the particle load. This confirms the overall contribution of the robust Si-O core of FH-
POSS particles to the surface properties of HPLs. 

 

 
Figure 7. Abrasion resistance for FH-POSS-HPLs containing 
different loads (wt %) of particles and prepared with overlay. 

 

4.  Conclusions 
FH-POSS particles were successfully synthesized in a reproducible manner with high yields (ca. 
65%). The irregular shaped/sized small particles (fine powder) were characterized by SEM-EDS, DSC 
and XRD. These particles were satisfactorily dispersed into the MF formulation to produce HPLs 
containing F-POSS particles, namely FH-POSS-HPLs that present lower surface free energy 
comparing to standard HPLs (due to the fluorinated groups) and an increase of the abrasion resistance 
(due to the robust Si-O cages). Therefore, multifunctional HPL prototypes can be prepared to combine 



 
 
 
 
 
 

enhanced hydrophobicity and abrasion resistance (achieved by using the FH-POSS particles). The 
measurement of contact angles over time revealed to be essential information to complete the 
characterization of the HPLs surface properties in order to evaluate and understand possible changes 
that these materials undergo, for instance, during storage. 
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Abstract: Due to the electrical double layer, a nanometric restriction in a glass microchannel acts as a selective filter for ions under specific 
electric field and ionic strength. The unbalanced transport between anionic and cationic species in the microsystem leads to a polarization of 
the ionic concentrations (Zangle et al., 2009). This polarization effect provokes variations of the local ionic flow which can be canceled at 
some specific locations where ions are collected. This phenomenon can be used to preconcentrate biomolecules before a separation step to 
improve the limit of detection. Numerical simulations (Plecis et al., 2008) have shown that the localization, the intensity and the stability of 
the preconcentration vary depending on several parameters such as the electrophoretic mobilities, the channel surface charge, the bulk 
composition, the ionic force, the voltage or the height of the nanochannel etc. Four different preconcentration regimes, stable or unstable, can 
thus be defined depending on the position of the preconcentration front line. Our experiments have demonstrated the existence of these 
regimes and our ability to travel in the electro-preconcentration diagram by varying the ionic force, the pressure or the voltage. Tuning these 
parameters, preconcentration rates of several hundreds of times have been reached. Moreover, by adding a hydrodynamic pressure flow 
(Louër et al., 2013), we find a way to stabilize unstable preconcentration regimes or to adjust the localization of the preconcentration front 
line. 
 
Introduction:  In a simple microchannel (fig. 1. Left)  filled with an electrolyte with negatively charged walls (glass), cations concentrate at 
the interface between the glass and the solution. Under the influence of an electric field, a flow is driven by the motion of cations that are 
attracted by the electrode of opposite sign and carried along the whole solution: this flow is called Electro-Osmotic Flow (JEOF). It coexists 
with the Electrophoretic Flow (JEP) that depends on the charge and size of the analyte (i.e. in our case, fluorescein).  
 

 
Figure 1: Left: In a glass microchannel, walls are usually negatively charged. An excess of cations concentrate close to the walls. The nearest ones from the 
walls cannot move at all, but the further ones migrate to the cathode and thus carry the whole liquid in the same direction. Right: view of the selective ionic 

transport in a MNM structure. The nanoslit acts as a selective ionic filter, blocking the anions because of the electrostatic repulsions from the wall of the 
nanoslit. 

To induce electropreconcentration, the microchannel must include a restriction of nanometric scale, resulting in a straight micro/nano/micro 
(NMN) structure as described in fig.1 (right). External electric field induces a selective transport of ionic species through the nanochannel: 
the negatively charged surfaces of the nanoslit stand in the way of the negative charges. It results in a dissymmetry of the ionic concentration 
inside the MNM structure. This polarization of concentration induces local variation of the electric field. Thus the apparent flow has not the 
same velocity everywhere. For negative species, the electro-osmotic and electrophoretic velocities are opposed and thus can cancel each 
other out. The molecules can be stopped and preconcentrated in the MNM device at a specific location named focusing frontline. The 
depletion and enrichment volumes in the focusing regions can be static or propagate in the channel. A.Plecis et al. have developed a 1D 
computational simulation based on the competition between electro-osmotic and non-linear electrophoretic flow to predict the flow and 
concentration profile of the analyte in the MNM structure (fig. 2.). The total apparent flow profile (equal to the vectorial summation of JEOF 

and JEP) shifts towards low values when the electroosmotic flow decreases: thus, it can be cancelled at different points. The resulting focusing 
regimes are called Anodic Stacking (AS), Anodic Focusing (AF), Cathodic Focusing (CF) and Cathodic Stacking (CS)(see fig. 2). We 
have studied experimentally these theoretical predictions to show how the preconcentration phenomenon can be controlled.  
 

 
Figure 2: Comsol simulation (Plecis et al.) of the flux profile of fluorescein anion in a KCl solution. The profile moves up/down with the increase/ decrease of the 

electroosmotic flow. 

Material and methods: Chips have been made in borosilicate glass. First, 300 nm of amorphous silicon (α-Si) is deposited by plasma-
enhanced chemical vapor deposition. Then AZ-5214 reversible photoresist is spin-coated on the glass substrate and the microchannels are 
defined by UV lithography. In the regions that are not protected by the resin, the α-Si is etched by reactive-ion etching (SF6).  

 
Figure 3: Left: Top view of the chip. Middle: Top view of the chip structure. Right: Side view of the system used to perform electropreconcentration experiments. 

The microchannels are then etched, where α-Si does not protect the glass, using Ammonium fluoride – hydrofluoric acid etching mixture 
(Sigma-Aldrich®). The nanochannel is made using the same method after a second spin-coating and a lithography. The inlets/outlets, where 



aqueous solutions are injected, are drilled by sandblasting. The glass chip is finally closed by thermal bonding with another glass wafer at 
550°C under pressure (3-5 bars) during 2h. The chip is mounted on the experimental holder under, first, a PDMS layer containing fluidic 
injection holes and, secondly a PMMA block with reservoirs containing electrodes. Ionic solutions are injected using a pressure controller 
OB1 (Elvesys®). Voltage is applied using a Keithley 236 Source measure unit. Fluorescence images are taken using an inverted microscope 
and a Hamamatsu CCD camera. During experiments, the preconcentration of 10µM sodium fluorescein solutions have been studied in KCl 
solutions.  
 
Results and discussion: Tuning pressure and voltage allows to 
preconcentrate fluorescein several hundreds of times (fig. 4). 
Since for one chip geometry, biomolecule, background solution 
and voltage, only one focusing point among the four AS, AF, CF 
and CS regimes can be reached, we have proposed an original 
way to choose the location of the preconcentration frontline: 
adding an additional hydrodynamic pressure to balance the 
competition between JEOF and JEP (Louër et al., 2013). Here we 
demonstrate that the two CS and CF regimes can be reached by 
adding a pressure applied from cathode to anode (Fig 5). In 
addition, since CF regime was shown to be more often 
propagating through analytical predictions (Zangle et al., 2009), 
we demonstrate that the application of an additional pressure 
allows to stabilize the CF regime in a transition region of the 
pressure - voltage diagram (fig. 6).  
 
 

 
Figure 4: CS Fluorescein preconcentration. Here, a preconcentration 

rate of 140 has been reached. 15 V. 0.2 bar applied in the opposite 
direction of JEOF. Nanochannel height and length: h=159 nm, l=100µm. 

Microchannel height: H=1.4µm. 

By varying pressure and voltage, the existence of different predicted preconcentration regimes (propagating CF, stable CF and CS) has been 
confirmed for fluorescein (fig. 5.). At a given pressure, the behavior of the preconcentration pattern changes from a propagating CF to a 
stable CS when voltage decreases. By adding a hydrodynamic pressure, we can also reduce or increase the total bulk liquid flow without 
changing JEP. At a given voltage, if the pressure flow is opposite to JEOF, the local ionic flow curve performs a global translation to lower 
values of the apparent flow when pressure is increased: this corresponds to a transition from a CF regime towards a CS regime.  

 
Figure 5: Cathodic preconcentration profiles of fluorescein in a MNM structure. Voltage: V=12.5V. Nanochannel height and length: h=159 nm, l=100µm. 
Microchannel height: H=1.4µm. The pressure flow is applied in the direction opposite to JEOF, thus the bulk liquid flow is reduced when pressure increases.  

At the boundary of those two regimes, a transition region corresponding to a stable CF regime has been observed. By adding a hydrodynamic 
pressure, it is, thus, possible to stabilize an unstable regime. This is of great interest since the CF regime has theoretical higher rates than the 
CS regime (Plecis et al., 2008). Schematic regimes diagrams for a 159 nm nanochannel glass chip are presented on fig. 6 for two different 
KCl solutions. By tuning the voltage or the applied additional pressure, the preconcentration regime can be precisely adjusted. 

 
Figure 6: Pressure/Voltage diagram of 10µM fluorescein solution behavior. Fluorescein was diluted in KCl solution.  

Conclusion: Different regimes of preconcentration predicted by previous computational simulations have been experimentally found. By 
adding an additional controllable pressure, the two CS and CF focusing regimes can be easily obtained. Especially, a stable CF focusing 
regime, useful for further step of analysis can be observed. We present for the first time experimental preconcentration regime diagrams that 
provide a universal way to perform stable enrichment experiments. 
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Abstract 
 The gold nanoparticles have been prepared using Peltophorum pterocarpum flower 
extracts. The prepared gold nanoparticles were characterized by Ultra Violet-Visible 
spectroscopy and High Resolution Transmission Electron Microscope. The Ultra Violet-Visible 
spectroscopy shows the absorbance maximum around 560nm. HR-TEM shows that the mean 
sizes of the prepared gold nanoparticles were ranging from 10-30 nm.  
 
Introduction 
 Noble metal nanoparticles such as gold, silver, and platinum are widely used in products 
that directly contact with the human body, such as shampoos, soaps, detergent, shoes, cosmetic 
products, and toothpaste, besides medical and pharmaceutical applications [1]. Among the noble 
metal nanoparticles, gold has enormous potential applications in various fields [2]. Already silver 
nanoparticles have been synthesized by PP lower extracts [3]. Currently, we are in the vital need 
to develop safe, reliable, clean and eco-friendly methods for the preparation of nanoparticles. In 
this present study the gold nanoparticles have been prepared using Peltophorum pterocarpum 
(PP) flower.  
 
Experimental 

The flower extract was prepared by heating 1g of PP flowers in 100 mL of DI water at 
80º C for 30 min. 20 mL of PP flower extract was slowly dripped into 1 mM aqueous HAuCl4 ·  
xH2O with constant stirring at RT as well as elevated temperatures (50, 60 and 70º C).  

 
Results and Discussions 

Figure 1 shows the digital photograph of aq. HAuCl4 ·  xH2O a) before adding the 20ml of 
flower extract and (b-d) after adding the flower extract a visible color appearance. UV-vis 
spectral analysis has been done in the range of 400 to 800nm with the periodic time intervals of 
5, 30, 60, 90, 120 and 1200 min. The formation of Au NPs were influenced by the experimental 
parameters such as initial concentration of Gold (III) chloride hydrate, dosage of plant extract 
and temperatures. 

 
 
 
 
 
 
 
 
            Figure 1 

(a) (b) (d) (c) 



 
 
Figure 2 shows the UV-vis spectrum of Au 

NPs and illustrate the reduction of gold ions and 
the formation of nanoparticles. The spectrum 
shows the absorption maximum (λmax) in the range 
of 530 to 550 nm and confirmed that the presence 
of Au NPs. It shows that the rate of the 
reaction/formation of Au NPs is higher in elevated 
experimental temperatures compare to room 
temperature. As shown in Figure 2 the UV-vis λmax 
appeared around 557, 542, 532 and 532 nm for Au 
NPs prepared at room temperature, 50, 60 and     
70° C respectively. It is clear that, when the 
experimental temperature is increased the UV-vis 
λmax blue shifted. The blue shifting represents the size                              Figure 2 
reduction of particles. Also, the full width at half 
maximum (FWHM) of UV-vis peak decreased. The 
lower FWHM in the absorbance peak depends on 
the size and uniformity of the synthesized 
nanoparticles.  

 
The size and morphology of nanoparticles 

were examined by HR-TEM. Figure 3 shows the 
TEM image of Au NPs prepared at room 
temperature. The image shows the nanostructure 
and morphology of Au NPs with good dispersion 
and the size of the NPs varied from 10-30 nm.  
 
Conclusions         Figure 3 

The gold nanoparticles were successfully synthesized by using PP flower extract. The 
nanoparticles were prepared at ambient as well as elevated temperatures. The prepared particle 
sizes varied from 10 to 30 nm. The results show that the temperature can significantly affect the 
formation of the nanoparticles and the higher temperature support the small size particle 
formation.  
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Abstract: Chemotherapy is frequently used to treat 
cancer patients. However, serious adverse effects are 
observed when drugs  are systemically administered 
since they exhibit poor specificity in reaching tumor 
tissues(Yang, Hong et al. 2011). More, the efficacy 
of many potent and promising drug molecules is 
limited by their low water solubility, by the increased 
drug resistance and highly cytotoxic side effects 
(Samori, Ali-Boucetta et al. 2010). To circumvent 
such important drawbacks, an efficient way of sys-
temic transportation needs to be developed. Many of 
the pharmacological properties of conventional drugs 
can be improved through the use of nanocarriers(TM 
Allen, Cullis et al. 2004). Anticancer drug transport 
is now become a central research since it would 
allow to localize the drug release near the tumor cell, 
avoiding secondary medical effect. We report a theo-
retical study based on molecular dynamics simula-
tions to demonstrate that encapsulation of anticancer 
carboplatin molecule (CPT) is favored in boron ni-
tride nanotube (BNNT). The ability of BNNT to 
vectorize CPT is improved since several drug mole-
cules can be adsorbed inside the nanotube.  
The insertion of CPT inside an armchair single 
walled (10,10) BNNT whose diameter is equal to 
13.94 Å and length is 21.32 Å was studied step by 
step.  To take advantage of the high surface ar-
ea−volume ratio offered by the inner volume of the 
BNNT, we filled progressively the nanotube by CPT 
until completion. This is obtained when the total 
length of the vector is comparable to the sum of the 
encapsulated molecules size . We have estimated the 
diameter of the CPT to be 0.7 nm, and the length of 
the BNNT was about 2.1 nm. The capsule was thus 
filled by at least three drug molecules, corresponding 
to a encapsulation capacity of 1500 molecules per 
micrometer. The  storage capacity of BNNT is thus 
very large due to high confinement effects and hy-
drophobic interactions, favoring its filling with drug 
molecules opening the way to a very efficient drug 
transportation (Figure 1). 
 

 
 
Figure 1: Encapsulation of thee CPT molecules in   
                side BNNT 
 
 
 
More precisely, CPT was placed in front of the 
BNNT entrance (at about 6 Å) and the total system 
was solvated in order to avoid periodic boundary 
interactions between each molecule. Then, the mo-
lecular dynamic simulations were launched without 
any constraint on the BNNT or the drug molecule. 
Figure 2  describes the energy path of the drug dur-
ing the simulation, described as its interaction with 
the BNNT during time. As clearly showed in this 
figure, the drug molecule is rapidly catched by the 
nanopore (the beginning of the insertion is observed 
at 1 ns) and stays inside (from t = 2.5 ns) during all 
the remaining time of the simulations (at least 10 ns). 
This insertion is marked by a strong decrease of the 
interaction energy between the CPT and the BNNT 
nanopore of about 40 kcal/mol (around -1.7 eV, 
compared to -1.15 eV using DFT (El khalifi, Duver-
ger et al., in press), a  result which did not take into 
account the dispersion repulsion terms and the pres-
ence of solvent). Our result demonstrates a stable 
encapsulation of the CPT in the BNNT since it dif-
fuses on the inner surface without escaping until the 
end of the simulations. Then a second molecule was 
placed behind the entrance of the BNNT and pene-
trated it rather rapidly (0.004 ns) because of the 
strong interaction with its encapsulated neighbor one. 
The third one also inserted and arranged with the  
 



 

 

 
 
 
 
 
 
others forming very stable cluster inside the nano-
tube. 
 
 

 
 
Figure 2: Interaction energy of CPT with BNNT     
                molecular dynamic simulation in ns.  
 
The last step of our study was the ability of BNNT to 
release the molecule near its target. However, before 
studying it, we first conducted the mechanism of 
stability and insertion of  BNNT nanotube in lipid 
bilayers using MD simulations to analyze the affinity 
of BNNT with lipid cell. For this the nanotube was 
initially placed close to a lipid membrane made of 
POPC lipids bilayers with water reservoirs added to 
its both sides. The empty BNNT was positioned at 20 
Å from the first atom of the POPC molecules, and 
the periodic box was chosen in order to leave more 
than 64 Å between the central simulation box and the 
periodically repeated one. The entire system is then 
minimized and equilibrated before running produc-
tion of standard MD simulations. The diffusion path 
of the BNNT was very amazing since it rotated fastly 
to become approximately parallel to the lipid bilayers 
and, then inserted very rapidly in the membrane in 
around 200 ns of simulation. Then the nanotube 
remained confined in the lipid bilayers for the rest of 
the simulation. The filled BNNT-CPT system should 
follow the same behavior than the empty one and we 
could hope that the CPT molecules can extracted 
from the BNNT as showed in figure 3, due to the 
hydrophobic interaction between the nanotube and 
the water molecules. Indeed, CPT could be naturally 
and rapidly released as far as they approach the cell. 
 
 
 

 
 
 
 
 
 
 
Keywords:  boron nitride nanotube, therapeutic 
agents, cell membrane, all-atom molecular dynamic. 
 
 

 
 
 
Figure 3 : Drug release 
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Abstract. This work presents comparison between two Phase Change Memory (PCM) based 
memory architectures, namely standard crossbar architecture and a new architecture that was 
adapted for PCM operation. The performance of the two architectures was compared in terms 
of leakage energy, programming and reading delay, and reliability. It was found that the new 
crossbar architecture offers more than six orders of magnitude improvement in leakage energy 
and offers up to N times improvement in programming delay where N is a metric proportional 
to the size of the architecture, and more than an order of magnitude improvement in reading 
delay.   

1.  Introduction 
Resistive nonvolatile memories (NVM) such as memristors, Magnetic Torque Junctions (MTJs) 

and Phase Change Memory (PCM) among others are considered as potential candidates for storage 
class memory and replacing SRAM [1], since NVM capture the desired qualities to fulfill the growing 
demands of consumer electronics market. PCM in particular poses most of desirable properties; 
including high density and scalability, high operating speed, endurance and full CMOS compatibility 
[2]. Non-volatility of PCMs comes from the fact that the material exhibits a thermally induced phase 
change between at least two resistive states, and that the phase does not spontaneously reverse; 
therefore the material resistance is considered a memory element.  

When the programming pulse applied across the PCM cell is sufficient to raise its temperature to 
crystallizing temperature for duration adequate for crystallization to take place, the material rearranges 
into long atomically ordered low resistance state. On the other hand, if the applied pulse was sufficient 
to raise the temperature of the material above melting temperature, and steep the material will quench 
into highly disordered architecture, which exhibits high resistance at least two orders of magnitude 
larger than that of crystalline state.  



 
 
 
 
 
 

 

Figure 1. Leakage currents in standard crossbar 
architecture, the blue line is the current passing 
through the targeted cell (shaded), the red line is a 
possible leakage current path. 

By placing PCM cells in standard crossbar architecture very high density memory system can be 
achieved, where PCM storage elements are placed in intersection points of a wires grid (figure 1). 
Although the standard crossbar architecture shown in figure 1 offers a high density storage medium; it 
undergoes multiple performance issues ranging from stray capacitances caused by memory peripheral 
circuitry [3], to thermal crosstalk [4], connecting wire resistances [5], and leakage currents [6]. This 
work focuses on the leakage currents and how they add up to the dissipated energy in the memory 
system and affect the programmed resistance. The paper compares leakage effects in two different 
architectures, namely the standard nano-wire crossbar architecture and a novel architecture suggested 
in [7] to mitigate sneak path leakage current effects. The studied leakage characteristics include delay, 
power and energy dissipation and programming errors. Simulation results showed that the novel 
architecture demonstrates superior behavior in comparison to the standard architecture, in terms of 
delay energy and reliability.  

The layout of the rest of this paper is as follows, section 2 describes the compared crossbar 
architectures, while section 3 shows and discusses the simulation results, and the paper is concluded in 
section 4. 

2.  Crossbar architectures description 
In this work two architectures were studied, a standard crossbar architecture where the memory 
elements are placed at each intersection point of Word lines (rows) and Bit lines (columns) as shown 
in figure 2. The second tested architecture of figure 3 is a new architecture presented in [7]; it was 
designed for the purpose of mitigating the leakage effects in the standard crossbar. This architecture 
was originally intended for memristor based memory architecture. In this work the key feature “i.e. 
individual cells Word lines” of the architecture is maintained, and the architecture was adapted to 
entertain a PCM cell as the memory element, where the PCM model from [8] was the used model. 

2.1.  Standard Architecture  
The standard architecture is constructed of an intersecting grid of Word lines and Bit lines; at each 
intersection point a memory element is placed. To access a cell for either programming or reading, the 
address lines A0 and A1 provided at the input of the controller will decide which row and column to 
be activated accordingly. The write enable signal WE/RE dictates whether the cell is to be 
programmed or read. If the cell is to be programmed DATA controller input decides the programming 
voltage applied, i.e. VP0 and VP1 program into logic 0 and 1 respectively.  



 
 
 
 
 
 

 

Figure 2. Standard crossbar architecture 

On the other hand, to perform reading operation on an accessed cell the reading voltage VRead will 
be supplied to the selected cell. An external reading circuit consisted of a comparator operational 
amplifier and a series resistance that forms a voltage divider with the PCM cell is utilized. When the 
cell is at ON state the voltage at the positive input of the comparator would be higher than the voltage 
when the PCM cell is at the OFF state. By selecting a proper reference voltage between these two 
values at the negative comparator output; the output of the comparator will fully swing between GND 
and VDD (1V) according to the PCM state thus indicating the stored bit value. Table 1 shows the truth 
table of the controller unit in the standard architecture. 

Table 1.  Truth table of standard architecture controller unit (x indicate don’t care) 
Operation WE/RE  A0 A1 DATA D0 D1 WL1 WL2 BL1 BL2 

Write 

1 0 0 0/1 VP0/VP1 Floating 1 0 1 0 
1 0 1 0/1 VP0/VP1 Floating 1 0 0 1 
1 1 0 0/1 Floating VP0/VP1 0 1 1 0 
1 1 1 0/1 Floating VP0/VP1 0 1 0 1 

Read 

0 0 0 x VRead Floating 1 0 1 0 
0 0 1 x VRead Floating 1 0 0 1 
0 1 0 x Floating VRead 0 1 1 0 
0 1 1 x Floating VRead 0 1 0 1 

2.2.  New Architecture  
The other tested architecture in this work is an advanced novel architecture presented in [7]; the 
architecture was designed for a Memristor based crossbar and aimed to eliminate leakage. This 
architecture was adapted to suit a PCM memory element, by adjusting the voltage supplied to program 
and read the cells, and the read circuitry. The main feature of the novel architecture i.e. the separate 
Word line for each memory element was retained as well as the ability to program the cells sharing the 
same Bit line simultaneously.  
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Figure 3. Adapted new crossbar architecture 

 
To program cells; the write enable signal 𝑊𝐸/𝑅𝐸 is set to high, and regardless of the value at the  

address lines, the cells at the selected Bit line according to C will be programmed. While in read 
operation the cells are addressed in a similar manner as in the standard architecture using A0 and A1; 
the accessed cell is supplied VRead and a similar comparator as the one described in the standard 
architecture is used. The truth table of the novel architecture is presented in table 2.  

Table 2.  Truth table of novel architecture controller unit  
Operation WE/-RE A0 A1 C DATA D0 D1 WL0 WL1 WL2 WL3 BL1 BL2 Sel 

Write 
 

1 x x 0 0/1 VP0/VP1 VP0/VP1 1 0 1 0 1 0 Floating 

1 x x 1 0/1 VP0/VP1 VP0/VP1 0 1 0 1 0 1 Floating 

Read 
 
 
 

0 0 0 x x VRead VRead 1 0 0 0 1 0 1 

0 0 1 x x VRead VRead 0 1 0 0 0 1 0 

0 1 0 x x VRead VRead 0 0 1 0 1 0 1 

0 1 1 x x VRead VRead 0 0 0 1 0 1 0 

3.  Simulation results and discussion 
The two crossbar architectures described in section 2 were constructed and simulated using LTSpice 
IV. The architectures were tested for both reading and writing operations, the operations were tested 
for both 0 and 1, i.e. the high and low resistance states ROFF and RON respectively, where the 
untargeted cells are at RON when the addressed cell is ROFF and vice versa.   

Leaked energy during the programming and reading i.e. the energy dissipated in untargeted cells 
shows a great variation between the two architectures as expected and shown in figure 4. The novel 
architecture showed more than six orders of magnitude less leaked energy, this is directly tied to the 
elimination of leakage paths in this architecture by utilizing separate Word lines for each memory cell. 
It was also noted as shown in figure 4 that the leakage of reading process in the novel architecture is 
the least of all, due to the fact that in addition to eliminating leakage paths, VRead is much smaller than 
VP.  
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Figure 4. Summary of simulation results of leaked energy during reading and programming. 

While for the dissipated energy during programming pulse; it was found that programming energy 
i.e. the energy dissipated in all memory cells (M0 ‒ M3) is the same in both architectures, as shown in 
figure 5. This is explained by the fact that the voltage applied to the grid during programming 
operation is the same regardless of the architecture. While for the reading process the novel 
architecture showed better performance as expected due to elimination of leakage paths, resulting in 
most of the applied current to pass through the targeted cell rather than untargeted ones.  

 
Figure 5. Summary of simulation results of dissipated energy during reading and programming. 

Moreover, the programming duration for both architectures was set to a constant value in order to 
evaluate the effect of underlying architecture on the final resistance state, the built in capability to 
program all cells sharing a Bit line in the novel architecture thus showed a superior performance in 
terms of programming delay per cell as shown in table 3, this particular improvement in programming 
time is an architectural advantage rather than an advance of cell behaviour.  

Furthermore, the reading delay was measured as the time for the output to fully swing to 0 or 1 
from the moment the address lines and the read signal were propped. It was found that the novel 
architecture demonstrated almost three times less delay to read a stored 0 and more than an order of 
magnitude less time to read a stored 1 bit. This is due to larger current supplied to the comparator due 
to less leakage, resulting in a faster voltage swing.  

The last tested metric was the programmed state; it was found that when programming to high 
resistive state ROFF i.e. storing binary 0; both architectures cells were fully programmed to maximum 
ROFF of 200KΩ. While when programming to RON the standard architecture demonstrated higher RON 
compared to the novel architecture as shown in table 3, this is a direct effect of leakage, since less 



 
 
 
 
 
 

power is fed to the targeted cell, the phase of the material does not fully change resulting in a higher 
programmed ON resistance. This could jeopardize the reliability of memory operation as well as limit 
multilevel operation potential.   

Table 3. Delay and programmed level simulation results summary (N≈ No. of cells in a Bit line) 
Operation Novel Architecture  Standard Architecture  
Programming 0 Delay (s) 10n/N 10n/cell 
Programming 1 Delay (s) 200n/N 200n 
Reading 0 Delay (s) 1.23E-06 3.31E-06 
Reading 1 Delay (s) 9.29E-07 1.41E-06 
Programmed ON resistance (Ω) 16.3213E03 30E03 
Programmed OFF resistance (Ω) 200E03 200E03 

4.  Conclusion 
In this work a PCM based memory crossbar architecture comparison was carried out. A novel 
architecture that was originally designed for memristor based architecture was adapted to entertain a 
PCM storage element instead. The novel architecture showed superior performance compared to the 
standard architecture, in terms of leakage energy and delay in both programming and reading 
processes.  

The extracted results can be further extended to crossbars with larger sizes, given that for a 
standard architecture leakage would be directly proportional to the crossbar size, while in the novel 
architecture the leakage is limited regardless of the architecture’s size.  
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Abstract 
Innovative functionalized multi-walled carbon 
nanotubes (MWCNTs) are emerging tool in the 
nanobiotechnology applications. However, thier 
toxic effects on environment and health have 
become an issue of strong concern. In the 
present study, we address the impact of 
functionalized  MWCNTs on breast carcinoma 
(MCF7) cell line. Moreover, the prepared 
nanomaterials were characterized using different 
analytical tools; Fourier transform infrared 
spectroscopy (FTIR), X-ray diffraction patterns 
(XRD), scanning and transmission electron 
microscopes (SEM and TEM). The results 
showed that the functionalized MWCNTs with 
2-glucosyloxyethyl methacrylate (GEMA) and 
coaed with gelatin exhibited low cytotoxic 
effects in comparison with the standard 
doxorubicin. Also, gelatin was grafted with 
GEMA via their amino groups using Michael 
addition reaction. 
Keywords: nanobiotechnology, multi-walled 
carbon nanotubes, cytotoxicity, cell growth, cell 
adhesion, grafting copolymerization. 

 
Figure 1: illustrating schematic representation 
of the prepared functionalized multi-walled 
carbon nanotubes using (Gel) gelatin and 2-
glycosyloxyethyl methacrylate (GEMA).  
1. Introduction 
CNTs showed low solubility, poor wettability 
and bad dispersibility in common solvents and 
solid matrices.This major drawback is particu-
larly relevant to their compatibility with biolog-

icalsystems [1]. Except the dispersing and wet-
ting of CNTs, chemical functionalization may 
result in other effects such as: introduction of 
reactive functional groups on their surfaces, 
grafting of polymer chains on CNTs and tuning 
the intrinsic properties of CNTs like biocompat-
ibility, toxicity and conductivity [2]. Recently, 
glucosyloxyethyl acrylate (GEA) was used to 
modifiy chitosan through Michael addition re-
action. Acrylic monomers and polymers bearing 
a monosaccharide residue have unique proper-
ties to be used as pharmacological or biomedi-
cal materials and play important roles in the 
intercellular recognition process [3]. This work 
deals with preparation and characterization of 
some functionalized MWCNTs with 2-
glucosyloxyethyl methacrylate (GEMA) and 
coaed with gelatin. Moreover, the potential in 
vitro cytotoxic study of the prepared materials 
with breast carcinoma cell line (MCF7) using 
SBR assay was investigated. 
2. Materials and methods 
Multi-walled carbon nanotubes (MWCNTs), 
carbon ˃ 95%, O.D L 6-9 nm 5 µm obtained 
from Aldrich. 2-Glucosyloxyethyl methacrylate 
(GEMA), a monomer having a pendant glucose 
moiety, was supplied as an aqueous solution of 
5 w/v % by Aldrich. Edible Gelatin, Mw~40000 
(Gel) was purchased from Davis Gelatin NZ 
Limited, Christchurch, NZ. All chemicals and 
other reagents were used as received without 
further purification. 
2.1. Oxidation and purification of MWCNTs [4] 
Pristine MWCNTs (300 mg) were dispersed in 
mixed concentrated sulphuric and nitric acids 
(3:1, v/v) at ratio of 50 mL acid mixture per 10 
mg of CNTs. The resulted mixture was then re-
fluxed at 110°C overnight with continuous stir-
ring to produce oxidized mutli-walled carbon 
nanotubes (MWCNTs-COOH). The samples 



 

 

were washed with ultrapure water until the fil-
trate is neutral (pH 7.0). The collected solid was 
dried under vacuum at 70°C for 12 hr. The re-
sulted materials denoted MWCNTs-COOH and 
kept for further modification and analysis. 
2.2. Preparation of MWCNTs-based 

nanocomposites 
2.2.1. Synthesis of Gel-GEMA through Michael 

addition reaction [5] 
2 gm of gelatin (Gel) was dissolved in 80 mL 
deionized water (pH ~ 5.5). Then, 0.01 mol 
GEMA dissolved in 20 mL of deionized water 
were added, stirred for 48 hr at 50°C. 
Subsequently, the pH value of reaction mixture 
was adjusted to 8-9 by adding saturated sodium 
biocarbonate solution. The solution was poured 
into 1L of acetone to remove the unreacted 
reactant, filtrate to collect solid, dialyzed for 5 
days and freeze-dried to obtain pure Gel-
GEMA. The aforemensioned steps were 
repeated in presence of ox-MWCNTs to prepare 
the derivatives I and I (Table 1). 
Table 1. Chemical compositions of the prepared 
nanocomposites 
Sample code                 Chemical compostion 
(w/w%) 
                                    MWCNTs        Gel              
GEMA 
       GEMA                      0                   0                  
100  
Gel/GEMA                      0                   50                  
50 
MWCNTs-I                    50                   0                    
50                                                 
MWCNTs-II                   50                  25                  
25            

2.3. In vitro cytotoxicity examination of some 
promising prepared materials, using SBR assay: 
Potential cytotoxicity of the prepared 
nanomaterials was tested using the method of 
Skehan et al. [6] as follows: Different human 
normal cell lines (HFB4, and/or fibroblasts) 
were plated separately in 96-multiwell plate (10 
cells/well) for 24 hr before treatment with the 
prepared nanomaterials to allow attachment of 
cell to the wall of the plate. Different 
concentrations of the prepared nanomaterials 
under investigation (0, 5, 12, 25 and 50) µg/mL 

were prepared for each individual dose. 
Monolayer cells were incubated with the 
prepared materials for 48 hr in 5% carbon 
dioxide atmosphere at 37°C. After 48 hr, cells 
were fixed, washed and stained with Sulpho-
Rhodamine-B stain. Excess stain was washed 
with acetic acid and attached stain was 
recovered with Tris-EDTA buffer. Colour 
intensity was measured in an ELISA reader.  
3. Results and discussion 

 Characterization of the prepared materials 
Fig 1 shows FTIR spectra of ox-MWCNTs, 
MWCNTs-I and MWCNT-II. Typically the 
absorption peaks assigned to the O-H groups 
was observed at range 3400-3700 cm-1 in both 
spectra of MWCNT-I and II different from that 
of ox-MWCNTs. This indicates that the 
prepared derivatives I and II had many OH 
groups based on GEMA structure. Obviously, in 
case of the derivatives I and II, the appearance 
of new peaks at 1720 cm-1 assigned to the 
carbonyl ester new bonding between Ox-
MWCNTs s and gel/GEMA. Fig 2 shows TEM 
images of the prepared materials gel/GEMA and 
MWCNTs-II before and after swelling in 
aqueous medium. Gel/GEMA exhibited 
aggregation spherical-like particles (Fig 2a). 
While, the nanotubes have been cut into short 
ones, and the grafted MWCNTs can entangle 
with neighboring ones like brush hair (Fig 2b). 
On the other hand, the grafted and coated 
MWCNTs were aggregated into a cluster form 
after swelling in aqueous medium. Fig 3 shows 
SEM micrographs of MWCNTs derivatives I 
and II. As can be seen, the increased in diameter 
of the grafted carbon tubes (Fig.3a). This 
indicates that the grafting reaction with GEMA 
took place over the whole surface of the 
MWCNTs. While the tubes were completely 
coated with gelatin in the case of MWCNTs-II 
(Fig 3b). 
In vitro cytotoxicity study of the prepared 
materials using SBR assay 
Fig 4 shows in vitro cytotoxicity study of the 
prepared materials I and II using SBR assay. It 
was observed that the prepared MWCNTs 
derivatives I and II exhibited low cytotoxicity 
against MCF7 cells in comparison with standard 



doxorubicin at different concentrations. 
Moreover, all the prepared materials have high 
IC50 values relative to the standard. In other 
words, at high concentration (50 µg/ml) 
suggesting the relatively non-toxic nature of 
these materials on the cancer cells (MCF7). As 
indicated in Fig. 4, treatment of the cancer cells 
with various concentrations (5, 12, 25, and 
50µg/ml) of the prepared materials caused a 
dose-dependent decrease in cell viability relative 
to the control culture. 
 

 
Fig.1  

 
Fig 2. 
 

 
Fig 3. 
 

 
Fig 4.  
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Nanoparticles (NPs) have an enormous potential for the construction and study of systems suitable for molecular 
recognition and self-assembly at the nanoscale. This is particularly true for possible applications in biomedicine, 
such as tissue engineering, drug delivery and medical diagnostics. Due to their excellent biocompatibility and 
unique physicochemical properties, gold nanoparticles (AuNPs) are emerging as one of the most promising plat-
forms for possible applications in various therapeutic strategies. We have recently found that monolayer-
protected Au144 nanoclusters (MPCs), which have a gold core of only 1.6 nm, easily undergo cellular uptake, 
show no toxicity, and once loaded with drugs display excellent properties as drug carriers (unpublished results). 
On the other hand, the presence in the protective monolayer of small ligands with only restricted amount of bind-
ing groups facilitates their desorption and may lead to aggregation and disruption of the nanoparticle itself, par-
ticularly because of the presence of thiol-containing molecules in physiological environment.[1]  In this contest, 
hybrid core/shell nanosystems based on gold MPCs capped with poly(aminoacids) could be particularly useful 
owing to their relatively easy preparation and functionalization, and the possibility of displaying bioactive mo-
lecular moieties in a controlled manner.[2] Very few examples describe direct polymer formation trough polymer-
ization on the AuNP surface.[3] In particular, there are no reports concerning direct polymerization approaches for 
the preparation of AuNP/poly(amino acids) nanostructures. In this work, we describe a novel method for assem-
bling poly(amino acids) on Au144 MPCs.  
        
 

 
 
Scheme 1: Synthesis of core/shell star-like nanoparticles. (A) Lig-
and exchange reaction and preparation of the initiator of polymeri-
zation. (B) N-carboxyanhydride polymerization and polymer 
deprotection. 
 

The method we used consists in the direct polymeriza-
tion of N-carboxyanhydrides (NCA) directly on Au144 
MPCs, which serve as both supports and initiators of 
polymerization, and allows creating core/shell star-
like platform as possible nanocarrier for bioactive 
molecules. To prepare gold MPCs containing free 
amino groups suitable to act as polymerization sites, 
the monolayer of preformed phenylethanethiolate pro-
tected clusters, Au144(SCH2CH2Ph)60, was modified 
via ligand place exchange using thiolated ligands car-
rying a Fmoc-protected amino-group (Scheme 1, A).  

The average number of exchanged ligands was calculated by oxidatively decomposing the MPCs with excess 
iodine and analyzing the molar ratio between the liberated 
ligands through a comparison between the integrals of conveniently separated peaks. The so-obtained mixed 
monolayer nanoclusters were Fmoc-deprotected and fully characterized by STEM, TGA and UV, allowing us to 
verify that the gold core size was not affected by the above chemical steps (Fig. 1). 
 

              
Figure 1. UV spectra during MPCs modification (left) and STEM images (right) of Au144(SCH2CH2Ph)60 (A) and exchanged and deprotected 
MPCs (B)  
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The polymerization of NCA was carried out at different temperatures, monomer/initiator ratios, and concentra-
tions of monomer and initiator (Table 1).  
 
Table 1. Polymwrization conditions and characterization of core/shell nanoparticles after Fmoc-deprotection. 
 

Sample T, oC Molar ratio NCA/NH2 CNH2, mM CNCA, mM pLys, % (TGA) MpLys, kDa (TGA) D, nm (DLS) 

4-Au50 4 50 3 150 - - - 

Au50-1 30 50 3 150 84,7 160 29 

Au100-1 30 100 1,5 150 87,9 200 28 

Au150-1 30 150 1 150 93,4 400 29 

Au50-2 30 50 0,15 7,5 75,2 85 24 

Au100-2 30 100 0,15 15 79,5 110 Aggregation 

Au150-2 30 150 0,15 22,5 84,7 150 Aggregation 

 
At low temperature the polymerization leads to the formation of low molecular weight products, whereas at 30 

oC the MPC-induced polymerization of NCA takes place promptly and yields products whose molecular weights 
strongly depend on the ratio monomer/initiator and the concentrations of the reagents (Table 1). After Fmoc-
deprotection, the initial brown color typical for Au144 MPCs turns pink, a color generally associated with the 
presence of larger AuNPs (Fig. 2). Moreover, a low intensity plasmon resonance band, seen also in the Fmoc-
protected NPs, was found to increase in time and is visible even after dilution. The presence of the plasmon res-
onance band in the UV spectra was observed also in the samples obtained by using diluted solutions of the initia-
tor, which prevented its clustering during polymerization. No pH-induced shift of its maximum (530 nm) was 
observed, which was shown to occur upon aggregation.[4] STEM images confirmed the mantainance of the gold 
core dimension and the absence of large aggregates. This plasmon resonance band appears to be caused by coop-
erative long-range interactions between gold nanoclusters mediated by polylysine chains, rather than induced by 
aggregation of nanoparticles. To the best of our knowledge, this phenomenon has never been observed.  
   

            
 
 
Figure 2. Au50-1: (A) Polymer coated AuNPs before (left) and after (right) Fmoc-deprotection; (B) Increase of 
the plasmon resonance band with time after Fmoc-deprotection; (C) STEM image of the Fmoc-deprotected 
core/shell AuNPs. 
 
The lysine N-carboxyanhydride polymerization reaction leads to the formation of a robust polylysine protective 
shell, stable in the conditions of chemical etching (presence of thiols at high concentrations) and at different pH. 
This method can be easily extended to prepare core/shell nanosystems with other mono- and co-poly(amino ac-
ids). 
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Abstract: A unique atomic structure of carbon nano-
tube unveils outstanding properties. This makes it po-
tentially highly valued reinforcing material to strength-
en composite materials. But, the presence of defects in 
the nanostructure substantially alters the material’s 
properties. So, the static and dynamic characteristics of 
carbon nanotube based nanocomposites subjected to 
atomic vacancy and Stone-Wales defects are studied 
using nonlinear representative volume element. The 
carbon-carbon bond of nanotube is modeled using Ter-
soff-Brenner potential. The H110MA grade polypro-
pylene is used as matrix material and its properties are 
tested in the laboratory which are further used to model 
it. The interaction between nanotube and polymer ma-
trix is modeled using nonlinear spring elements in the 
presence of defects in reinforcing material. 
 
Keywords:  Carbon nanotube, Nanocomposites, Repre-
sentative volume element, Atomistic vacancy defect, 
Stone-Wales defect, Tersoff-Brenner potential. 

 
1. Introduction 
 
Shokrieh et al [1]  investigated the tensile behavior of 
the carbon nanotube embedded polymer matrix. They 
have assumed the linear behavior of polymer matrix 
and carbon-carbon bond. Joshi et al [2] analyzed the 
elastic properties of carbon nanotube reinforced poly-
propylene with pinhole defects. They have represented 
the polypropylene and carbon nanotube using continu-
um elements with linear material properties. Wernik et 
al [3] proposed the multiscale modeling of the nonline-
ar response of nano-reinforced polymers. They have 
used the spring elements to simulate carbon nanotubes 
and vdW interactions. They used the Morse potential to 
represent carbon-carbon bond and Lennard-Jones po-
tential to represent vdW interactions. Joshi et al [4] 
studied the chirality effects in carbon nanotube rein-
forced composites. They considered the length of car-
bon nanotube equal to the length of matrix material in 
the (representative volume element) RVE and investi-
gated the effects of different elastic properties, length of 
carbon nanotube, material of matrix. Researchers have 
assumed the linear material behavior for carbon-carbon 
bond. While modeling the interface between polymer 
and nanotube, they have assumed the interaction only 
between the nearest carbon atoms of these two materi-
als. 
 
2. Modeling Procedure 
 
In the design of RVE as shown in Fig. 1, the carbon-
carbon bond of nanotube is modelled using its nonline-

ar material model [5]. The nonlinear interactions be-
tween the nanotube and matrix material (interface) is 
modelled using “Lennard-Jones 6-12” potential [5]. In 
the designed RVE, the nanotube is considered as sur-
rounded by the matrix material from all sides with 
clearance equal to the equilibrium distance between the 
nanotube atoms and the polymer atoms. This equilibri-
um distance is taken as 0.3282 nm [6]. To simulate the 
matrix material (H110MA polypropylene), SOLID186 
element of Ansys is used in the computation. It is a 
higher order 3-D 20-Node Structural Solid element that 
exhibits quadratic displacement behaviour and is capa-
ble to model the nonlinear material behaviour. 
 

 
Fig. 1. Representative volume element 

 
3. Results and discussion 
 
3.1. Static characteristics 
 
The representative volume element is made by adding 5 
%  by volume of nanotube with H110MA grade poly-
propylene. It is then subjected to the cantilevered 
boundary condition where one end is clamped and the 
strain is applied at the other end. Armchair (9, 9) and 
zigzag (16, 0) nanotubes are considered in the RVE 
both of approximately same diameter to investigate the 
effect of chirality on the static characteristics of nano-
composite. Atomic vacancy and Stone-Wales defects of 
nanotube are considered to investigate its effect on the 
static characteristics of nanocomposite material. Eight 
number of equally spaced vacancy defects are created 
in the nanotube of RVE along its length. Similarly, ten 
number of equally spaced Stone-Wales defects are also 
created. Before investigating its effects on the nano-
composite material, its effects are studied on the carbon 
nanotubes. Fig. 2 shows the nonlinear stress-strain 
curve of the defect-free and defective SWCNT under 
cantilevered boundary condition. It is observed that the 
presence of defects in nanotube reduce its stress and 
strain carrying capacity. It is also observed that vacancy 
defect affects more to the static characteristics of the 
nanotube compared to the Stone-Wales defect. These 
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defective nanotubes are then used in the RVE such that 
their percentage volume is 5 % of the total volume of 
RVE. Fig. 3 shows the nonlinear stress-strain curve of 
the RVE under cantilevered boundary condition. It is 
seen that the defect-free and the defective RVE shows 
the same static characteristics. Though the vacancy and 
Stone-Wales defect alter the mechanical properties of 
the nanotube but once they are mixed with the matrix 
material then their effect on the overall static character-
istics of the nanocomposite material is negligible. 
 
3.2. Dynamic characteristics 
 
Effect on natural frequencies of the matrix material by 
addition of 5 % of nanotube (by volume) is studied in 
this section. The variation of natural frequencies of the 
neat polypropylene and nanocomposite material under 
cantilevered boundary condition is shown in Fig. 4. It is 
observed that addition of nanotube significantly im-
proves the natural frequencies of matrix material. At 
higher modes, there relative increase in the values of 
natural frequencies is  more. The reason for this is, the 
higher modes of the RVE are the higher flexural modes 
and the added nanotube restricts this motion by provid-
ing extra stiffness to the RVE, as a result the natural 
frequencies also increase. Next, to study the effect of 
defects of nanotube on the vibration of nanocomposite 
material, the defect-free nanotube of RVE is replaced 
by the defective nanotube. In this case also, vacancy 
and Stone-Wales defects are considered. After extract-
ing the natural frequencies of RVE with defective nano-
tube under cantilevered boundary conditions, it is ob-
served that effect of defects on the natural frequencies 
is negligible, though their role is significant when nano-
tubes are used alone. 
 

 
Fig. 2. Nonlinear stress-strain curve of Armchair CNT 

with defects 

 

 

Fig. 3. Nonlinear stress-strain curve of RVE with Arm-
chair nanotube with defects 

 
Fig. 4. Natural frequencies of RVE for (a) Cantilevered 

and (b) Clamped boundary condition 

4. Conclusions 
 
The static and dynamic characteristics of the nanocom-
posites material with and without presence of defects 
are studied using the concept of RVE. A nonlinear RVE 
is proposed to carry out this task. Though, the en-
hancement of the strength of the neat polypropylene is 
observed by adding CNT to it, but the effect of defects 
is negligible on the static and dynamic characteristics of 
nanocomposite material. The stress-strain curve of the 
RVE encompassing vacancy and Stone-Wales defective 
nanotube under the application of external strain shows 
same behaviour. Similarly, the natural frequencies of 
the RVE are also approximately same in case of defect-
free and defective condition. 
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Abstract 
 In this paper we report the interaction monitoring between lead (II) ions in aqueous solution and Phytochelatin 6 
oligopeptides bioconjugated onto pegylated gold nanorods (PEG-AuNr). Phytochelatins are small peptides, found in 
different organisms such as plants and fungi for detoxification mechanisms. This study is the first step towards a high 
sensitive label free optical biosensor to quantify heavy metals pollution in water using nanostructured hybrid materials 
as PEG-AuNr. 

Introduction 
Nanostructured materials have become increasingly popular due to their unique properties in development of novel 
biosensors. Therefore, more attention should be paid to find efficient synthesis methods to match the enlarging demand 
of gold nanoparticles. Several different solution synthesis methods have been employed to prepare gold nanoparticles, 
including biomolecule reduction of HAuCl4, seed mediated synthesis at room temperature and polymer-assisted 
synthesis. Recently, the utility of nanomaterials for any application is strongly dependent upon their physicochemical 
characteristics and their interactions with surfaces modifiers (Spadavecchia et al.; 2014).  Exchange of organic 
molecules on Au nanoparticles with PEG can indeed be performed to prepare biocompatible PEG-stabilized Au 
nanoparticles. Gold nanoparticles can interact with specifically sequenced peptides that can self-assemble on their 
surface. The polypeptides could induce or prevent aggregation of nanoparticles causing consequently the change of 
absorbance and, moreover, allow to interact with other metal ions i.e. Cd2+, Ni2+, Co2+, Zn2+ etc. Lead is a widely used 
heavy metal and has a large number of industrial applications, such as battery manufacture, paint, gasoline, alloys, 
radiation shielding, piping and so on. Lead content in paints and gasoline represents a severe risk of environment 
pollution and, consequently, for human health. Moreover, bioprobes play an important role in heavy metal detection. 
Phytochelatins (PCs) oligopeptides have been widely studied because of their ability to chelate heavy metal ions in 
plants and fungi for detoxification mechanisms (Cobbett, 2000). We report here synthesis to prepare polymer-modified 
gold nanoparticles and gold nanorods using dycarboxylic PEG (DPEG) as stabilizer. We have thus implemented and 
evaluated a simple and reproducible method for labeling biomolecules with PEG gold nanostructures without utilizing 
organic solvents and surfactants. A new kind of pegylated  gold nanorods based assay to quantify lead-Phytochelatin 6 
(PC6) interactions in aqueous solution by using the proteins as bioprobes was developed. Ultraviolet-visible (UV-Vis) 
spectroscopy and Fourier transform surface plasmon resonance (FT-SPR) has been used for monitoring the formation of 
metal-biological complexes at different concentration lead. 
 
Discussion 
In order to improve the biointerfacial properties of AuNPs, we coated them with a bifunctional PEG linker carrying two 
carboxylic groups. The synthesis of PEG-capped gold nanoparticles (DPEG-AuNPs) was achieved by reducing-
tetrachloroauric acid (HAuCl4) with sodium borohydride (NaBH4) in the presence of PEG-diacid as a capping agent. 
The main difference with other synthesis procedures of DPEG-AuNPs is that PEG-diacid is used in the same way as the 
citrate for the stabilization of the particles through electrostatic interactions between the carboxylic acid groups and the 
gold surface [28]. Particle formation and growth were tuned by the amphiphilic character of the PEG-diacid polymer 
and include three steps: (1) reduction of HAuCl4 facilitated by dicarboxylic acid-terminated PEG to form gold clusters; 
(2) adsorption of PEG diacid molecules on the surface of the gold clusters and reduction of metal ions in that vicinity; 
and (3) growth of gold particles and colloidal stabilization by PEG polymers. Interaction of PC6 biomolecules and PEG-
AuNPs or nanorods PEG-AuNr was monitored by observing the Localized Surface Plasmon (LSP) band in the UV–Vis 
spectrum. Figure 1 displays the LSP bands of AuNPs before and during interaction with PC6 molecules at equal 
concentrations of AuNPs in aqueous solution (10−4 M). It is well visible that AuNPs before bioconjugation show one 
peak at 530nm, while after 2 minutes of mixing with PC6 proteins appears a second LSP peak around 650nm. A 
decrease of the plasmon absorption can be attributed to the change of localized refractive index near the AuNr surface 
indicating that PC6 were attached to the AuNr surface. From UV-Vis recorded spectra, it is clear that AuNr bind PC6 
molecules and the resulting complexes are stable since there is not any degradation of the absorption peak.  



 
Figure 1: UV-Vis spectra of PEG-AuNPs (left) and PEG-AuNr (right) before and after bio-conjugation wih PC6 protein. 

Planar gold surfaces were functionalized by a cysteamine self-assembled monolayer, which could strongly bound, under 
EDC/NHS chemistry activation  the PC6-AuNr in order to perform Fourier Trasform Surface Plasmon Resonance (FT-
SPR) measurenments (Figure 2).  

 

 
Figure 2. FT-SPR response as function of Lead (II) solutions concentration (respectively 100, 50 and 25ppb) 

during 3 cycles of binding followed by rinsing. 
The real-time monitoring of all Pb (II) solutions with different concentrations tested shows important wavenumer 
change. It is of particular interest that after rinsing the signal restores its initial value since this means that interaction 
between nanocomplexes and metal ions is reversible. These wavenumber shifts indicate that lead (II) ions in solution 
significantly bind to phytochelatin modified AuNr even if the hybrid probes are conjugated to the analysis surface of 
FT-SPR. These wavenumber shifts indicate that lead (II) ions in solution significantly bind to phytochelatin modified 
AuNr even if the hybrid probes are conjugated to the analysis surface of FT-SPR (Politi et al. 2015). 

Conclusions 
In this work, we have characterized by optical, label free techniques the interaction between small peptides, namely 
PC6, and Pb (II) in aqueous solutions based on proteins bioconjugated gold nanorods. These hybrids nanocomplexes are 
stable and biologically active: even if linked by adsorbed-gold interaction on the nanorods surface, the peptides are able 
to strongly bind the heavy metal ions. These results are very promising for development of sensitive and effective 
nanoparticle-based biosensor for quantifying Pb (II) ions concentration in water. 
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Abstract 

In this work, long, dense and uniformly distributed ZnO nanowires have been synthesized and studied as the sensing 
element for the detection of ammonia gas. 130 nm thick Zn film was deposited on oxidized Si substrate by RF 
magnetron sputtering at the rate of 4.5 nm/min in Ar ambient. The film was subsequently oxidized at 600 oC in 
moist environment for 1 hr. The structural phase of post oxidized sample indicates that sample is completely 
oxidized and morphology indicates that surface is covered by nanowires. These nanowires diameters are about 40-
50 nm and length is few tens of micron. The resistance of nanowires was measured through Cr-Au IDE (inter digital 
electrode) of 30 µm gap in air and test gas (ammonia) atmospheres. 

Introduction 

Ammonia (NH3) is a toxic gas and needs to be detected in industrial units and other places. Till date, various 
semiconducting metal oxides such as SnO2, ZnO, In2O3, CuO, WO3 and V2O5 have been used for detection of 
various gases [1]. ZnO is a highly sensitive, thermally and chemically stable material [2]. Though various forms of 
ZnO such as thick film, thin film and nanostructures have been used in gas sensing application, still nanostructured 
ZnO is reported to be an excellent material because of its high surface area to volume ratio resulting in enhancement 
in physical and chemical properties at the surface. Nanostructured ZnO such as nanowires, nanorods, nanoribbons, 
nanoflakes and nanobelts have been synthesized by thermal evaporation, CVD, pulsed lased deposition, 
hydrothermal and thermal oxidation technique. The thermal oxidation technique is quite simple, cost effective and 
catalysis free and mass productive method [3].   

In this paper, we report Zn film deposition by RF magnetron sputtering and its subsequent oxidation in moist 
environment to grow long, dense and uniformly distributed ZnO nanowires. These nanowires were synthesized on 
inter digital electrode (IDE) structure and its change in resistance was measured on exposure to NH3 gas.  

Experimental work 

Zn film was deposited on oxidized Si substrate using RF magnetron sputtering at the deposition rate 4.5 nm/min to 
achieve 130 nm. This deposited Zn film was oxidized in a tube furnace in moist ambient. The heating temperature 
and time were 600 oC and 1 h respectively. Post oxidized samples were characterized using scanning electron 
microscopy (SEM) and X-ray diffraction (XRD). These nanowire syntheses were synthesized on Cr-Au IDE to 
fabricate a device. The device was heated using a small hot plate and nanowires resistance was measured using IDE. 
The gas sensing properties of the fabricated device were analyzed for 5-50 ppm of ammonia at different operating 
temperatures. The sensitivity “S” is defined as: S= [(Ra − Rg)/Rg]×100%, where Ra and Rg are the resistances of the 
gas sensor in air and gas ambient.  
Results and Discussion 

The 130 nm Zn film, oxidized at 600 oC in moist air for 1 h resulted in long, dense and uniformly distributed 
nanowire growth. The corresponding SEM image is shown in Fig. 1(a). The SEM image reveals that, nanowire 
diameter is around 40-50 nm and length of few tens of micron. The XRD pattern was analyzed for the post-oxidized 
sample and material was indexed as hexagonal ZnO. The peak positions corresponding to (200) and (101) have 
maximum intensity. Also, it is observed that ZnO nanowires are high crystalline, since peaks are narrow. The 
resistance of nanowires was measured through Cr-Au IDE (30 µm gap). The resistances decreases upon heating and 
it is a clear proof that synthesized material is a semiconducting metal oxide. Upon exposure to reducing gases such 
as NH3, the resistance further decreases (Fig 1(c)) clearly shows that ZnO is an n-type semiconductor. When ZnO is 
exposed to air, available oxygen molecules capture electrons from conduction band and convert to ions 
(O2−, O−, O2−). When ammonia gas is introduced to chamber, absorbed oxygen ions react in the following manner:  
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These donated electrons increases total charge carrier concentration and so the resistance decreases. The interaction 
between ZnO nanowires and gases (O2/NH3) is enhanced by thermal activation. Thus ZnO nanowires were heated 
for better response.  Fig 1(c) shows the change in resistance of ZnO nanowires at 200 oC when exposed to 50 ppm of 
NH3 gas. The sensitivity for above case is 53.5% and it is clear that synthesized ZnO nanowires are excellent 
material for gas sensing application. The response and recovery (90% of total change in resistance) time was 
measured to be 43 and 108 s. At this temperature, the sensor was tested for different concentrations. Sensitivity 
versus concentration graph is shown in Fig. 1(d) and it is found that the sensitivity is quite linear. The sensor shows 
excellent sensing performance which can be explained with quantum size effect. The diameters of nanowires are 40-
50 nm. From XRD data, the calculated grain size from optimum peak is 27 nm. According to Kolmakov et al. the 
typical Debye length of ZnO nanowire is 30nm [4]. Thus we can presume that all available atoms of ZnO nanowires 
participate in the reaction to increase the sensitivity.  

 

Fig. 1(a) SEM image (b) XRD pattern of ZnO nanowires (c) Change in resistance of ZnO nanowire upon exposure 
of 50 ppm of ammonia gas (d) Sensitivity v/s concentration plot 

References  

[1] G. Eranna, Metal Oxide Nanostructures as Gas Sensing Devices, 1 edition, CRC Press, Boca Raton, FL, 2011. 

[2] Chang, Shoou Jinn, Wen Yin Weng, Cheng Liang Hsu, and Ting Jen Hsueh. (2010) High Sensitivity of a ZnO 
Nanowire-based Ammonia Gas Sensor with Pt Nano-particles., Nano Communication Networks, 1, 4: 283–88. 

[3] B. Behera, S. Chandra, Catalyst-Free Synthesis of ZnO Nanowires on Oxidized Silicon Substrate for Gas 
Sensing Applications, J. Nanosci. Nanotechnol. 15 (2015) 4534–4542 

[4] Kolmakov, A.; Moskovits, M. Annu. Rev. Mater. Res. 2004, 34, 151-180. 



Ultrasensitive magnetic particles/DNAzymes based biosensors for 
clinical applications. 

Stefano Persano§‡†, Giuseppe Vecchio§, Paola Valentini§, Pier Paolo Pompa§*. 
§ Istituto Italiano di Tecnologia, Center for Bio-Molecular Nanotechnologies@UniLe, Via Barsanti, 

73010 Arnesano (Lecce), Italy. 
‡ Università del Salento, Via Provinciale Monteroni, 73100 Lecce, Italy. 

† Houston Methodist Research Institute, 6670 Bertner Avenue, Houston, 77030 Houston (TX), United 
States of America (USA). 

 
 

Traditional in vitro diagnostic is based on assays 
and procedures optimized for modern clinical 
laboratories, equipped with all the necessary 
instrumentation. However, these high-tech and 
costly tests are not suitable to address the cur-
rent diagnostic challenges of preventive medi-
cine, ultra-early diagnosis, and large-scale popu-
lation screenings. To address these issues, inno-
vative diagnostic tests need more simplified 
procedures, resulting in cheap, rapid, instru-
ment-free analyses that can be performed also in 
non-specialized settings, at the point-of-care 
(POC). In this framework, we show here two 
hybrid strategies for the sensitive detection of 
Human Papilloma Virus (HPV)1 and RNases 
activity2. HPV is a very important analytical 
target, due to its broad diffusion and clinically 
relevant association with cervical cancer. Gen-
erally, the main obstacle for developing simpli-
fied testing for nucleic acid targets is their rather 
low concentration in clinical samples that does 
not match the sensitivity of most common as-
says; usually, the target needs to be amplified by 
PCR (Polymerase Chain Reaction), which re-
quires dedicated instrumentation. In this con-
text, we developed a polymerase reaction free, 
low-cost and sensitive assay for the colorimetric 
detection of HPV, based on the use of a smart 
design exploiting magnetic microparticles 
(MMPs), chimeric RNA/DNAzyme oligonucle-
otides, and double signal amplification (Fig. 1).  
 

 
 
Figure 1. Schematic representation of the col-
orimetric detection platform based on RNase H-
assisted target DNA recycling and generation of 

the colorimetric signal catalyzed by the peroxi-
dase-mimicking DNAzyme. (A) DNAzyme-
hemin complexes are immobilized onto MMPs 
via streptavidin-biotin interactions. (B) HPV 
DNA target recycling in the presence of RNase 
H. (C) DNAzyme-catalyzed oxidation of the 
ABTS substrate and generation of the colori-
metric signal. 
 
We exploited this system for the colorimetric 
detection of HPV-16, which is the most diffuse 
oncogenic HPV worldwide. We probed a broad 
range of target concentrations from 1 mM to 10 
pM. Fig. 2A  
shows the typical time-dependent absorbance 
changes in samples containing different concen-
trations of target DNA during the DNAzyme-
catalyzed oxidation of ABTS. 
The results show that the reaction is quite rapid, 
reaching the plateau in short time, and allowing 
us to record the maximum signal after about 3 
min. Fig. 2B shows the quantitative response of 
our assay at different target concentrations. The 
signal can still be clearly distinguished from the 
background at 10 pM of target DNA.This sensi-
tivity is significantly better than those of previ-
ously reported methods based on peroxidase-
mimicking DNAzymes.3–13 

 



 

 

 
 
Figure 2. (A) Time-dependent absorbance 
changes at l = 414 nm in the presence of differ-
ent amounts of target DNA ranging from 0.01 to 
1000 nM. (B) Absorbance changes upon analyz-
ing different concentrations of HPV–DNA. Er-
ror bars represent the standard deviation (SD) of 
three independent experiments. Absorbance data 
represent background subtracted values. 
 
On the other side, the detection of RNases activ-
ity has also great importance in a wide range of 
biomedical applications, including assessment 
of RNase con 
 
tamination in molecular biology and screening 
of new antiviral drugs and RNase inhibitors. In 
this regard, we proposed a new versatile strategy 
that allows the detection of several classes of 
RNases with better sensitivity then existing as-
says. Our two-step approach consists of a DNA-
RNA-DNA chimeric Hairpin Probe (cHP) con-
jugated to MMP, a DNAzyme sequence and 
molecular beacons (see Fig. 3). 
 

 
 
Figure 3. Schematic illustration of the two-step 
RNase assay. The DNA-RNA-DNA chimeric 

Hairpin Probe (cHP) is immobilized by biotin-
streptavidin interaction onto Magnetic Micro-
particles (MMP) in order to obtain the MMP-
cHPs complex. In the first step, the digestion of 
the RNA portion of cHPs by RNase allows the 
release of DNAzyme. After magnetic washing, 
the released DNAzyme is added to FAM/Dabcyl 
molecular beacon. In the second step, the cata-
lytic activity of the DNAzyme on the molecular 
beacons generates fluorescence signal. 
 
We used our assay to detect RNase A, a well-
established model to evaluate the sensitivity of 
RNase assays14, and largely used as positive 
control in commercial RNase contamination 
detection kits. As reported in Figure 4, the ex-
perimental results show that our strategy allows 
sensitive detection of RNase A down to 0.85 pg 
after just 30 min of DNAzyme activity. 
However, using a longer incubation time (2 h), 
the sensitivity increases to 0.017 pg (corre-
sponding to  ̴3 X 10-7 U/mL) of RNase A (Fig-
ure 2, inset). 
 

 
 
Figure 4. Time-dependent normalized fluores-
cence intensity (F/F0) at 522 nm upon incuba-
tion of our hybrid probe with different RNase A 
amounts (0.0085–170 pg) for 30 min at 37°C. 
The first step duration was fixed at 30 min. Inset 
shows a zoom of the kinetic curves at the lowest 
en 
 
 
zyme amounts. Error bars represent the standard 
deviation (SD) calculated from triplicate exper-
iments. 
 
Our assays permit the detection of low amount 
of analyte by the use of an amplification step 
exploiting the catalytic activity of DNAzyme 
molecules. These characteristics, coupled with 
the small volume of samples needed by our ap-
proaches, make our assays suitable for future 
implementations, such as low cost Lab-On-a-



Chip and high-throughput screening applica-
tions. 
 
Keywords:  HPV, DNAzymes, Magnetic mi-
croparticles, RNase, chimeric DNA-RNA. 
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Abstract 

Remarkably increased power conversion efficiency (PCE) of dye-sensitized solar cells has been achieved by addition 
of small quantities of silver nanoparticles into TiO2 photo anodes. In this report, the uniform silver nanoparticle were 
developed by treating silver ions with Peltophorum pterocarpum flower extract. The X-ray diffraction analysis 
confirmed that the synthesized silver nanoparticles are single crystalline in nature with face centered cubic. Silver 
nanoparticles, with an approximate size of 15-30nm were observed in the Transmission Electron Microscopy image. 
A Plasmonic effect of silver nanoparticles in dye-sensitized solar cells is studied. Our investigations show that, the Ag 
NPs improves the power conversion efficiency of the solar cell from 2.83% to 3.62% with increment around 28% that 
takes place after incorporation the 2 wt% of the Ag NPs in P25-TiO2 NPs.  

1. Introduction: The third generation solar cells such as dye-sensitized solar cell (DSSC) and organic solar cell (OSC) 
have received great attention as promising technology for renewable energy production. DSSC have inspired 
enormous research interest due to several advantages such as flexibility, relatively high power conversion efficiency, 
low toxicity to environment, and easy fabrication with low cost. From the time of DSSC fabricated by Gratzel et al., 
[1] significant attempt has been put into the design of photoanodes in addition to dyes, [2] electrolytes [3] counter 
electrodes photo anode semiconducting material and redox shuttle for improve the efficiency of DSSC. Among these, 
the photoanode plays a crucial role in the determining the cell performance.  In this study, the DSSCs have been 
fabricated by green synthesized Ag NPs mixed with photo anode TiO2 and studied the plasmonic effect of Ag NPs on 
DSSC. 

2. Experiments: Silver nanoparticles were prepared according to previous report [4]. 3 grams of fresh PP flowers 
were immersed in 300 mL boiling distilled water for 30 minutes and then filtered. The obtained extract dripped into 
100 mL of 0.01 M aqueous silver nitrate solution in a flask with constant stirring. The appearance of the yellowish 
brown indicated the formation of the Ag NPs and then continued stirring for another 1 hour. The product dried in an 
oven at 60° C.     
The above prepared Ag NPs were mixed with purchased P25 TiO2 nanoparticles with different weight percentages of 
1, 2 and 3. Also, a reference sample without Ag NPs are also prepared. The P25 TiO2 layers without/with Ag NPs 
have been immersed in an ethanol solution of a 0.5 mM of Ruthenium complex based dye for 18 hrs at room 
temperature. DSSCs were assembled by sandwiching a platinum glass 
counter electrode and photoanode, by inserting polymer film (50 Pm) 
between two electrodes, and injecting the redox iodide electrolyte into 
the space between two electrodes. The J/V characteristics of the 
devices were studied.  
3. Results and Discussions: Structural and phase formation of the 
synthesized Ag NPs were characterized by X-ray diffraction ((XRD; 
SEIFERT, Cu Kα radiation, λ=1.540598 Å). Figure 1 shows XRD and 
it exhibits four main characteristic diffraction peaks for Ag at 2θ angle 
of 38.1, 44.3, 64.7, 77.7, which correspond to (111), (200), (220), and 
(311). It explains the prepared Ag NPs were face centered cubic crystal 
structure.                                                       Figure 1 
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The surface morphology and size of Ag NPs were 
investigated using High Resolution Transmission Electron 
Microscopy (HR-TEM). Figure 2 (a) and (b) depicts the TEM 
and SAED pictures of Ag NPs respectively. As shown in the 
figure the obtained Ag NPs were predominantly spherical and 
the size was determined as 15-30 nm. Figure 4 shows the HR-
SEM image of purchased P25 TiO2 NPs. From the image the 
P25 TiO2 NPs were spherical in shape with uniform sizes 
about 30-40 nm.   

                                    Figure 2 

The J/V characteristics of of DSSCs without and with 1, 2, 3 wt% of Ag NPs were measured. Short-circuit current 
density (Jsc) and conversion efficiency are shown in Figure 3 (a). As shown in the figure the efficiency of 2 wt% of 
Ag doped increased from 2.83% to 3.62% (nearly 28%  when compared to the non doped sample). Also the Jsc has 
increased for 2, 3 wt% of Ag doped sample. The FF and Voc were also increased nearly 7.2% and 12.1% respectively 
for 2 wt% compared to the non doped sample as shown in the Figure 3 (b).  

 

                                      Figure 3 (a)                                                                       Figure 3 (b) 

Conclusions: In this study, the Ag NPs have been prepared by green method and DSSCs were fabricated with different 
wt% doping of green synthesized Ag NPs in TiO2. The 2 wt% of Ag doping in TiO2 significantly increased the 
efficiency of DSSC around 28% due to the Plasmon effect. The FF and Voc increased as the doping concentration 
increased up to 2 wt% of Ag NPs doping and reached to a maximum of nearly 7.2% and 12.1% for 2 wt% of Ag doped 
samples respectively when compared to the non-doped sample. 
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Abstract: 

 Microfluidic devices also known as lab-on-chip devices have been a prime candidate for replacing popular bi-
omarker detection techniques such as Enzyme-Linked- Immunoassays (ELISA) for advantages they provide such 
as reduced reagent and sample consumption, reduced time required, and reduced cost 1. In addition, microfluidic 
devices provide the potential of incorporating more than one process on the same device, one of which is filtra-
tion of biofluids such as blood before analyte detection 2. In this work we present the design optimization process 
of a lab-on-chip device for the detection of Alphafetoprotein (a liver cancer biomarker) from blood. We have 
found that the presence of blood reduces the fluorescence signal of the detected protein, we have also favored a 
blood filtration technique that is dependent on red blood sedimentation rather on flow differences, and finally we 
were successful at detecting AFP at a limit of detection of 0.03 ng/ml.  
 
Introduction 

One of the major advantages of using microfluidic 
devices in the field of diagnostics, is thier’ capability 
of integrating multiple sample processing steps on the 
same device providing the promise of  biofluids pre-
treatment such blood purification or urine preconcen-
tration before the detection of the target analyte. 
However, the complexity of biofluids and especially 
the presence of red blood cells (RBC)  makes the 
implementation and commercialization of these de-
vices a challenge because of problems such as clot-
ting and assay hindrance.3  
 
Many techniques and designs have attempted taking 
advantage of microfluidic structures and phenomena 
to separate RBCs from plasma. The techniques in-
cluded centrifugation in CD on chip device formats , 
embedding microfliters in the device, using microflu-
idic phenomena such as the Zweifach-Fung effect 
which depends on the attraction of RBCs towards the 
higher flow rate branch at a microscale bifurcation. 
Finally, RBC sedimentation depending on RBCs’ 
higher sedimentation rates than other blood compo-
nents including the analyte of interest was used to 
separate blood components.4   
 
On the other hand, the detection of the analyte itself 
requires a separate mechanism. Methods used for 
such a purpose range from immunosensors, to im-
pidometric mechaisms and nanosensors. The most 
prevalent method in microfluidics has been the min-
iaturized immonobased sensor which requires the 
binding of the analyte of interest (the antigen) to its 
specific antibody and the detection of the binding 
event. 5 
 
Here we present the design optimization of a micro-
fluidic device that integrates red blood cell filtration 
with miniaturized immune detection for the detection 

of Alphafetoprotein – a liver cancer biomarker. Two 
main blood filtration techniques were investigated 
mainly using a trench pattern that takes advantage of 
sedimentation and a device design that takes ad-
vantage of the Zweifach-Fung effect, the detection 
region of the device was fuctionalized with antibod-
ies for the detection of AFP. 
 
Methods: 

As described above two different designs were tested 
for blood filtration, the first design shown in figure 1 
a depends on the Zweifach-Fung effect while the sec-
ond design depends in having a series of trenches 
within the microfluidic device, with the channel hav-
ing a 150 µm depth and the trenches a 500 µm and 
the length of each trench was 1 mm with a 4 mm dis-
tance between trenches. (figure 1 b and inset) 
 

 

 
Figure 1: Device designs a) the device design using 
the ZF effect for blood filtration. b) the device design 
using trnenches for filtration 
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The polydimehtyl siloxane (PDMS) devices were 
fabricated using soft lithography. In short, 
polymethylmathcrylate (PMMA) molds were fabri-
cated using high-precision milling. Afterwards, the 
molds were cleaned using ultrasonication and dried 
using a nitrogen stream, PDMS was mixed with its 
curing agent at a 10:1 ratio, then the mixture was 
dessicated for 30 minutes, poured into a mold and 
cured for 4 hours at 70o C in an isothermal oven.  
 
Antibodies were immobilized in the detection region 
using APTES and then the antibody was added to the 
surface and incubated for an hour. To conduct the 
experiments, sheep’s blood was collected in EDTA 
coated tubes, spiked with fluorescently tagged AFP, 
then it was diluted in Phosphate Buffer Saline (PBS) 
at a ration of 1:20, afterwards it was pumped through 
the devices using a syringe pump and serum was col-
lected to evaluate its purity in some experiments (fig-
ure2) or it was passed through the detection area to 
measure AFP concentration. This was accomplished 
by measuring fluorescence intensityusing a fluores-
cence microscope and relating the fluorescence in-
tesntiy to a calibration curve. 
 
Results and Discussion: 

 
Blood filtration was more successful in terms of puri-
ty and consistency when using the trenches design 
(figure 2). This design yielded the best purity when 
pumping blood through the channel intermittently 
with pauses to allow RBCs to sediment into the 
trenches. The drawbacks of using this design were 
that blood filtration required a longer period of time 
and a relatively larger blood volume – 40 µl vs 10 µl.  

 

 
Figure 2: Filter tests. a) the filter based on the ZF 
effect. b) The filter with trenches. 

 
Figure 3: Difference in fluorescence signal for the 
same AFP concentration (1 ng/ml) with the presence 
of whole blood (a) and with the use of the filtration 
device (b) 

 
Alphafetoprotein was detected from plasma with a 
limit of detection of 0.03 ng/ml, it was observed that 
the detection’s signal was reduced when spiking with 
the same AFP concentration in whole blood (figure 
3), this is probably due to the interference of the 
blood cells with the fluorescence signal in addition to 
the destructive effect that RBCs and their compo-
nents have on proteins highlighting the significance 
of blood filtration before biomarker detection. 
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Perchlozone
©

 (PCZ; Pharmasyntez OJSC, Russia) is a novel antituberculosis drug active 

in multiple drug resistance, but hepatotoxic [1, 2]. To decrease systemic load and to achieve 

targeting, the drug was encapsulated into biocompatible polylactic acid nanoparticles and 

injected into mice with experimental tuberculosis to investigate phenomena of phagocyte 

mediated delivery. The survival of control animals was compared to those treated by daily oral 

or single intraperitoneal administration of drug-loaded particles (Fig. 1). Some mice were treated 

by drug-loaded particles modified with polyclonal camel IgGs containing antimycobacterial 

fraction. The distribution of particles and their accumulation in infectious foci was tracked with 

double immunofluorescent labeling (Indocyanine green and Platinum(II)-coproporphyrin). 

Tuberculosis changes, deposition of particles and drug-related toxic changes were registered 

morphologically. Phagocytes interiorized particles and transported them to foci of tuberculosis in 

inner organs. Nanoparticle-based drug formulation, especially modified with camel IgGs, 

demonstrated significantly better survival and lower degree of lung involvement comparatively 

to other ways of treatment. 

In present research it was clearly shown that PCZ-loaded nanoparticles injected 

intraperitoneally are interiorized by phagocytes and transported into foci of TB inflammation in 

lungs (Fig. 1) and other organs. The application of nanoparticle-based formulation of PCZ, 

especially when modified with camel IgGs, results in much lower total doses and significantly 



better mice survival rate comparatively to oral PCZ treatment. Lower degree of lung 

involvement in survived mice as compared to intraperitoneal treatment with free PCZ was 

observed. Phagocyte mediated delivery of antituberculosis drugs to the sites of infection exhibits 

promising prospects to increase effectiveness of treatment and reduce drug toxicity.  

 

 

Figure 1. The scheme of experiment: nanoparticles injected intraperitoneally into mice 

tuberculosis model are effectively captured by phagocytes, which deliver them to the foci in the 

lung. This was proved by highly intensive fluorescence of platinum(II)-coproporphyrin in lung 

section. The application of such approach results in the higher mice model survival. 
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Abstract 
Molecular dynamics (MD) using Quantum Sutton-Chen potentials were used to obtain an atomistic 
description of melting, glass formation and crystallization processes for Cu, Ni and Pd metals to study the 
PdNi and CuNi alloys. The thermodynamic and mechanical properties were calculated in the 0-2000K 
temperature range from the MD trajectories. The formation of amorphous Cu, Ni  and Pd and their equimolar 
alloys by rapid quenching was investigated from MD at constant pressure and temperature (TPN ensemble). 
The structural properties were analyzed by means of pair distribution functions and volume vs temperature, at 
cooling rates ranging from 40 K/ps to 0.4K/ps. The relation between the cooling rate and glass transition 
temperature, or crystallization, was investigated. The radial distribution function agrees well with 
experimental results for amorphous phases. Upon cooling rates in the range from 5K/ps to 0.4K/ps, Cu, Ni, Pd 
metals and CuNi alloy form a crystalline structure while the PdNi alloy form a glass. A mismatch in atomic 
size (1.02 vs 1.134 ratio for CuNi and PdNi, respectively) appears to favor the glass formation.  
Keywords: Molecular dynamics, Quantum Sutton-Chen potentials,Cu-Ni alloys, Pd-Ni alloys, Quenching 
rate,Glass formation. 
 
I. Introduction 
Inoue proposed three empirical rules to evaluate the glass forming ability (GFA) of an alloy system. One of 
them is the significant difference in atomic size ratio that gives a good guidance for the bulk metallic glasses 
(BMG). However, the fundamental theories on the glass formation, are still not clear. A further research on 
the formation mechanisms of the metallic glasses is still necessary. MD are currently one of the most powerful 
tools for investigating the glass formation and crystallization processes of liquids. Many studies have been 
conducted using classical MD (CMD) methods on inorganic glass former materials, such as palladium1, 
Copper2,  nickel3  and binary alloys such as  Ni80P20,4 Pd-Si,5–7 , Pd-Ni,3,8,9 Cu-Zr10,11 and Cu-Ni12–15 systems. 
 

II. Q-SC potentials  
Çağin et al.12 were the first to introduce quantum corrections of SC type potentials by fitting with DFT. Q-SC 
potential parameters for palladium, copper (Cu) and nickel (Ni) were shown in table 1. 
Table 1. Q-SC  potential parameters for Pd , Ni and Cu 

Element ε (eV) a (Ǻ) n m c 

Pd-Pd 0.003967 3.9382 12 7 113.14 
Ni-Ni 0.0073767 3.5157 10 5 84.745 
Cu-Cu 0.0057921 3.6030 10 5 84.843 

 
III. Results and Discussion 



 
Figure 1: Changes in cell volume during heating and cooling of (a)PdNi and (b) CuNi alloys  

  
Figure 2:Pair correlation function of a) PdNi and b) CuNi alloys during heating and cooling process at room 
temperature. 
 

IV. Conclusion 
In this work, molecular dynamics simulations applied using Q-SC potentials to investigate the phase 
transformation in  PdNi and CuNi alloys. We observe that PdNi forms a metallic glass for all quenching rates 
while CuNi form an fcc crystal for all quenching rates. The result shows that changing the radius ratio from 
1.02 to 1.134 has a dramatic effect on the propensity for glass formation. The observed glass transition 
temperature and crystallization temperature depend on the quenching rate. 
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Abstract: 
Zirconia-based ceramics have generated 
considerable interest in the dental community as 
restorative materials due to their high 
mechanical and chemical properties (Kaya et al., 
2012). This study is conducted to produce dental 
zirconia ceramics by adding titania and alumina 
as dopants. Mechanical ball milling is used to 
add the additives into zirconia. The shaped 
samples are sintered at 1450 °C for 2 hrs. Bulk 
density and shrinkage was calculated to 
investigate the effect of these additives, the 
mechanical property was determined after 
sintering using the method of Vickers 
indentation. SEM (Scanning Electron 
Microscope) was used to analyze of grain size 
and surface morphology. Also, XRD (X-Ray 
Diffraction) was operated to examine the 
crystalline phases in the titania-added zirconia 
ceramics during heat treatment. 
 
Keywords: zirconia dental ceramics, TiO2, 
Al2O3, Vicker’s hardness, fracture toughness  

I.  INTRODUCTION 

Recently, important progress in dental 
restoration techniques has been thanks to 
ceramic materials and  3 mol % yttria stabilised 
zirconia (Y-TZP) has become popular in the 
dental community. Pure zirconia (ZrO2) has 
three polymorphs: monoclinic, tetragonal and 
cubic phases. Due to the large volume change 
associated with the tetragonal to monoclinic 
phase transformation, pure zirconia has no 
practical applications for engineering 
components [1], but it can be stabilised with 
various additives, among which yttria and 
cerium are the most useful ones. The tetragonal 

structure of zirconia can be retained in a 
metastable phase at room temperature. In 
particular, yttria-stabilized zirconia is known to 
be both hard and tough at room temperature [2]; 
it also possesses a notably high corrosion 
resistance in biological environments. 
 
Titania (TiO2) is a ceramic material, which is 
generally used as a white pigment or catalyst in 
manufacturing industries. Fine TiO2 particles 
with a narrow size distribution are desirable for 
producing advanced ceramics with enhanced 
reliability. Titania has promising biological and 
physico-chemical properties. Metals coated with 
titania layers show superior biocompatibility [3]. 
Although TiO2 is inferior to apatite in terms of 
bone apposition rate and bone bonding strength, 
titania is relatively stable in a biological 
environment and is sufficiently capable of 
providing long-term bonding. TiO2 addition also 
influences sintering behaviour and mechanical 
properties. It has been reported that small 
amounts of titania addition reduces sintering 
temperature and increases the mechanical 
properties in alumina ceramics [4]. However, the 
effect of TiO2 addition on dental zirconia 
ceramic by mechanical milling has not been 
explored yet. Alumina ceramics are most widely 
used as manufacturing components in dental 
industries because of their low cost and 
satisfactory mechanical features. Al2O3 addition 
also reduces sintering temperature and increases 
such properties of dental zirconia. With this in 
mind, the purpose of this experiment is to 
investigate the effects of TiO2 and Al2O3 on the 
mechanical properties of zirconia. 

II.  EXPERIMENTAL PROCEDURE 

A.  Powder preparation and sintering 

The starting powder was 3mol% yttria stabilized 
tetragonal ZrO2 (3Y-Z, AMS) with an average 
particle size of 150 nm. TiO2 (P-25, Degussa) 
and Al2O3 (Merck)  were used as received form. 
Various amount of TiO2 (0, 0.5, and 1 wt%) and 
Al2O3 (0, 0.5, 1, and 2 wt%) were used as a 
dopant. Doped zirconia powders were prepared 
by mechanical ball milling. Each batch of 20 g 
was wet-milled in a zirconia jar at 500 rpm for 3 
hours. The prepared powders were then dried 
and uniaxially pressed under 23 MPa in order to 
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achieve the disk-shaped compacts of 10 mm in 
diameter and 4 mm in thickness. Later, all disks 
were pressureless sintered at 1450ºC at a heating 
rate of 5ºC/min for 2 hours. The densities were 
determined using the Archimedes’ Method with 
distilled water as the immersion medium. The 
microstructural morphology of surface was 
observed by SEM. An X-Ray diffractometer 
with the Cu Kα radiation was also used to 
examine the change throughout the crystalline 
phases.  

B.  Hardness and toughness measurements 

Hardness was measured using Vicker’s 
indentation method by pressing Vicker’s 
indenter into the test specimen to generate cracks 
around the indentation. The loading condition 
was 10 kg 10 sec. and the diagonals of the 
indented area and the length of the cracks were 
measured by optical microscopy. Fracture 
toughness was calculating by using Evans y 
Charles equation as below; 

1,5 1/ 20,16( )c
cK Ha
a

-= 	

where Kc is the fracture toughness (MPa.m1/2), H 
is the Vicker’s hardness (MPa), c is the average 
length of the cracks obtained in the tips of the 
Vicker’s marks (microns), and a is the half 
average length of the diagonal of the Vicker’s 
marks (microns). 

III.  RESULTS & DISCUSSIONS 

Table I shows the densification behavior of 
various zirconia ceramics containing different 
amounts of TiO2 and Al2O3. It can be seen that 
the addition of TiO2 has been effective in 
lowering the sintering temperature, even though 
the density increased with increasing sintering 
temperature. The density of the 0 wt%TiO2 is 
5.91 g/cm3 at 1450°C while the 0.5 wt% TiO2 
added zirconia has 5.88 g/cm3 at the same 
sintering temperature. However, as the amount 
of addition is increased up to 1.0 wt%, the 
densities decrease with increasing the percentage 
of titania. Al2O3 shows similar density behaviour 
as titania added zirconia while that amount of 
alumina addition increases upto 2.0 wt%, 
densities decreased with increasing of sintering 

The XRD patterns of each sample sintered at 1450 °C for 
2 h with different TiO2 and Al2O3 contents are shown in 
Fig.2. All peaks possess the characteristics of tetragonal 
zirconia structure. The addition of titania and alumina up 
to 1.0 wt % and 2.0 wt% didn’t affect the phase separation 
of zirconia. 

    
    

Fig.2: X-ray diffraction pattern of zirconia sintered at 
1450 °C with various titania and alumina contents. 

IV.  CONCLUSION 

Within the limitation of this study, the following 
conclusions can be made: 
1. TiO2 and Al2O3 containing dental zirconia ceramics 
were successfully prepared by mechanical milling, and the 
effects of titania & alumina contents were investigated as 
to density, hardness, and fracture toughness. 
2. TiO2 and Al2O3 addition enhanced the mechanical 
properties of zirconia. Maximum hardness and toughness 
were seen at 0.5 wt% TiO2 at 1450ºC. Adding titania or 
alumina decreases the density, but it increases fracture 
toughness and hardness. 1 wt% Al2O3 and 0,5 wt% TiO2 
marks the highest mechanical properties in dental 
zirconia. 
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temperature. However, Al2O3 addition is better 
for increasing the mechanical properties of 
zirconia. When the mechanical properties are 
compared as to the alumina contents, 0.5 
wt%TiO2 & 1 wt% Al2O3 is shown the 
maximum hardness and toughness values at 
1360±9 and 5.32±0.20, respectively. 

Table I: Density, hardness, and toughness values 
of zirconia with different titania and alumina 

content. 
 

Fig.1 shows the SEM micrograph of the 
fractured surface of the zirconia with 0.5, wt% 
TiO2 were sintered at 1450 °C for 2 h.	 Other 
doped specimens have submicro-sized grains; 
however, the 0.5 wt% titania-added zirconia 
sample showed relatively clear grain shape and 
boundary. 

 

Fig.1: SEM micrograph of the fractured surface 
of 0.5wt% TiO2 

Sample Density 
(g/cm3) 

Hardness 
(Hv) 

Toughness 
(MPam1/2) 

0 wt% TiO2 5.91 1220±4 4.55±0.40 
0.5 wt% 

TiO2 
5.88 1331±22 4.74±0.30 

1 wt% TiO2 5.79 1215±11 4.63±0.25 
0.5 wt% 

TiO2 & 0.5 
wt% Al2O3 

5.85 1339±5 4.96±0.24 

0.5 wt% 
TiO2 & 1 

wt% Al2O3 
5.81 1360±9 5.32±0.20 

0.5 wt% 
TiO2 & 2 

wt% Al2O3 
5.71 1296±3 4.61±0.05 
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Abstract 

Textured fabrication of CdS/CdTe thin film PV with 
back contacts is fabricated. Thin film materials are 
deposited using sputter deposition process. n-CdS 
and p-CdTe are having bandgap of 2.44 and 1.45 eV 
respectively, which is measured using UV-visible 
spectroscopy. The metallic contact used for 
CdS/CdTe is gold (Au). The sample after deposition 
of CdS/CdTe is annealed at 430° C for 1 min. This 
paper aims about bringing a novel design to place 
both the front and rear contacts at the bottom. The 
physical and optical properties of the sputter  

Introduction 

CdTe based thin film solar cells possess high optical 
absorption coefficient (5×105 cm-1) with a direct 
band gap of 1.45 eV [1]. n-CdS is used as the widow 
layer traditionally for most of the CdTe solar cell 
applications. The bandgap of CdS thin film is 2.4 eV 
[2]. 

Nanostructuring of silicon has been the topic of 
extensive research in solar cell application because 
of its low reflectance and enhanced light trapping 
technique [3]. Nanotextured solar cells exhibited 
relatively high power conversion efficiency, short 
circuit current, open circuit voltage and power 
outputs [4] [5].  Along with the texturing of junction 
area, the concept of back contact is taken into 
interpretation. As the front contact in a solar cell 
transmits only 50% of the solar radiation [6], back 
contact research started after the publication of R.J 
Schwartz in 1975 as a substitute for cells which has 
front and rear contacts. 

In this paper we present the studies on the sputter 
deposited CdS/CdTe thin film heterojunction. In 
addition, a novel design for assigning the front and 
rear contacts at the bottom of the solar cell is 
investigated. Texturing of nanowall structure on the 
substrate is completed using e-beam lithography 
technique. Hence by texturing, the surface area of 
the solar cell increases which in turn allows more 
absorption of photons. 

Experimental: 

Figure 1 shows the complete experimental process 
flow for fabrication textured PV using e-beam 
lithography. 

	

Figure 1: Schematic representation of process flow 
for fabrication of textured thin film PV. 

Results and discussion 

For a planar cell which has CdTe on top of CdS, the 
area in this case will be length (60µm) multiplied 
with the breadth (50µm). The total area is calculated 



as 3 mm2. Let us calculate in 3D approach, nanowall 
breath ’50 µm’, displace gap of ‘200 nm’, height of 
the wall ‘200 nm’ and length of each wall is 
‘100nm’. The total area of nanotextured cell is 5 
mm2. It is evident from the calculation that there is a 
66.67 % increase in the surface area by texturing the 
surface. The grain size of CdS/CdTe are in the range 
of 50-70 nm. Figure 2 shows the height and width of 
the fabricated nanowall. 

	

Figure 2: Correctional FE-SEM image of CdS/CdTe 
nanowall structure 

CdTe sputtered and annealed (in air) sample is 
showing the XRD peaks conforming the hexagonal 
CdTe structure (JCPDS file No. 00-019-0193). The 
other XRD peaks are from orthorhombic CdS 
structures (JCPDS file No. 47-1179).  

The surface roughness (Ra) seems to be similar on 
both the CdS and CdTe thin films which is measured 
using non-contact optical profiler. Ra for CdS and 
CdTe are ± 12 and ± 10 nm respectively. 

Optical Bandgap: 

Absorbance and bandgap are related by the equation, 

("ℎ$)& = ( ℎ$ −	+,-.                  (1) 

Where " is the absorption coefficient as derived by 
Beer-Lambert’s law (" = 	 &.010	×345(6)7 ), where Abs 
and d are film absorbance and film thickness 
respectively. A, Egap, hν are the constant, bandgap of 
the thin film material, incident photon energy 
respectively. Value of n in this case of CdS/CdTe 
thin films the transition is direct hence the value of 
n is kept as 0.5. The optical bandgaps are observed 

to be 1.40 and 2.44 eV for CdTe and CdS 
respectively. 

Conclusion: 

The novel design of placing both the front and rear 
metallic contacts at the bottom is fabricated using e-
beam lithography. SEM images verified dense and 
uniform grain growth with grain size of 50-70 nm 
for CdS and CdTe films. XRD results showed 
orthorhombic and hexagonal crystal orientation for 
CdS and CdTe respectively. Non-contact optical 
profiler measured the surface roughness of CdS and 
CdTe to be ± 12 and ± 10 nm respectively. With the 
help of UV-visible spectrometer the optical bandgap 
of the thin films are calculated as 2.44 and 1.4 eV. 
Thus by further optimising the post deposition 
treatments, the efficiency of CdTe solar cell can be 
raised.  
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Abstract:  
More and more researchers think that using an addi-
tional third phase might be an effective way to en-
hance the mechanical performance of a polymer ma-
trix composite or endow it with new properties. This 
third phase can be another polymer or a reinforcing 
material, too. In the first case the main goal is often to 
create a co-continuous phase system and this way the 
energy consumption during the fracture process could 
be increased (Turcsán et al., 2014). In the second case 
where two different reinforcing materials are present 
usually the aim is to increase the strength and the stiff-
ness of the material (Figure 1.). Beside microfibres na-
noparticles are also widely used as secondary reinforc-
ing materials like nanoclays, carbon nanotubes and 
graphene. 
Carbon nanotubes have unique electrical, thermal and 
mechanical properties. These nanoparticles have an-
other great property what is the extremely high aspect 
ratio. 
Figure 1. Figure illustrating the base concept of hy-
brid composites in case of well dispersed nanoparti-
cles (blue cylindrical body as fibres and yellow disks 
as particles) 

 
In one of our previous study (Mészáros et al, 2013) 
positive effect of the nanoparticles on the polymers 
elasticity was presented. It was showed that the pres-
ence of graphene or carbon nanotube efficiently can 
decrease the residual deformation of hybrid compo-
sites after different tensile loads. This behaviour refers 
to these materials could also have higher fatigue life. 
However the positive effect of fibre reinforcement on 
the fatigue properties are well known and deeply in-
vestigated but the fatigue properties of hybrid rein-
forced composites are not revealed yet. There are only 
a few studies that displays the positive effects of the 
hybridization. Grimmer et al (2010) investigated fa-
tigue life of carbon nanotube and glass fibre rein-
forced epoxy matrix hybrid composites. The presence 

of a relatively low amount of carbon nanotube reduced 
the cyclic delamination and crack propagation in the 
material significantly. This effect was more remarka-
ble at lower levels of cyclic stress. 
In this study carbon nanotube containing basalt fibre 
reinforced polyamide 6 matrix hybrid composites 
were produced and their quasi-static and fatigue be-
haviour were investigated. 
 
Materials and methods 
Materials 
Schulamid 6 MV 13 type polyamide 6 (PA 6) from A. 
Schulman GmbH (Germany) was used as matrix. For 
micro-sized reinforcement, BCS KV12 type basalt fi-
bre (BF) from Kamenny Vek Ltd (Russia) was ap-
plied. Nanocyl NC 7000 multiwalled carbon nanotube 
(MWCNT) supplied by Nanocyl s.a. (Belgium) were 
used as nano-sized reinforcement. 
Sample preparation 
For the composites, 30 wt% BF and different amount 
of carbon nanotubes (0.25; 0.50; 0.75 1.00 wt%) were 
used. The dried PA 6 granulates (80°C; 4 hours) were 
mechanically mixed with the reinforcing materials 
then extruded and granulated. For continuous melt 
mixing a Labtech Scientific type twin screw extruder 
(L/D=44; D=26 mm) was used. The screw speed was 
12 1/min and the extrusion temperature was 250°C. 
Dumbbell type specimens (4x10 mm of cross section) 
were injection moulded on an Aurburg Allrounder 
Advance 370S 700-290 injection moulding machine, 
the process temperature was 275°C and the tempera-
ture of mould was 80°C. Before the injection mould-
ing the materials were dried at 80°C for 4 hours, too. 
Characterization methods 
Before the mechanical tests, the specimens were con-
ditioned at 50% relative humidity and 25°C for a 
week. Tensile tests were performed on a Zwick Z020 
universal testing machine according to EN ISO 527. 
The crosshead speed was 5 mm/min during tensile 
tests. 
Fatigue tests were carried out on an Instron 8872 hy-
draulic tensile testing machine equipped by Instron 
2742-301 type hydraulic grips. The load-controlled 
fatigue tests were performed under tension-tension 
load with sinusoidal waveform. The frequency was 
2 Hz and the load factor was R=0.1 (R=maximum 
stress/ minimum stress). The test lasted until the spec-
imen break or the necking started. The elongations for 



 

 

the cyclic creep curves was registered during the fa-
tigue test at the median of the load in every cycle. 
 
Results and discussion 
The basalt fibre notably increased the tensile strength 
and Young’s moduli of the PA 6 as it was excepted. 
The presence of nanotubes did not change the tensile 
strength significantly, howwever in case of lower na-
noparticle contents moderate increment can be ob-
served (table 1.). The same tendency was observed for 
the Young’s moduli. 

Table 1. Mechanical porperties of BF reinforced and 
hybrid composites (the numbers in material name 
shows quantity of reinforcers in wt%) 

Materials 
Tensile strength 

[MPa] 
Young's moduli 

[GPa] 
PA6 68 ± 0.7 2.7 ± 0.2 

PA6 / 30BF 135 ± 1.3 6.2 ± 0.3 

PA6 / 30BF / 0.25CNT 136 ± 1.3 6.2 ± 0.1 

PA6 / 30BF / 0.5CNT 137 ± 1.1 5.8 ± 0.1 

PA6 / 30BF / 0.75CNT 135 ± 2.0 5.7 ± 0.3 

PA6 / 30BF / 1CNT 131 ± 1.5 5.2 ± 0.2 

To determine the fatigue test loads high speed quasi-
static tensile tests were carried out (200 mm/min). The 
applied loads for fatigue tests are shown in Table 2. 

2. Table. The applied forces during fatigue tests 
 Fmax 90% 

[N] 
Fmax 80% 

[N] 
Fmax 70% 

[N] 
Load 5580 4960 4340 

At high loads the number of cycles connected to frac-
ture were nearly the same for each composites (Figure 
2.). At lower loads the effect of MWCNT can ob-
served already, morover 0.5 wt% MWCNT content 
made a slightly increasment in fatigue life of hybrid-
composite. At higher MWCNT contents the lower fa-
tigue lifes were observed for the hybrid composites. 
At higher MWCNT content the Young’s moduli were 
lower, that means the deformation during the fatigue 
test was higher at the same loads. This higher defor-
mation may have increased the disspated heat in every 
cycle, that lead to fater fracture process. 

Figure 2. Stress-Number of cycles curves of basalt fi-
bre reinforced composites and hybrid composites. 

 
During the fatigue tests the cyclic creeping was meas-
ured, too. The phenomena is similar to the creeping 
behavior in case of static loads and the curves are the 
affinitive to each other. The creeping behavior of low 

CNT content materials were faintly changed (figure 
3.). Hybrid composite with 0.5 wt% MWCNT was 
slightly decreased the deformation at higher cyclic 
numbers, the curve has lover slope. That means the 
MWCNT may decreased the residual deformation of 
the composie.  

Figure 3. cyclic creep curves of composites during fa-
tigue test  

 
Conclusion 
In this study polyamide matrix basalt and carbon 
nanotube reinforced hybrid composites were mechan-
nicaly investigated. The tensile strength of the compo-
sites were not changed significantly at low MWCNT 
contents but higher nanoparticle contents resulted 
lower mechanical properties compared to the just bas-
alt fibre containing one. The 0.5 wt% MWCNT con-
taining hybrid seams to be good choice because the 
strength and moduli increased and it has positive ef-
fect on the fatigue properties. 
 
Keywords: nanoparticles, carbon nanotube, polyam-
ide, fatigue, hybrid composite  
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Abstract: Progress in the comprehension in the for-
mation of metallic nanoparticles (NPs) is central due to 
their great potential in the development of new and 
innovative materials for microelectronics, data storage 
and magnetic fluids. Indeed; the controlled synthesis of 
metallic nanoparticles (NPs) in the range of 1 to 10 nm 
is still an on-going challenge, as is the understanding 
of their stabilization and agglomeration. Unlike tradi-
tional solvents, ionic liquids (ILs) can be used to gen-
erate metallic NPs and stabilize them in the absence of 
further additives. Using imidazolium-based ILs, mo-
nodisperse zero-valent cobalt nanoparticles (CoNPs) 
have been successfully synthesized by reduction of the 
organometallic precursor (1,5-cyclooctadiene) (cy-
clooctadienyl) cobalt(I), Co(COD)(COE). 
 
Introduction: Nanoparticles exhibiting dimensions 
less than 10 nm possess unique physicochemical prop-
erties inbetween the bulk and molecular states owing 
to their high surface-to-volume ratio. Such properties 
vary greatly with small changes in size. CoNPs repre-
sent one of the most interesting metallic NPs owing to 
their magnetic properties and their potential applica-
tions in catalysis, data storage, and in the field of med-
ication and diagnosis. They are typically produced 
using physical methods such as the arc plasma evapo-
ration with a limited NP size control.(Meng, Zhao et 
al. 2012) Chemical methods usually provide accurate 
control on NP sizes that are very small up to 1 or 2 nm, 
e.g. the CoNP synthesis by chemical reduction of a 
selected Co organometallic precursor, Co(COD)(COE) 
in the presence of ligand or polymer or by thermal 
decomposition of Co carbonyl compounds requiring 
high temperature.(Chaudret and Philippot 2007, 
Comesana-Hermo, Estivill et al. 2014) In a more 
straightforward approach, stabilized NPs are directly 
generated in ionic liquids (ILs) which act both as sol-
vents and as stabilizer.(Gutel, Santini et al. 2009) In 
this work, an insight on the mechanism of formation of 
CoNPs through the decomposition of Co(COD)(COE) 
under H2 in imidazolium IL is presented. On this basis, 
the experimental conditions are optimized in order to 
get reproducible small and monodispersed metallic 
CoNPs.  
 
Experimental section: 1-butyl-3-methylimidazolium 
bis(trifluoromethane)sulfonimide C1C4ImNTf2 was 
prepared and dried as reported.(Gutel, Santini et al. 
2009) Co(COD)(COE) (NanoMePS) kept at -30°C in a 
glove box is used without further purification. 
In a typical synthesis of CoNPs, under argon, 
Co(COD)(COE) (27.9 mg) was dissolved in 2 mL of 
C1C4ImNTf2 using 0.1 mL of dry degased pentane till 
complete dissolution to give a dark brown solution. 

The pentane was removed under vacuum for 10 min. 
The autoclave was pressurized under 2 bars of H2 then 
heated up to the reaction temperature. The H2 pressure 
was then increased to 3 bars. At the end of the reaction, 
the volatile by-products were condensed under vacuum 
and the resulting black suspension was kept at room 
temperature under argon in a glove box. 
Thermogravimetric Analysis (TGA) was performed 
using a Mettler Toledo TGA DSC1. For the GC-MS 
measurements, a 20 m CP-PoraBOND Q column was 
used to separate the products that were then analyzed 
using a GC-MS equipment (Agilent GC 6850 MS 
5975C). The suspensions of NPs in IL were deposited 
on a TEM grid and analyzed by TEM/HRTEM using a 
MET JEOL 2100FEF (field effect gun energy filtering) 
microscope at the “Centre Technologiques des Micro-
structures”, CTµ, Villeurbanne, France. 
 
Results and discussion: As Co(COD)(COE) is ther-
mally unstable, a systematic study of its thermal stabi-
lity under different atmospheres has been conducted in 
order to determine the optimal conditions to decom-
pose it into CoNPs.  
a) Thermal stability of Co(COD)(COE): Under N2 
atmosphere , TGA results show that the decomposition 
of Co(COD)(COE) occurs above 60 oC meaning that 
Co(COD)(COE) could be dissolved in IL at room 
temperature without significant decomposition. Con-
versely, the decomposition of solid Co(COD)(COE) 
under 3 bars of H2 at 20 °C is complete after 5.5 h 
only, as revealed by coupled DRIFT- GC-mass analy-
sis. Similar to the (1,5-cyclooctadiene)(1,3,5-cyclo-
octatriene)ruthenium(0), the main decomposition 
product is cyclooctane.(Gutel, Santini et al. 2009) 
However, traces of cyclooctene and pentalene have 
also been detected.  
As in the solid state, the decomposition of a solution of 
Co(COD)(COE) in C1C4ImNTf2 under H2 affords 
cyclooctane as main decomposition product together 
with traces of cyclooctene and pentalene (Fig. 1-a). 
This indicates that the IL does not perturb the 
Co(COD)(COE) decomposition mechanism. It should 
be noted that the amount of cyclooctane corresponding 
to the total decomposition of Co(COD)(COE) is 
evolved after 8 h. This duration does not correspond to 
the sole decomposition, but includes the time needed to 
vaporize C8H16 (boiling point, 149oC) from the IL. 
The Co(COD)(COE) decomposition was consecutively 
studied under Ar atmosphere (20 min), then under H2 
atmosphere (3 bars). The GC-mass analyses were per-
formed both before and after applying H2 (Fig. 1-b). 
Before applying H2, only unsaturated derivatives - 
cyclooctene, 1,3-cyclooctadiene ,1,5-cyclooctadiene - 
were detected. When H2 is applied, mainly cyclooctane 
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and small amount of pentalene appear. Concomitantly, 
the intensity of the peaks of the unsaturated derivatives 
decreases. The formation of pentalene could result 
from a series of isomerization reactions of cyclooctadi-
ene under H2. (Otsuka and Taketomi 1972) The fact 
that pentalene concentration is still much lower com-
pared to the cyclooctane suggests a slower kinetics of 
this side reaction as compared to the main H2 reduction 
reaction. 

 
Figure 1: GC-mass chromatograms for the Co(COD)(COE) 
decomposition in IL, under (a) 3  bars of H2, (b) Ar then 3 bars H2 
 
b) Formation of CoNPs from Co(COD)(COE): On 
the basis of these observations, we investigated the 
formation of monometallic CoNPs from 
Co(COD)(COE) in imidazolium-based ILs. The effect 
of several experimental parameters on CoNPs size, 
crystal structure and size distribution were studied. 
In C1C4ImNTf2, the CoNP size increases from 
3.6±0.7 nm to 7.0±0.8 nm when the temperature rises 
from 65 oC to 150 oC in agreement with tendencies 
reported for RuNPs. This could be attributed to the 
high degree of self-organization at the nano scale of 
ILs. (de Caro, Ely et al. 1996) HRTEM pictures were 
analyzed and compared with all metallic, oxide, hy-
dride, carbide, carbonate and oxalate forms of cobalt 
found in literature. The experimental angle values from 
different particles in both samples were in excellent 
agreement with the theoretical values of metallic Co 
possessing either cubic (Co - 04-017-5578) or hexago-
nal (Co - 04-007-2107) crystalline structures. The 
hexagonal form showed higher occurrence when the 
NPs were prepared at high temperatures (100 oC) com-
pared to those obtained at 65 oC. 
Contrary to RuNPs, the mean size of CoNPs was found 
to be almost identical whatever the chain length of 
C1CnImNTf2 (n = 4; 8; 12; 14) was, (Table 1). Interest-
ingly, regularly interspaced NP arrays were also ob-
served with long chain ILs (n˃10). This separating 
distance was sharply distributed (1.7±0.3 nm for 
n=14). This suggests that NPs are surrounded by a 
layer of IL that keeps them apart. Finally, the decom-
position of Co(COD)(COE) in C1C4ImNTf2, at 100 °C 
under 3 bars of H2 was further investigated using di-
fferent reaction durations. It seems that the reaction is 
almost completed after 0.5 h since there is no noticea-
ble increase in the size of NPs prepared after 0.5, 4 or 
24 hours (4.1±0.4, 4.1±0.5 and 4.1±0.4 nm respective-
ly). This indicates also that the NPs are stable in IL 
under H2 atmosphere like Ru NPs, (de Caro, Ely et al. 
1996) and contrary to Cu NPs. (Arquillière, Haumesser 
et al. 2012) This could be attributed to the possible 
presence of surface hydride on CoNPs. (de Caro, Ely et 
al. 1996) This point is still under investigation. 

Table 1 : CoNPs size as function of alkyl chain length 
 of C1CnImNTf2 

 
Conclusion: We have demonstrated that small and 
monodisperse CoNPs may be generated under mild 
conditions by decomposition of Co(COD)(COE) under 
H2 in imidazolium derived ionic liquids. Their lower 
size when the reaction is run at low temperature could 
be linked to the high degree of self-organization of ILs 
at the nano-scale. HRTEM pictures prove that these 
metallic Co possess either cubic or hexagonal crysta-
lline structures with higher occurrence of the later at 
higher temperatures. The CoNPs mean size does not 
vary with the IL chain length in C1CnImNTf2. Moreo-
ver, they are regularly interspaced with the long chain 
ILs  (n˃10) suggesting that the NPs are surrounded by 
a layer of IL keeping them apart. Finally the stability 
of CoNPs under H2 atmosphere after 24 h, suggests the 
presence of surface hydrides as already reported for 
RuNPs.  
 
References:  
Arquillière, P., et al. (2012) Copper nanoparticles 
generated in situ in imidazolium based ionic liquids, 
Microelectronic Engineering 92 (0): 149-151. 
 
Chaudret, B., et al. (2007) Organometallic 
Nanoparticles of Metals or Metal Oxides, Oil & Gas 
Science and Technology - Rev. IFP 62 (6): 799-817. 
 
Comesana-Hermo, M., et al (2014) Effect of a Side 
Reaction Involving Structural Changes of the 
Surfactants on the Shape Control of Cobalt 
Nanoparticles, Langmuir 30 (15): 4474-4482. 
 
de Caro, D., et al. (1996) Synthesis, Characterization, 
and Magnetic Studies of Nonagglomerated Zerovalent 
Iron Particles. Unexpected Size Dependence of the 
Structure, Chemistry of Materials 8 (8): 1987-1991. 
 
Gutel, T., et al. (2009) Organized 3D-alkyl 
imidazolium ionic liquids could be used to control the 
size of in situ generated ruthenium nanoparticles?, 
Journal of Materials Chemistry 19 (22): 3624-3631. 
 
Meng, H., et al. (2012) Preparation of cobalt 
nanoparticles by direct current arc plasma evaporation 
method, International Journal of Refractory Metals 
and Hard Materials 31(0): 224-229. 
 
Otsuka, S., et al. (1972) Bicyclo[3,3,0]octa-2,4-dien-1-
yl(cyclo-octa-1,5-diene)cobalt, Journal of the 
Chemical Society, Dalton Transactions(17): 1879-
1882. 
 

0

2

4

6

8

10

12

10 12 14 16

In
te

ns
ity

 (c
ou

nt
s)

x 
10

00
00

Retention time (min)

Zero time (20 min Ar)
1 Hr
2 Hrs

0

5

10

15

20

25

30

10 12 14 16

In
te

ns
ity

 (c
ou

nt
s)

x 
10

00
00

Retention time (min)

zero time
3 Hrs
11 Hrs

a b

Alkyl chain length (n) Mean size (nm) 

4 4.1±0.5 
8 4.0 ± 0.3 

12 4.4 ± 0.3 
14 5.3 ± 0.5 



Materials aspects of AlSi + SiC Composites Foams Joining 
J. Nowacki  

Institute of Materials Science and Engineering 
West Pomeranian University of Technology, Szczecin, Poland 

 
Abstract: The cellular structure and unique properties 
of aluminum foams are the reason of their numerous 
applications and interests in respect of their joining 
(Malekjafarian M. et al.; 2012). The paper includes 
the characterization of the essence of microstructure, 
properties and application of aluminum and aluminum 
composite foams, the limitations, and possibilities of 
their joining. The aim of the research is the considera-
tion of methods of welding, soldering and gluing AlSi 
foams and AlSi- SiC composite foams, and the joint 
structure. The possibility of joining AlSi9 foams and 
AlSi9-SiC composite foams using selected binding 
materials was confirmed, and higher tensile strength 
of the joint than the parent material was also ascer-
tained. Preparing foam edges for joining requires that 
cutting products should be removed from its surfaces 
(Abolghasemi F. M. et al.; 2012). It is difficult on 
mickro and nano porous structures due to irregular 
shape of pores and limited access to them. Contrary to 
mechanical cleaning, chemical treatment yields satis-
factory results. A varying size of soldering gap re-
stricts uniform distribution of the solder and flux with-
in the joint. The capillarity of the gap is much reduced 
or does not occur in the immediate vicinity of pores. 
In case of open pores, the flux penetrates into the 
foam, which means only a non-corrosive flux can be 
used. Foam porosity causes a substantial use of filler 
metal and flux as they escape deeper into the foam. 
Another essential restriction in Al foam soldering is 
lack of methodologies of testing the geometry of edg-
es prepared for soldering, or that for testing mechani-
cal properties. Besides, criteria for soldered joint ac-
ceptance are not available. Apart from problems re-
sulting from foam structure, soldering aluminum is 
considered as a difficult process due to low melting 
point, high thermal conductivity and expansion, and a 
large shrinkage while aluminum cools down. A great 
affinity of aluminum for oxygen requires that aggres-
sive fluxes be used to remove a layer of oxides Al2O3 
from the specimen surface before soldering (Nowacki 
et al.; 2015). The process of Al foam flame brazing, 
due to non-uniform heating of macro-areas of a spec-
imen, causes non-uniform distribution of brazing met-
al in the pores and foam structure strain due to partial 
melting of cell walls. This phenomenon does not oc-
cur in hot air soldering. 
 
Keywords: Al foams joining, AlSi foams, microstruc-
ture and mechanical properties of AlSi foams joints, 
AlSi -SiC composite foams 

 
 
Figure 1: Al foam - Al foam brazed joint, Castolin 
FCW198 brazing metal, integrated macro- and micro- 
image 
 

 
 
Figure 2: Al foam - Al sheet brazed joint, ZnAl22 
brazing metal, macro- and micro- image. The micro-
scopic image reveals melting and mixing of foam cell 
walls with filler metal and a visible pore not filled 
with liquid solder. 
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Abstract: Finite-difference time-domain simulations 
for single silicon nanowire (Si-NW) on crystalline 
silicon (c-Si) have been carried out to demonstrate 
enhanced light absorption and energy flow within the 
nanometric system. The observation was compared 
to those of flat c-Si slab only. Light absorption and 
energy flow distribution confirmed that Si-NW facil-
itates to confine photon absorption of several orders 
of enhancement whereas the energy flow is also dis-
tributed along the wire itself. To realize the potential 
of Si-NWs-based thin film solar cell, a simple pro-
cess was adopted to acquire vertically aligned Si-
NWs grown on c-Si wafer. Further topographic 
characterizations were conducted through scanning 
electron microscope.  
 
Keywords:  Simulation, Fabrication, photovoltaic 
solar cell, Silicon nanowires. 

I. INTRODUCTION 
PTICAL properties of absorbing layer are critical 
to photovoltaic applications and therefore sili-

con nanowires (Si-NWs) have received immense 
attention as efficient light absorbers. Low cost, 
strong optical absorption, short collection length, 
efficient light trapping, etc. are the few unique prop-
erties amongst others that make Si-NWs extremely 
attractive and popular for various applications [1-3]. 
These advantages may substantially reduce the pro-
duction cost of Si-NW-based solar cells while retain-
ing efficiencies competitive with planar multicrystal-
line Si solar cells. Several methods have been report-
ed so far to grow vertically aligned Si-NWs, viz. 
chemical vapor deposition (CVD), nanoparticles-
assisted etching, reactive-ion etching, etc. [4-5]. It is 
noteworthy that integration of appropriate prepara-
tion process of Si-NWs into well-developed produc-
tion lines is indispensable for industrial-scale low-
cost solar cells production. Here in this investigation, 
we have reported characteristics of Si-NW on c-Si 
slab by numerical simulation and focused on key 
factors such as absorption profile, energy flow distri-
bution, electromagnetic field and generation rate 
distribution. Due to space constrain, we have limited 
our discussion within two key observations, such as 
absorption profile and Poynting vector distribution. 
Si-NWs were grown vertically on c-Si wafer through 
a bottom-up technique, nanoparticles-assisted CVD 

and preliminary characterizations were carried out by 
scanning electron microscope (SEM). 

II. MATERIALS AND METHODOLOGY 
Finite different time domain (FDTD) analysis was 

carried out with a model of Si-NW on c-Si wafer. 
FDTD package of Lumerical Solution (ver 8.6) was 
employed to solve Maxwell’s equations and further 
investigations were focused on absorption profile, 
energy transfer, EM field and exciton generation rate 
distribution at 740 nm wavelength of solar spectrum. 
The excitation wavelength was considered as such 
because of strong irradiation of AM 1.5G solar spec-
trum at this wavelength as well as being close to the 
band gap of c-Si and Si-NWs (i.e. 1.7 eV). To grow 
Si-NWs, silicon (1-1-1 oriented, n-type phosphorus-
doped, resistivity < 1 ohm-cm) wafer was used as 
received. A well-cleansed wafer was immersed in 
3:1 concentrated H2SO4/30% H2O2 for 15 min at 
80°C followed by a deposition of thin gold (Au) lay-
er. The specimen was annealed at 700 °C and subse-
quently exposed to silane at high temperatures in 
CVD. As-fabricated Si-NWs were characterized by 
SEM and high resolution SEM. The typical size of 
as-prepared Si-NWs was as long as few microns 
length. Depending on Au nanoparticles sizes, as-
prepared Si-NWs were found to show a wide range 
of diameters. 

III. RESULTS AND DISCUSSION 
Three dimensional (3D) FDTD simulations were 

used to calculate the absorption profile and Poynting 
vector along single Si-NW (1.7 µm long, 150 nm 
diameter) on c-Si slab (1µm thickness with oxide 
layer of 200 nm) A plane wave with a specific wave-
length (i.e. 740 nm) and polarization (transverse-
magnetic (TM)) was modeled normally incident to c-
Si slab and Si-NW on slab. In FDTD simulation, 
electromagnetic field ( ) are calculated with 
Maxwell’s equations solver in time domain at each 
point on the 3D simuation grid. 

Due to exceptional light trapping capability, it has 
been demonstrated that 1% Si material in the form of 
Si-NWs is enough to provide similar amount of solar 
absorption absorbed by conventional c-Si-based p-n 
junction solar cell. Fabry-Perot like absorption mode 
with regular pattern was observed in simulated ab-
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sorption profiles for c-Si slab without Si-NW as 
shown in Fig. 1 (a). On the contrary, this absorption 
profile was confined more like Bloch-mode in Si-
NW on c-Si slab system as shown in Fig. 1 (c).  

 

(a) (b)

(d)(c)

Absorption Poynting vector

 
Fig. 1 Absorption and energy profile at 740 nm wave-

length. (a) Fabry-Perot mode like distribution in c-Si slab 
without Si-NW, (b) Poynting energy flow distribution in c-
Si slab without Si-NW, (c) confined and enhanced absorp-

tion distribution in Si-NW on c-Si slab and (d) confined 
energy flow all the way down to the bottom of Si-NW. 
 
In absorbing layer, excitons (i.e. free electron-hole 

pairs) are generated in presence of energy that is 
usually transferred to by absorbing photons of solar 
radiation. Hence correlated absorption profile and 
Poynting power flow distribution at specific wave-
length of solar spectrum for an individual Si-NW is 
very important to define such nanowires-based solar 
cell performances.  Poynting vectors for c-Si slab 
without Si-NW and with Si-NW are shown in Fig. 1 
(b) and Fig. 1 (d) respectively. It was observed that 
Poynting energy distribution followed the absorption 
pattern in c-Si slab only whereas energy distribution 
in Si-NW gets enhanced at the top and decays slowly 
all the way down to the bottom of the nanowire. 

Vertically aligned Si-NWs were fabricated on c-Si 
wafer through a cost-effective bottom-up process. 
Details of mechanism and steps are mentioned in 
experimental section. In brief, the process was con-
sisted of four simple steps, viz. i) ultrathin layer of 
Au coating on c-Si wafer, ii) sintering to turn the 
film into Au nanoparticles, ii) CVD to grow Au na-
noparticles-assisted Si-NWs and iv) removal of Au 
nanoparticles. SEM measurements confirmed a va-
riety of lengths (e.g. few microns) and diameters 
(e.g. 50 to 200 nm) of Si-NWs. Figure 2 shows typi-
cal SEM micrographs of as-fabricated Si-NWs in c-
Si wafer. Figure 2 (b) represents a magnified view of 
a small cross-section marked by dotted white square 
in Fig. 2 (a). It is noteworthy that Si-NWs were 
grown nicely whereas some of the Au nanoparticles 

were remained unused as catalyst. In nanoparticles-
assisted Si-NWs growth are highly dependent on the 
size and shape of the seeds (i.e. Au nanoparticles 
here in this study). It was revealed clearly that differ-
ent sizes of Au nanoparticles were used as catalyst to 
grow Si-NWs of various diameter as shown in Fig. 2 
(b).  

 
(a) (b)

40 µm  
Fig. 2 SEM micrographs. (a) Wide view of as-fabricated 
Si-NWs on c-Si wafer and (b) Magnified images of the 

small area marked by white dotted square in Fig. 2a. 

IV. CONCLUSION 
  We had shown through FDTD simulation that na-
nometric system, such as Si-NWs on c-Si, effectively 
enhanced absorption and energy distribution with 
reference to those observed in c-Si slab only. Verti-
cally aligned Si-NWs on c-Si wafer was carried out 
in a cost-effective bottom-up process. SEM observa-
tion confirmed that Au nanoparticles as seeds to 
grow Si-NWs are indeed key element to optimize 
nanowires length and diameter. Following the simu-
lated predictions on inherent optical and geometrical 
properties of such Si-NWs, an optimum design and 
development of nanowires-based solar cell will be 
more handy and available. It is evident that such so-
lar cell needs to be efficient enough to compete with 
traditional c-Si solar cell. 
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1.Introduction 
Cellulose is the most abundant biopolymer on earth, being the major structural component of plants. 
Although plants are the major sources of cellulose, it is known that certain bacteria also produce 
cellulose as an extracellular polysaccharite (Chawla et al,2009). BC exhibits many other important 
properties, such as high water holding capacity, high degree of polymerization and crystallinity and high 
mechanical strength (Martinez-Sanz et al, 2011 ; Ougiya et al., 1997). For many applications, cellulose 
fibers must be subjected to acid hydrolysis with strong acids (Martinez Sanz et al, 2011; Bondeson, 
2006; Habibi et al, 2010). Hydrolysis of cellulose with strong acids removes disordered or 
paracrystalline areas of cellulose fibers, leading to the extraction of rod-shaped cellulose nanocrystals 
(BCNCs) with smaller length and width than the initial fibers (Tingaut et al, 2012). The morphology and 
properties of the produced BCNCs depends on the initial cellulose morphology and the acid hydrolysis 
conditions. This work aims at examining various factors that affect cellulose nanocrystals (BCNCs) 
extraction from bacterial cellulose (BC).  
 
2. Materials and methods 
Bacterial cellulose was extracted from Komagataeibacter sucrofermentans (DSM 15973) cultivations, 
using a synthetic medium (Hestrin & Schramm,1954). Cellulose was mixed with deionized water and 
acid (1M sulphuric or hydrochloric) and incubated in water bath at 40oC for 24h. Pictures of the 
microstructure of BCNCs were taken using a TEM JEOL 100s. The gravitational stability of 
suspensions upon storage was measured using a Turbiscan MA 2000 apparatus (FormulAction, 
Toulouse, France).	Rheological measurements of the suspensions were performed on a stress-controlled 
rheometer (Discovery HR-3, TA Instruments, New Castle, DE, USA) equipped with a concentric 
cylinders geometry (30mm cup diameter, 28mm bob diameter). Oscillatory measurements were also 
performed on the BC emulsions.	 
 
3. Results and discussion 
The morphology of cellulose fibers can be altered when a treatment (i.e. acid hydrolysis) is applied. 
TEM micrographs showed that hydrolysis leads to decrease in the fibril’s length and width. Specifically, 
BCNCs treated with sulphuric acid exhibit more alterations in their structure (smaller length and width) 
and they are less bundled than the untreated BC (Fig. 1).  

 

Figure 1: Length of the produced bacterial cellulose nanocrystals. 
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Phase separation of BCNC suspensions was recorded for 18 days. Results show that the longer the acid 
treatment, the lower the phase separation is. Furthermore, the lowest phase separation was recorded at 
24h hours of treatment with sulphuric acid at 40oC. Viscosity of the BCNC samples is dependent on the 
type of acid that is used and the lowest viscosity at 24h of treatment was recorded for  hydrolysis with 
HCl at 40oC (Fig 2).  
 

 
 

Figure 2: Viscosity of bacterial cellulose treated with different acids 
 
4.Conclusions 
Acid hydrolysis leads to bacterial cellulose nanocrystalls with decreased length and width, especially 
when H2SO4 is used. After 24h of treatment, samples exhibit lower phase separation and the lowest was 
recorded for the samples treated with H2SO4. The viscosity profile of all samples showed shear thinning 
behavior. In conclusion, acid hydrolysis alters the morphology and properties of BC. Especially, 
treatment with H2SO4 for 24h enhances the properties of BC fibrils. 
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ABSTRACT 
 

     In several applications the design of MEMS in-
cludes perforated microplates supported by an elastic 
suspension which can oscillate. To control such oscil-
lations it is necessary to know the modal parameters 
of the microplate such as eigenfrequencies, damping 
and stiffness. The purpose of this communication is 
to identify the vibratory parameters of a perforated 
microplate from the measure of the microplate dis-
placement only. Dynamic measurements of a perfo-
rated microplate are conducted in time domain and a 
comparison between experimental and analytical re-
sults is presented. 
 
Key-Words 
MEMS, microplate, oscillating system, time domain, 
modal parameters, identification, subspace method  
 
1. INTRODUCTION 
 

     The design of MEMS includes oscillating ele-
ments and components which are often perforated 
microplates supported by an elastic suspension. The 
main purpose of perforations is to reduce the damp-
ing and spring forces acting in the MEMS due to the 
fluid flow inside and around the micro structure. The 
study of the damping caused by surrounding fluid and 
by the dissipations in the material is very important to 
predict the dynamic response of the microsystem and 
to estimate some important parameters such as the 
quality factor. G. De Pasquale and T. Veijola [1] 
used numerical strategies for the estimation of the 
damping force acting on a perforate movable MEMS, 
using FEM methods with ANSYS. It was shown that 
ANSYS results contained a systematic error at small 
perforations and were not usable for large perfora-
tions. Our purpose is to identify the modal parame-
ters of a perforated microplate : the eigenfrequency, 
the damping ratio and the stiffness from the dis-
placement response only of the microstructure. 
 
2. THE SUBSPACE IDENTIFICATION  
METHOD 
  

The subspace identification method assumes that 
the dynamic behaviour of a vibrating system can be 
described by a discrete time state space model [2,3]  

zk+1 = A zk + wk       state equation                          (1) 

 yk = C zk + vk        observation equation                (2) 

where zk is the unobserved state vector of dimension 
n; yk is the (mx1) vector of observations or measured 
output vector at discrete time instant k; wk contains 
the external non measured force or the excitation 

which can be a random force, an impulse force, a step 
force...and vk is a measurement noise. A is the (nxn) 
transition matrix describing the dynamics of the sys-
tem and C is the (mxn) output or observation matrix. 
The subspace identification problem deals with the 
determination of the two state space matrices A and C 
using output-only data yk. The modal parameters of a 
vibrating system are obtained by applying the eigen-
value decomposition of the transition matrix A  [2,3] 

 A = < Λ < -1                                                     (3) 

where ( )idiag O/  , i=1,2,…,n, is the diagonal 

matrix containing the complex eigenvalues and <  
contains the eigenvectors of A as columns. The ei-
genfrequencies Fi  and damping factors iξ  are ob-
tained from the eigenvalues which are complex con-
jugate pair 
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with Δt  the sampling period of analyzed signals. 
Define the (mpx1) future data vector as y+

k = [yT
k, 

yT
k+1, . . ., yT

k+p-1]T and the (mpx1) past data vector as  
y-

k-1  = [yT
k-1, . . ., yT

k-p]T , where the superscript T 
denotes the transpose operation. The (mpxmp) covar-
iance matrix between the future and the past is  

    H = E[y +k  y -kT ]  =  
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where E denotes the expectation operator. H is the 
block Hankel matrix formed with the (mxm) individ-
ual theoretical auto-covariance matrices Ri = E[yk+i  

yT
k ] = CAi-1G, with G=E[xk+1 yT

k]. In practice, the 
auto-covariance matrices are estimated from N data 
points [2]. The block Hankel matrix H can be written 
as 

    H = 

»
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¬
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.

CA
C

 [G  AG. . . Ap-1G] = O K            (7) 

 

By identification we obtain the block observability 
matrix O and the block controllability matrix K 
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   and  K = [G  AG. . .  A p-1G    ]  (8)   

This last matrix can be written as K = [ K1  A p-1G] = 
[G  K2]  where the block matrices K1 and K2 are  
 
K1 = [G  AG. . . A p-2G] and K2 = [AG. . . A p-1G ]  (9)  
        

K1 and K2 are nxm(p-1) matrices obtained by deleting 
respectively the last and the first block column of the 
block controllability matrix K. It is easy to show that 
K2 = A K1 and the transition matrix obtained by the 
deleted block column of the controllability matrix 
method can then be calculated via pseudo-inverse                                                          
AK  = K2 K1+ .The eigenvalues of the transition matrix 
AK  can be used to identify the modal parameters and 
one gets O ( AK)  = λ ( K2 K1+  ).  
 

3. MODAL PARAMETER IDENTIFICATION 
OF A PERFORATED MICROPLATE 
 

The perforated microplate supported by an elastic 
suspension as shown in Figure 1, and the model used 
to study the microplate behavior is constituted by the 
following parameters : the plate mass m concentrated 
in the center of the plate, the damping coefficient c 
and the stiffness coefficient k. 

 
Figure 1. Optical image of the perforated microplate  
 

The dynamic measurements are conducted in time 
domain by means of a laser vibrometer and Figure 2 
shows the time response of the center of the micro-
plate. Only this time response is used in our subspace 
identification procedure where the sampling frequen-
cy is 2 MHz and 3000 time samples are used. 
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Figure 2. Displacement response of the microplate 
 

The perforated microplate area is  A = 3.127x10-8 m2 and 
its mass is m = 3.814x10-9 kg. The microplate stiffness is 
given by k = m (2 π F)2 and the damping coefficient is c = 

4 πm F ξ  where F is the resonance frequency of the per-

forated microplate and ξ  the damping factor. These modal 

parameters are obtained by an average over the orders of 
the stabilization diagram [2] on frequency and damping 
ratio obtained by the subspace approach and presented in 
Figure 3.  
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Figure 3.Stabilization diagram on frequency and damping 
ratio  
 

Table 1 shows the identified microplate parameters and 
Figure 4 shows a comparison between the measured time 
response of the perforated microplate and the reconstructed 
response obtained from the identified modal parameters. 
  

Resonance 
frequency F 

Damping 

factor ξ  

Stiffness 
coefficient k 

Damping 
 coefficient c 

22810 Hz 1.62 % 78.33 N.m-1 17.71x10-6 N.s.m-1 

Table 1.  Parameters identification of the perforated mi-
croplate 
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Figure 4. Comparison between the measured (in blue) and 
the reconstituted (in red) displacement response 
 

4. CONCLUSION 
The effectiveness of the subspace identification pro-
cedure developed in the paper has been applied to 
modal parameter identification of a perforated mi-
croplate. Analytical and experimental results are pre-
sented showing the accuracy of the method. 
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Abstract 
This report presents the results of a study on kinetic regularities of multiwalled carbon nanotubes (MWCNTs) 
functionalization by liquid and gaseous oxidizing agents. It was shown that the gas-phase oxidation under opti-
mum conditions yields highly functionalized materials with minimum consumption of those agents. Besides, it 
was proposed to use the hydrogen peroxide vapor as oxidant, since this leads to the predominant formation of 
hydroxyl groups on the MWCNTs surface, thereby providing interactions with polar polymer matrices. The op-
timum conditions for this vapor functionalization of the MWCNTs were determined. The advantage of the pro-
posed method is the ease of its industrial implementation and the lack of environmentally hazardous waste. 
High-quality polyaniline composites were synthesized from carbon nanomaterials functionalized with oxygen 
groups. Kinetic regularities of carbon nanotubes (MWCNTs) and graphene nanoplatelets (GNPs) modification 
by polyaniline were studied. The important electrophysical properties of the obtained composites were deter-
mined, and their promising applications were reviewed. 
 
Keywords: multiwalled carbon nanotubes, graphene nanoplatelets, functionalization, oxidation, oxidative 
polymerization, nanocomposites. 

 
Introduction 
Carbon nanomaterials are highly variable and pos-
sess unique physical properties. Presently, multi-
walled carbon nanotubes (MWCNTs) and graphene 
nanoplatelets (GNPs) appear to be one of the most 
common and available materials. Nevertheless, their 
use in composite materials is often limited owing to 
their tendency to agglomerate. To improve the dis-
persibility of these materials in polymers and sol-
vents, their surface may be functionalized by cova-
lent attachment of various functional groups (hy-
droxyl, carboxyl, fluoride, amine, etc.) [1]. The func-
tionalization is particularly valuable with respect to 
graphene-based multilayered carbon nanostructures, 
since their agglomeration ability is especially strong 
due to large contacting surfaces. 
The functional groups provide different kinds of in-
teractions between the carbon nanostructures and 
polymer molecules: 1) electrostatic interaction, 2) 
hydrogen bond formation, and 3) covalent bond for-
mation. Sometimes, these interactions may lead to 
the formation of composite polymer layers on the 
surface of carbon nanomaterials. For instance, this 
can happen when modifying functionalized 
MWCNTs and GNPs with conducting polymers 
(polyaniline and polypyrrole). 
Due to the above-mentioned factors, functionalized 
MWCNTs- and GNPs-based composites are becom-
ing more widely used in the manufacture of structur-
al, building and electrode materials [2]. This, in turn, 
raises the problem of obtaining functionalized and 
modified forms of carbon nanostructures in the in-
dustry. However, scaling the MWCNTs and GNPs 
functionalization requires a detailed study on its ki-
netic regularities, apart from determining the opti-
mum technological regimes, in order to synthesize 
materials with controlled characteristics [3]. 
 
 

Materials and methods 
“Taunit-M” (d = 8 ÷ 15 nm, l ³ 2 µm) and “Taunit-
MD” (d = 30 ÷ 80 nm, l = 20 µm) MWCNTs and 
GNPs (h = 3 ÷ 5 nm) produced at “NanoTechCenter” 
Ltd. (Tambov, Russia) were used (Fig. 1). 
 

а б 

в 

 
Fig. 1. SEM-images of: 
а) MWCNT “Taunit-M”; 
б) MWCNT “Taunit-MD”;  
в) GNP 

The MWCNTs surface was functionalized with oxy-
gen groups. The procedure comprised boiling in con-
centrated HNO3, oxidation in the presence of HNO3 
vapor, and treatment in the presence of H2O2 vapor. 
Defects in the initial (pristine) and functionalized 
MWCNTs were examined by Raman spectroscopy 
(laser excitation wavelength 473 nm). 
The surface functional groups were identified by 
XPS and FTIR spectroscopy. The number of COOH 
groups (mmol) per unit mass of the MWCNTs was 
assessed by trimetric [4] and thermogravimetric 
analyses. 
The MWCNT and GNPs were modified with polyan-
iline via oxidative polymerization of aniline [5]. The 
specific surface area, electrical resistivity and capaci-
tance were evaluated for the obtained samples 



 

 

Results and discussion 
The oxidation of the MWCNTs contributes to the 
appearance of defects on their surface. Moreover, 
when treating in the presence of HNO3 vapor, the 
surface structure of the nanotube is broken down to a 
lesser extent compared to the boiling in liquid HNO3 
(Fig. 2). 
 

 
Fig. 2. Raman spectra of the "Taunit-MD" MWCNTs: 

(1) - untreated, (2) - oxidized in the presence of HNO3 
vapor (t = 140°C; t = 5 hrs), and (3) - oxidized in boiling 

HNO3 (t = 5 hrs) 
 
FTIR spectra of the initial and oxidized MWCNTs 
(Fig. 3) are characterized by the absorption bands at 
2920, 2850, and 1460 cm-1 (all - due to the presence 
of C-H bonds, as well as at 1630cm-1 (due to 
>C=C<) and 3450 cm-1 (due to O-H). A weak band 
corresponding to the vibrations of the C=O bonds in 
carboxyl groups (1740 cm-1) can be observed in the 
FTIR spectrum of the MWCNTs oxidized in boiling 
HNO3. As for the material oxidized in the presence 
of HNO3 vapor, this peak is relatively pronounced. 
 

 
Fig. 3. FTIR spectra of initial MWCNTs “Taunit-MD” (1), 

MWCNTs oxidized in boiling concentrated nitric acid (2) and its 
vapor (3) 

 
Therefore, the treatment of the MWCNTs in the 
presence of HNO3 vapor promotes deeper oxidation 
and the availability of more carboxyl groups in com-
parison with boiling HNO3. This fact is confirmed by 
the titration data (Fig. 4). 
The rate for the gas-phase oxidation of the MWCNTs 
with HNO3 is significantly higher than for the liquid-
phase oxidation. The achieved functionalization de-
gree is also correlated with the specific surface area 
of the carbon material. 
Thus, if higher functionalization degrees (Df) are 
required, it is suitable to treat MWCNTs in the pres-
ence of oxidizing agent vapor. 

 
Fig. 4. The time dependences of the degree (Df) of the 

“Taunit-MD” and “Taunit-M” MWCNTs functionalization 
by carboxyl groups. Conditions: liquid-phase (1) and gas-

phase (2) oxidation with HNO3 
 
In this regard, the oxidizing agent consumption per 
unit weight of the product is reduced by one order, 
thereby making the problem of acids and gaseous 
reaction products recycling less acute. 
The use of H2O2 vapor as a reagent for MWNTS 
oxidation appears to be even more attractive. In this 
case, according to the XPS data, the OH-groups are 
primarily formed on the MWCNTs surface, but the 
functionalization degree is negligible. However, after 
treatment in the presence of H2O2 vapor, the 
MWCNTs have proven themselves to be agents for 
composites modification that provide conductive and 
radio-frequency shielding properties. 
The method and degree of pre-functionalization also 
affect the kinetics of the polyaniline modification of 
the MWCNTs (Fig. 5). 
 

 
Fig. 5. Changes in the temperature during the aniline polymeriza-

tion: without MWCNTs (1), with the “Taunit-M” MWCNTs - 
initial (pristine) (2), with metal-oxide catalyst impurities removed 
(3), oxidized in HNO3 (4)-(6) – Df = 0.2 (4), 0.4 (5), and 0.7 (6) 

mmol/g 
 

The most qualitative polyaniline coating is formed at 
Df = 0,4 mmol/g. The resulting composite is charac-
terized by the highest electrical conductivity and 
capacitance values (> 3 Ω-1cm-1 and 350 F/g, respec-
tively). 
The oxygen groups located on the GNPs surface also 
contribute to the compatibility with the polyaniline 
macromolecules which form a relatively uniform 
granular layer. 
The regularities elucidated in the present research 
will be considered when functionalizing and modify-
ing carbon nanomaterials at pilot and industrial 
scales. Besides, they will make it possible to correct-
ly select appropriate engineering materials for 
equipment manufacturing, perform more precise 
technological calculations, and obtain composite 



materials and modifiers with required specified prop-
erties. 
 
Conclusions 
The method and oxidizing conditions for MWCNTs 
must be chosen depending on further applications of 
the functionalized material. The oxidation in the 
presence of H2O2 vapor enables obtaining hydrox-
ylated MWCNTs with small defects and a low func-
tionalization degree, which can be successfully used 
as a component of conducting materials and compo-
sites possessing radi-frequency shielding properties. 
The MWCNTs oxidized with HNO3 present a higher 
functionalization degree. They can be utilized in pol-
ymer composites with improved mechanical proper-
ties. 
The presence of oxygen functional groups enhances 
the interaction between polyaniline and carbon na-
nomaterials. Nevertheless, when modifying 
MWCNTs, it is necessary to find an optimum pre-
functionalization degree in order to observe the best 
composites properties. GNPs do not require addition-
al oxidation, since they initially contain functional 
groups on their surface. 
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Abstract: Nanotechnology is science, engineering, and technology conducted at the nanoscale, which is 
about 1 to 100 nanometers. All things, both living and non-living, are constructed of atoms. The nano-
scale sparks so much interest because when a substance is artificially created, structured atom by atom, it 
can have different or enhanced properties compared with the same substance as it occurs naturally, which 
includes increased chemical reactivity, optical, magnetic, or electrical properties. Nanotechnologies aim 
to exploit these properties to create devices, systems, and structures with new characteristics and 
functions. For example, researchers hope to construct from the very ‘bottom’ (that is to say, atom by 
atom) a substance as strong as diamond, but more flexible and far less expensive. It would also be 
possible to manufacture a substance in the shape and size needed such as a thin string as strong as steel.  
So far Nanotechnology is applied in various areas (1) applied design a water filtration system on the 
nano-scale that is so efficient, it only lets water molecules through it. (2) Is used to create filters and 
sensors to screen out toxins or adjust flavors, and packaging to sense when the food inside is spoiling and 
alert the customer. (3) The ability to assemble Nano-scale particles that could be targeted at certain parts 
of the body or certain viruses in the blood. (4) Economical solar cells to make solar power economical 
and diminish our dependency on coal, oil, nuclear fuel and fuel wood. (5) To clean up the environment. 
To clean up oil spills, imagine a scrubber built from tiny nanotubes that could manipulate the atoms in an 
oil spill to render it harmless.  
Just like any new technology, there are varieties of health, environmental and safety risks to this 
technology from free rather fixed manufactured nanoparticles. In initial studies, manufactured 
nanoparticles have shown toxic properties. They can enter the human body in various ways, reach vital 
organs via the blood stream, and possibly damage tissue. Due to their small size, the properties of 
nanoparticles not only differ from bulk material of the same composition but also show different 
interaction patterns with the human body. These promises and challenges of Nanotechnology will be 
presented here. 

1. Introduction 
Nanotechnology based research is turning out to be the major force behind a new industrial revolution. 
Both private and public-sector spending constantly increased in last 10 years.  Nanoscale materials have 
been used for decades in applications ranging from window glass and sunglasses to car bumpers and 
paints as shown in Fig 1. Now, however, the convergence of scientific disciplines (chemistry, biology, 
electronics, physics, engineering etc.) is leading to a multiplication of applications in materials 
manufacturing, computer chips, medical diagnosis and health care, energy, biotechnology, space 
exploration, security and so on. Hence, nanotechnology is expected to have a significant impact on our 
economy and society within the next 10 to 15 years, growing in importance over the longer term as 
further scientific and technology breakthroughs are achieved. At the same time, scientists have raised 
concerns that the basic building blocks of nanotechnologies—particles smaller than one billionth of a 
meter—pose a potential new class of risk to health and the environment. The recommendation  on the 
health concern calls for a precautionary approach based on risk research and good risk management to 
minimize the likelihood of nanoparticles bringing a new dimension to personal injury and property 
damage losses or posing third party liability and product-recall risks. 
 



1.1. Nanomaterials: basic building blocks 
This section outlines the properties of two of the most talked-about nanotechnologies: carbon nanotubes, 
nanoparticles. Some examples of Nanoparticles and their commercial use shown in table 1. 
Carbon Nanotubes 
Carbon nanotubes, long thin cylinders of atomic layers of graphite, may be the most significant new 
material since plastics and are the most significant of today’s nanomaterials. They come in a range of 
different 8 structures, allowing a wide variety of properties. They are generally classified as single-walled 
(SWNT), consisting of a single cylindrical wall, or multiwalled nanotubes (MWNT), which have 
cylinders within the cylinders. When the press mentions the amazing properties of nanotubes, it is 
generally SWNT they are referring to. The following table summarizes the main properties of SWNT: 
However, SWNT are more difficult to make than MWNT, and confusion arises about the quantities of 
nanotubes actually being manufactured. Carbon Nanotechnologies of Houston, one of the world’s leading 
producers, only makes up to 500g per day. One problem is that economies of scale are practically 
impossible with today’s production technologies – the machines used to manufacture the tubes cannot be 
scaled up, so producing bigger quantities means using more machines. Another drawback is that it is 
difficult to make nanotubes interact with other materials. For example, to fully exploit their strength in 
composite materials, nanotubes need to be “attached” to a polymer. They 
are chemically modified to facilitate this (a process known as “functionalization”), but this process 
reduces the very properties the nanotubes are being used for. In the long-term, the ideal solution would be 
to use pure nanomaterials, e.g. nanotubes spun into fibers of any desired length, but such a development is 
unlikely in the next couple of decades unless a radically more efficient production process is developed. 
The most promising applications of nanotubes may be in electronics and optoelectronics8. Today, the 
electronics industry is producing the vital components known as MOSFETs (metal oxide semiconductor 
field effect transistors) with critical dimensions of just under 100 nm, with half that size projected by 
2009 and 22 nm by 2016. However, the industry will then encounter technological barriers and 
fundamental physical limitations to size reduction. At the same time, there 
are strong financial incentives to continue the process of scaling, which has been central in the effort to 
increase the performance of computing systems in the past. A new microchip manufacturing plant costs 
around $1.5 billion, so extending the technology’s life beyond 2010 is important. One approach to 
overcoming the impending barriers while preserving most of the existing technology, is to use new 
materials. 
With carbon nanotubes, it is possible to get higher performance without having to use ultra thin silicon 
dioxide gate insulating films. In addition, semiconducting SWNTs, unlike silicon, directly absorb and 
emit light, thus possibly enabling a future optoelectronics technology. The SWNT devices would still 
pose manufacturing problems due to quantum effects at the nanoscale, so the most likely advantage in the 
foreseeable future is that carbon nanotubes will allow a simpler fabrication of devices with superior 
performance at about the same length as their scaled silicon counterparts. 
Other proposed uses for nanotubes: 
Chemical and Genetic Probes.  A nanotube-tipped atomic force microscope can trace a strand of DNA 
and identifychemical markers that reveal which of several possible variants of a gene is present in the 
strand. This is the only method yet invented for imaging the chemistry of a surface, but it is not yet used 
widely. So far it has been used only on relatively short pieces of DNA. 
Mechanical memory (nonvolatile RAM). A screen of nanotubes laid on support blocks has been tested 
as a binary memory device, with voltages forcing some tubes to contact (the “on” state) and others to 
separate (“off”). The switching speed of the device was not measured, but the speed limit for a 
mechanical memory is probably around one megahertz, which is much slower than conventional memory 
chips. 
 
Field Emission Based Devices. Carbon Nanotubes have been demonstrated to be efficient field emitters 
and are currently being incorporated in several applications including flat-panel display for television sets 



or computers or any devices requiring an electron producing cathode such as X-ray sources (e.g. for 
medical applications). 
Supersensitive Sensors. Semiconducting nanotubes change their electrical resistance dramatically when 
exposed to alkalis, halogens and other gases at room temperature, raising hopes for better chemical 
sensors.The sensitivity of these devices is 1,000 times that of standard solid state devices. 
 
Hydrogen and Ion Storage. Nanotubes might store hydrogen in their hollow centers and release it 
gradually in efficient and inexpensive fuel cells. They can also hold lithium ions, which could lead to 
longer-lived batteries. So far the best reports indicate 6.5 percent hydrogen uptake, which is not quite 
dense enough to make fuel cells economical. The work with lithium ions is still preliminary. 
Sharper Scanning Microscope. Attached to the tip of a scanning probe microscope, nanotubes can boost 
the instruments’ lateral resolution by a factor of 10 or more, allowing clearer views of proteins and other 
large molecules. Although commercially available, each tip is still made individually. The nanotube tips 
don’t improve vertical resolution, but they do allow imaging deep pits in nanostructures that were 
previously hidden. 
Superstrong Materials. Embedded into a composite, nanotubes have enormous resilience and tensile 
strength and could be used to make materials with better safety features, such as cars with panels that 
absorb significantly more of the force of a collision than traditional materials, or girders that bend rather 
than rupture in an earthquake. Nanotubes still cost 10 to 1,000 times more than the carbon fibers currently 
used in composites. And nanotubes are so smooth that they 
slip out of the matrix, allowing it to fracture easily. 
 
1.2. The environmental, health and safety discussion related to nanoparticles 
Along with the discussion of their enormous technological and economic potential, a debate about new 
and specific risks related to nanotechnologies has started. The catch-all term ”nanotechnology” is so 
broad as to be ineffective as a guide to tackling issues of risk management, risk governance and 
insurance. A more differentiated approach is needed regarding all the relevant risk management aspects. 
With respect to health, environmental and safety risks, almost all concerns that have been raised are 
related to free, rather than fixed manufactured nanoparticles. The risk and safety discussion related to free 
nanoparticles will be relevant only for a certain portion of the widespread applications of 
nanotechnologies. 
Epidemiological studies on ambient fine and ultrafine particles incidentally produced in industrial 
processes and from traffic show a correlation between ambient air concentration and mortality rates. The 
health effects of ultrafine particles on respiratory and cardiovascular endpoints highlight the need for 
research also on manufactured nanoparticles that are intentionally produced. 
In initial studies, manufactured nanoparticles have shown toxic properties. They can enter the human 
body in various ways, reach vital organs via the blood stream, and possibly damage tissue. Due to their 
small size, the properties of nanoparticles not only differ from bulk material of the same composition but 
also show different interaction patterns with the human body. A risk assessment for bulk materials is 
therefore not sufficient to characterize the same material in nano-particulate form. The implications of the 
special properties of nanoparticles with respect to health and safety have not yet been taken into account 
by regulators.  
 



 
 
Figure 1: An illustration of water shield self-cleaning paint using Nano-particles 
 
Table 1: Listing of different types of Nanoparticles and their commercial uses 
 

 



Nanoparticles raise a number of safety and regulatory issues that governments are now starting to tackle. 
At present, the exposure of the general population to nanoparticles originating from dedicated industrial 
processes is marginal in relation to those produced and released unintentionally e.g. via combustion 
processes. The exposure to manufactured nanoparticles is mainly concentrated on workers in 
nanotechnology research and nanotechnology companies. Over the next few years, more and more 
consumers will be exposed to manufactured nanoparticles. Labelling requirements for nanoparticles do 
not exist. It is inevitable that in future manufactured nanoparticles will be released gradually and 
accidentally into the environment. Studies on bio-persistence, bioaccumulation and eco-toxicity have only 
just started few years ago. More long term exposure studies need to be completed to have a clear picture 
on the toxicity of the nanoparticles. 
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Introduction 
The process of formation and structure of 
the monolayer of course will depend on 
many factors like composition and 
concentration of surfactant, temperature 
etc. For example, in some of previously 
studies already have investigated the 
influence on the structure and composition 
of monolayers addition of various 
inorganic salt in subphase [1, 2] or the 
effects arised with change subphase pH [3, 
4, 5]. 
 
Idea 
In addition, one of the influencing 
parameters is the electric field, actually 
may be used as a technology control factor 
which enables to control and modify the 
structure of a monolayer. This assumption 
was made on the grounds that  monolayer 
is a structure sensitive to small changes in 
acidity in subphase. And his subphase is a 
substance composed of molecules with 
large dipole moment, and the substance 
having some number of ions. 
 
Experiment and discussion 
In the case of application of the electric 
field in the normal direction, we have a 
significant change in the process of 
formation the individual phases of the 
arahidic acid (Arh) monolayer. Increase 
area in liquid phase was approximately 
25% when applying a voltage to the 
electrodes (fig. 1). We explain the 
extension the liquid phase by the fact of 
change pH under ML surface. In this case, 
the changes in the monolayer formation 
process due not with sensitivity surfactant 

molecules to the electric field. This can be 
explained by the fact that water molecules 
have large dipole moment [6, 7]. After 
that, in deionized water with pH = 7 at 
25°C hydrogen ion concentration ([H+]) 
and hydroxide ions ([OH-]) are identical 
and amount to 10-7 mol/l. These ions are 
separated and redistributed in electric field. 
That process will creating a gradient of 
acidity in the space between the electrodes. 
 

 
Figure 1 - compression isotherms of Arh 

monolayers on the surface of deionized water, 1 - 
intensity vector is directed upwards; 2 - intensity 
vector is directed downward; 3 - the electric field 

absence 
 
To confirm the described mechanism 
(through redistribution of ions in the 
subphase and a change of local acidity), 
influence of the electric field in the 
subphase also was made computer 
modeling of area a monolayer of Arh under 
various external factors, in particular, 
under the action of electric field. 
The first phase we were studied normal 
conditions and after 1 ps the simulation 
process by the method of molecular 
dynamics, structure becomes stable. If we 
continue to molecular-dynamic simulation 
we haven't big changes in monolayer 
structure. Self-assembling of monolayer on 
the water surface takes a short period of 
time - about 1 ns. The resulting structure is 
stable on the water surface, not destroyed it 
was confirmed by the simulation in long 
time (1 second) in the LAMMPS software 
package (fig. 2). 
However, the most important issue of our 
work was to study the dependence of the 
structure of monolayers, depending on 
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presence of electric field and ions in the 
subphase (1 ion in 10,000 molecules of 
water). Without external electric field the 
subphase remained relatively neutral - ions 
arranged randomly into the water layer (t 
will be expected on the basis of physical 
concepts).  
 

 
 

Figure 2 - configuration of monolayer 
 
However, under the condition, to the 
availability of external electric field (with 
intensity about 100 V/cm) under the 
influence of ions presence and polarization 
of Arh molecules in the structure of the 
monolayer arise some gaps (which would 
display on the compression isotherm like 
to increase of the mean molecule area, i.e. 
the extension of the monolayer), caused by 
the increase in the concentration of 
molecules near to the ions. It should be 
noted that in this case the topology of gaps 
virtually unchanged over time. Example of 
gaps shown in Figure 3. 
 

 
 

Figure 3 - gaps in the monolayer 
 

Conclusion 
Our experiments show what we can use the 
electrical field for control of monolayers 
properties. But the main part in this 
process - is the redistribution of ions in 
subphase and change pH in the area under 
monolayer. 
In the model we can see gaps in monolayer 
– it would be interpreted like extension on 
ML compression isotherm. 
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Abstract 

The use of phenol-formaldehyde resins (PFRs) 
in synthesizing dispersions of carbon nanomaterials 
makes it possible to increase the concentration of 
nanoparticles in solution by 2-3 orders of magnitude. 
In this regard, due to the presence of the PFR, the 
concentration of nanotubes in the solution after ultra-
sonic treatment reaches 11.4 g L-1 and the mutual 
orientation of the PFR-modified nanotubes takes 
place, so that their chaotic tangles become unraveled. 
The obtained results are also typical of graphene na-
noplatelets (GNPs) and have an important impact on 
the synthesis of nanocomposite materials (NCMs). 

 
1. Introduction 

Carbon nanomaterials such as fullerenes, nano-
tubes (CNTs), nanodiamonds and graphene are wide-
ly used to make various advanced NCMs. Nanocom-
posite structures based on CNTs, GNPs and their 
modified forms are usually employed as radar ab-
sorbing materials, electrodes for chemical power 
sources and sensors [1- 11]. 

Chemical reduction and thermal decomposition 
of graphite oxide (GO) are one of the most common 
methods for obtaining graphene-based nanocompo-
site structures. However, the disadvantages of these 
methods are the high cost for graphene synthesis 
(since the technological process of oxidizing graphite 
to GO is rather complex) and the presence of defects. 

The solution to the problem of synthesizing 
highly concentrated dispersions of few-layer GNPs 
and CNTs and removing the surfactant from the final 
product appears to be topical for the industrial pro-
duction of CNTs- and graphene-based NCMs. 

The aim of the present work is to study the pos-
sibility of employing a PFR as a reactive surfactant 
for obtaining stable aqueous dispersions of CNTs and 
graphene. It is known that low molecular weight phe-
nol-formaldehyde oligomers synthesized via conden-
sation of phenol with an excess of formaldehyde in 
an alkaline medium (resol-type PFRs) are soluble in 
water. In such resins, methylol groups possess high 
reactivity, due to which the resol-type PFR is able to 
modify the surface of the CNTs or graphene and 
thereby impart water solubility to these nanomateri-
als.  
 

 
2. Materials and Methods 

“Taunit-M” CNTs (diameter 8-20 nm) produced 
by “NanoTechCenter” Ltd. (Tambov, Russia) were 
used as starting materials. Their surface was oxidized 
by treating with an aqueous ammoniacal solution of 
ammonium persulfate. An expanded graphite com-
pound (EGC),prepared according to the method de-
scribed in [12] was used as a precursor for obtaining 
GNPs. It was subjected to hydrolysis and then rinsed 
with water. Stable aqueous dispersions were opre-
pared by sonication. The concentration of carbon 
nanoparticles in the obtained dispersions was deter-
mined by a photometric method. 

 
3. Results and Discussion 

To study the dispersion process for the CNTs 
and graphene, the starting material (“Taunit-M” 
CNTs or EGC) was added to a solution containing 
the resol-type PFR and sonicated (frequency 22 kHz). 
The samples of the the obtained dispersions were 
diluted with water , and the concentration of carbon 
nanoparticles was measured. 

 
Fig. 1 The dependence of the CNT concentration in 
solution on the initial CNT weight in 100 mL of the 
mixture: 1 – starting CNTs; 2 – oxidized CNTs. 
 

As seen in Fig. 1, for both starting and oxidized 
CNTs, the CNT concentration in the solution initially 
increases proportionally to the CNT weight, reaches 
the maximum value, and then decreases. In the initial 
section, almost 100 % of the CNTs passes into the 
solution (the observed concentration coincides with 
the calculated concentration). The decrease in the 
solubility at high CNT weight values may be related 
to the PFR adsorption on the CNTs. Thus, when per-
forming the ultrasonic treatment in the PFR solution, 
the CNT concentration reaches 11.4 g L-1, which 
exceeds the CNT concentration reported in the litera-



 

 

ture for common surfactants [13] by 2-3 orders of 
magnitude. Apart form the adsorption of the PFR 
molecules on the CNTs, the chemical interaction of 
the PFR with the surface groups of the oxidized PFR 
also takes place, which can be confirmed by in-
creased solubility when increasing the temperature 
during the ultrasonic treatment (Fig. 2). 

Fig. 2. The dependence of the CNT concentration in 
solution on the temperature. 

 
The similar results were obtained for the GNPs. 

The combination of different PFR-modified carbon 
nanoparticles makes it possible to prepare various 
nanocomposites, and besides, the PFR is chemically 
bonded to the surface and does not require removing. 
If desired, further carbonization of the PFR may be 
performed in order to obtain pure carbon nanostruc-
tures. Changing the pH, which results in the self-
assembly of nanoscale elements, appears to be one 
the the methods for creating NCMs based on PFR-
modified nanoparticles. 

As an example, in Fig. 3, the CNT and 
CNT+GNP films obtained after employing the PFR 
are demonstrated.  

 

  
                  a                                            b 
Fig. 3. NCMs obtained in the presence of the PFR: 
 a – CNT film; b – CNT+GNP film. 
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Introduction 
Nowadays, label-free In-Vitro Diagnostic (IVD) is in higher demand due to the steric, electronic influence of labeled 
molecules on biological samples. However, in the absence of chemical amplification, it is a challenge for label-free 
biosensing to achieve the same degree of sensitivity as those exhibited by standard enzyme-linked immunosorbent 
assay (ELISA). In this sense, significant optical label-free biosensors are reported performing well: SPR, SPRi, QCM-D, 
OWLS… But even if these techniques show quite good sensitivity, none of them offer high-lateral resolution imaging 
and direct thickness measurements capacities.  

We show here that the non-destructive and non-invasive SEEC Microscopy technique can be used to characterize a 
dynamic enzymatic reaction in real time with nanoscale lateral and  thickness sensitivity (down to 1nm). This study 
was performed on 5µmx5µm patterns to illustrate the ability of the SEEC technique to perform ultra-high density 
multiplexing analyses.  

Results and discussion 
SEEC Microscopy is a new generation surface interaction technique offering new analysis capabilities such as the live 
nanoscale imaging, the live topographic study, the ability to perform label-free analyses in dry and in liquid, in static 
and in dynamic mode. The technique is also compatible with the use of microfluidic devices and can be combined 
with exiting analyses such as RAMAN, AFM, fluorescence, confoncale techniques. SEEC Microscopy implements new 
generation of sensitive sensors, the SEEC sensors displaying high contrast-enhanced performances. Successful  
analyses were recently performed on biologicial samples such as lipid layers, biofilms, biochips, DNA molecules. The 
technique can also be applied to the analysis of organic/inorganic samples such as polymer / polyelectrolytes / 
Langmuir-Blodgett films, nanopatterns, nanotubes, nanoparticles…  

In this study, the enzymatic elongation of dextran catalyzed by DSR-S from glucose substrate was analyze in real-
time. SEEC images recorded 15 and 120 minutes, respectively after the beginning of the enzymatic reaction, are 
displayed in Figure 1.  

 

 

 

Figure 1: SEEC images and topographic images of enzymatic patterns observed  
at t=15min (A; B) and t=120min (C). 

 
A rise of pattern step heights is clearly observed that confirms the ability of SEEC microscopy to monitor a molecular 
reaction on a nanostructure in a liquid environment in real time. Thanks to the imaging capability, multiplex SEEC 
analyses were performed. The average thickness measured on each spot varies from around 6 to 10nm.  

Thickness evolution of the nanometric patterns as a function of the enzymatic reaction time is displayed in figure 2. 
Patterns show no clear thickness evolution during the first hour of enzymatic reaction. Then a net rise is observed 
from 60 minutes where pattern thickness increases by 4nm in less than an hour. The stability of the pattern thickness 
observed during the first hour of polymerization reaction is probably due first, to the time needed for the reaction to 
start, and second, to the z-sensitivity of the SEEC analysis in a liquid environment (approx. 1nm) that limits the 
detection of the increase in thickness during the first minutes.  

 



 

 

 

Figure 2: Evolution of pattern thicknesses as a function of the enzymatic reaction time. 

Conclusion 
This study shows that SEEC Microscopy permits multiplex in situ and real-time monitoring of biochemical reactions 
taking place on surface molecular patterns. Thanks to its label-free capacity, SEEC microscopy offers a fast and direct 
analysis of biomolecular reactions in a liquid environment. Nanoscale lateral sensitivity allows the study of 
patterns/chips with micrometric dimensions (down to 5µm). These capacities open a new way for label-free In Vitro-
Diagnostic ultra-high density multiplexing assays. 

 

Experimental part 
Dextransucrase-based enzymatic reaction 

In this study, patterns of dextransucrase (DSR-S) were printed onto a SiO2 SEEC Sensor coated with a thin layer of PLL-
g-dextran (figure 3). The sample was immersed in a liquid environment enriched with sucrose.  Dextransucrase (DSR-
S) catalyses the transfer of glucosyl from sucrose to generate a soluble polymer of D-glucosyl units. 

 

 

Figure 3: A. Steps for dextransucrase patterns elaboration B. Reaction of the dextran chains elongation  

 
SEEC Microscopy technique 

SEEC analyses were performed from a Sarfus Mapping HR station (Nanolane) and consumables SEEC Sensors bearing 
a SiO2 toplayer (SiO2 SEEC Sensor-Nanolane). Sarfusoft software enables the live recording of SEEC images as well as 
the thickness measurement of the nanometric patterns (accuracy: +/-0.4nm). The dextransucrase polymerization was 
observed for 120 minutes (figure 4). 

 

Figure 4: Dextransucrase polymerization reaction observed by SEEC Microscopy 
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Abstract: DNA semiconductor detection and se-
quencing is considered to be the most promising ap-
proach for future discoveries in genome and proteo-
me research which is dramatically dependent on the 
challenges faced by semiconductor nanotechnologies. 
DNA pH-sensing with ion-sensitive field effect tran-
sistor (ISFET) is well-known to be a successfully 
applied electronic platform for genetic research. 
However this method lacks fundamentally in chemi-
cal specificity. Here we develop the first ever silicon 
nanosandwich pump device, which provides both the 
excitation of DNA fragments‟ self-resonant modes 
and the feedback for current-voltage measurements at 
room temperature. This device allows direct detec-
tion of single-stranded label-free oligonucleotides by 
measuring their THz frequency response in aqueous 
solution. These results provide a new insight into the 
nanobioelectronics for the future real-time technolo-
gies of direct gene observations.  
 
Keywords:  DNA detection with semiconductor de-
vice, THz pumping, silicon nanosandwich, short oli-
gonucleotides detection. 

 
Real-time amplification and detection of nucleic acid 
has given rise to the development of life science re-
search and molecular diag¬nostics. These methods 
became a basis of the techniques that are applied for 
express detection and quantification of small amounts 
of nucleic acid and have a wide array of applications. 
However these techniques for real-time detection of 
nucleic acid require precision optics as well as fluo-
rescently labelled sequence-specific probes or 
fluo¬rescent dyes for DNA labelling. Therefore this 
is a huge disadvantage of such techniques due to the 
indirect oligonucleotides signal collection. Several 
attempts have been made to resolve this problem. 
Recently, a semiconductor-based nucleic acid se-
quencer that uses the pH-sensing capabil¬ity of ion 
sensitive field effect transistors (ISFET) has been 
demonstrated1. Another device that is able to amplify 
and simultaneously detect DNA using embedded 
heaters, temperature sensors and ISFET sensor arrays 
appears to be also very effective2. The most im-
portant result of the works mentioned was to provide 
the amplification and the detection simultaneously. 
Nevertheless, despite the development of an ISFET 
technology3, there are still challenges that cannot be 

met with it. Since the principle of an ISFET-based 
sensor is the pH sensing mechanism that is not target-
specific, this leads to the most crucial disadvantage 
of it. 
Here we present a new method of oligonucleotides 
detection by the excitation of their self-resonant 
modes that correspond to the unique combination of 
the nucleotide sequence and the whole molecular 
shape.  
Therefore the method suggested to detect the oligo-
nucleotides is based on the interaction of Silicon 
nanosandwich with nucleic acids deposited on its 
surface. This Silicon nanosandwich represents the 
ultra-narrow p-type Silicon quantum well, confined 
by the delta barriers heavily doped with Boron on the 
n-Si (100) wafer. The edge channels of this QW have 
been shown to be effective source of THz emission4, 
5. In order to enhance the selective THz line emis-
sion, the corresponding system micro cavities is in-
serted in the plane of QW. Such devices allow the 
creation of the THz spectra that are close to oligonu-
cleotides self-resonant modes. Thus, the self-resonant 
modes excitation of oligonucleotides deposited in the 
QW plane becomes possible, with provided by feed-
back giving rise to the changes in the conductance of 
edge channels. 
 

 
 
Figure 1: Silicon nanosandwich that represents the 
ultra-narrow silicon quantum well  of the p-type Si 
confined by the delta-barriers heavily doped with 
boron on the n-type Si (100) wafer. 
 
Single stranded oligonucleotides were synthesized 
with the Applied Biosystems„s synthesizing equip-
ment, purified with polyacrylamide gel electrophore-
sis and extracted in 0.3M Sodium acetate solution. 



 

 

The investigated sequences were: 100-mer 5‟-
gcgctggctgcgggcggtgagctgagctcgcccccggg-
gagctgtggccggcgcccctgccggttccctgagcagcggac-
gttcatgctgggagggcggcg-3‟ and 50-mer 5‟-
gcgctggctgcgggcggtgagctgagctcgcccccggg-
gagctgtggccg-3‟. The concentrations were 0.22 and 
0.98 mkg/mkl respectively. 
Another important fine point is the microfluidic sys-
tem. Due to a complicated structure design and the 
need of operating with electrolytes, a PDMS con-
tainer-type microfluidic system was constructed on 
the surface of the device. It also prevents the evapo-
ration of the 0.5 mkl solution drop from the device 
surface. 

 
Figure 2: Uxx curves. Signal from Uxx electrode 
versus Isd DC, comparison of the oligonucleotide and 
non-oligonucleotide cases. Measurement was done at 
room temperature under the stabilization of the 
Drain-Source current. 
 
The U-I characteristics were measured under the sta-
bilization of the Drain-Source current within frame-
works of the Hall geometry of Silicon nanosandwich. 
The changes of longitudinal Uxx and lateral Uxy 
(Hall) voltage appeared to demonstrate the resonant 
behavior (Fig.2, Fig.3) as a function of the Ids value. 
Besides the Ids steps are revealed that allows the 
definition of the frequency generation (f) using the 
relation f = I/en, where n is the number of holes in 
edge channels. 

 
Figure 3: Uxy curves. Signal from Uxy electrode 
versus Isd DC, comparison of the oligonucleotide and 

non-oligonucleotide cases. Measurement was done at 
room temperature under the stabilization of the 
Drain-Source current. 
 

Finally, the Raby splitting in the U-I charac-
teristics was found under the deposition of the oligo-
nucleotides, with the identification of their self-
resonant modes. 
The reported study was partially supported by RFBR, 
research project No. 13-00-12055 ofi_m. 
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Abstract:  
 
The fractal metamaterial configurations , operating at the 
millimeter-wave scale are studied , in terms of design, fabri-
cation and characterization.  
Microwave sensors based on modified split-ring resonator 
(FSRR) structure operating at 140 GHz achieve a novel me-
tamaterial where the resonance frequency is sensititive to 
specific geometric structure. Furthermore, we attainted a 
high transmittance left-handed band, achieved by the fractal 
process derived from conventionnel split ring resonators.  
The resonance is more sensitive to the variation of the of the 
thin film thickness , width of metal SRR ,particular geome-
trical parameters and fractal order. 
Both the double SRR structures and the influence of differ-
ent geometrical parameters are investigated.The changes in 
the resonances frequency are examined upon variation of 
fractal geometrie inside the basic SRR cell.  
 
Keywords : 
Metamaterial ; sensing ; Thin-film sensor; Split Ring resona-
tors, Fractal SRR .. 

Introduction  

Metamaterials are a new class of ordered composites that 
reveal particular properties not readily observed in nature. 
This type of materials contain a wide set of artifcially struc-
tured composites with tunable Heff and Peff that are inaccessi-
ble or difficult to obtain with naturally occurring materials. 
Moreover, metamaterials can manipulate electromagnetic 
wave beams in surprising ways and exhibit some interesting 
electromagnetic properties which are not readily offered in 
nature, such as the propagation of a backward wave compo-
nent in a certain frequency range due to the so-called Fara-
day Effect, negative refraction [1] ,sensing [2-4]. The consi-
dered material has shown tremendous potential in many 
disciplines of science and technology. 

 Among the most sought after properties of metamaterials is 
the negative index of refraction. These properties arise from 
qualitatively new response functions that are not observed in 
the constituent materials and result from the inclusion of 
artificially fabricated, extrinsic, low dimensional in-
homogeneities. Such material exhibits permittivity and per-
meability both negative and hence they are known as the 
Double Negative materials [5-7]. 
Double split ring resonators (SRR) are key components in 
these materials, also referred to as SRR particle, that provide 
a negative magnetic response to light.  
The fractal acpect impose a similarity and a novel topology 
of SRR metamaterials and offers an intensely properties 
such as narrowband resonators [8], high losse and polarisa-
tion sensitivity [9]. 
Due to the interesting performances, the fractal process   
array  have spurred a wide interest in metamaterials research 
operating in different frequency range and can intensely  add 
a degree of freedom to control of electromagnetic waves on 
subwavelength length scales [ 10-16 ]. 
In the present work, we propose a microwave sensor design 
based on the modified split ring resonator (SRRs) array at 
the millimeter-wave regime.  
In this design, a modified geometrical is introduced inside of 
a conventional square ring, resulting in a special SRR struc-
ture. The SRRs’ resonance position is highly sensitive to the 
geometry of all modified metamaterial structure.  
The basic specifically types of planar metamaterial slab can 
exhibit a strong localization and enhancement of fields, 
which may provide novel tools to significantly enhance the 
sensitivity and resolution of sensors, and open new degrees 
of freedom in sensing design aspect.  
We can obtain a medium with a controllable fractal order 
response operating at 140GHz by introducing an artificial 
periodic array where in repeated elements of the metamateri-
al slab. The SRR metamaterial cells are  composed of metal-
lic-dielectric structures of square shapes. Moreover, the 
magnetic resonance of considered structures can be used to 



 

 

obtain negative permeability (µ<0) and negative permittivity 
(ε<0).  
Design , simulation and fabricated fractal thin film 
SRR  
Design and simulation 

The fundamental parameters of the medium : electric permit-
tivity (ε) and magnetic permeability (μ) can be achieved from 
S parameters and using the interest ENZ approach  is noted 
in the so-called epsilon-near-zero (ENZ) metamaterials, 
which possess a number of interesting properties associated 
with the near-zero permittivity [17,18].  
In the basic SRR metamaterial the reflection/transmission 
coefficient measured in free space for the normally incident 
plane wave can be related to the parameters *�and T by the 
following equations[8]: 
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Where  *� and T are respectively the reflexion coefficient of 
the air sample interface and transmission coefficient. Also  a 
typical investigation of the properties of ENZ materials and 
their interesting wave interaction properties have been stu-
died in [17,18]. Metamaterial LHM Design using artificial 
substrate is patterned on Quartz Glass. 
With relative permittivity 

rε =3.78  and dielectric loss tangent   

tan( )=0.027G . 
We investigated two split-ring resonator structures consisting 
of two concentric square-shaped rings with two gaps at op-
posite sides. The rings are designed to show LHM behaviour 
at D-band frequency range, the geometric parameters 
(shown in Figure 1) witch represent the basic double split 
ring resonator (DSRR). 
 

 
Figure 1: Top view of Geometrical Configuration metama-
terials resonators of (a) : First fractal metamaterial (FFM) cell 
and (b): Second Fracal metamaterial (SFM) cell derived from 
SRR metamaterials. 
 
For the design procedure, one unit cell of the metamaterial 
was positioned inside a waveguide with the setting of PEC 
and PMC boundary conditions at its side-walls to support a 
constant profile transverse electromagnetic wave. Waveguide 
ports were placed at the entrance and exit of the waveguide, 
serving as source and detector, respectively, for the GHz 
radiation perpendicularly incident on the sample. 
The incident electromagnetic wave propagates along x direc-
tion, while the electric field (E) is kept along y direction and 
the magnetic field (H) is kept along the z direction (shown in 
Figure 2). 

 
Figure 2:  Design of two dimensional unit cell correspond-
ing Second Fractal metamaterial (SFM) with thin film in-
serted beneath of the modified split ring resonator metal. 
 
Transmission spectrum of the fully periodic symmetrical 
fractal SRR unit cell shown in figure 3 is simulated by HFSS 
over the frequency range from 110 GHz to 170 GHz by us-
ing PEC and PMC boundary conditions.  
Excitation to LHM is given by wave port. The perfect electric 
conductor (PEC) type boundary conditions are applied at 
those surfaces of the computational volume which are per-
pendicular to the incident electric field vector. Similarly, 
perfect magnetic conductor (PMC) type boundary condi-
tions are applied at those surfaces of the computational vo-
lume which are perpendicular to the incident magnetic field 
vector. The structure is placed inside an D-band waveguide 
with dimensions of 400 Pm × 400 Pm × 350 Pm to investi-
gate resonance frequency shift in different cases by simula-
tion technique.  
The  novel SRR shaped thin film sensor design exhibits a dip 
on resonance in their transmission spectra. Furthermore, the 
proposed sensor can provide high sensitivity level and make 
it abundant technique for favorable sensors application.  
It can be observed from different configurations a distinct 
magnetic resonant for zero reflexion coefficient where the 
resonant frequency shift with fractal order and further a 
geometries configuration. We noted that a high resonance 
level order -30 dB find around the operating frequency , 
precisely at 144GHz.  
A thin film are putted under the substrate able to produces 
large and easily detectable change in the resonant frequency. 
It’s clear that , the resonant frequency is tunable by the de-
sign and its quality depends on the geometric parameters. 
The magnetic field distributions of the resonance modes are 
shown as insets in figure 3. To study the effects of the width 
of the thin film put in the underside split ring resonators on 
the response of the filter, three cases are considered. The 
spectrum clearly depends on the thicknesses of the thin film 
of silicon with relative permittivity Hr=11.9.  
By increasing the thicknesses the resonance shifts down-
wards as shown in figure 3. When the thicknesses is 8 Pm 
the SRR resonate around 140 GHz. Moreover, the resonance 
frequency shift of this material is particularly sensitive to the 
changes in the SRR capacitance, which creates identical 
SRR using at microwave thin film sensing applications.  
 

(a)                               (b) 
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 Figure 3:  Transmission spectra of the 2nd  order Fractal 
SRR unit cells for different thin film deposited a top of 
Quartz substrate thicknesses  
 
The second Fractal metamaterial SRR capable to provide 
good adjustment between the operating frequency and in-
creasing in magnetic resonance. The value of resonance fre-
quency can be adjusted by changing design parameters such 
as metal width for each small cells added (Figure 2).  
When we increase the metal width of modified split ring 
resonator the transmission dips  TR[dB] for corresponding 
resonnant frequency decresase with increase in a metal 
width.   
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Figure 4 : Variation of  resonant frequency further the metal 
width of separate small forms added by applying the fractal 
process at second order. 
 
The resonance is interpreted in terms of the effect of electric 
excitation of magnetic resonance when the incident light is 
polarized perpendicularly to the plane of split ring resonators 
SRR and penetrate at  the array at normal incidence . Conse-
quently the splits play a key role in attaining magnetic reson-
ance. The induced circulating currents inside the SRRs are 
still acceptable to flow but cannot oscillate  independently of 
the external electromagnetic field any more. 
In fact , a magnetic flux probing the metal rings will induce 
rotating currents in the rings, which create their peculiar flux 
to improve or oppose the incident field. 
Owing to splits in the SRR, the resonator can support vari-
ous resonant wavelengths much higher than the diameter of 
the rings. This does not happen in closed rings. The space  
between the rings produces huge capacitance values which 
lower the resonating frequency. The dimensions of the struc-
ture are small matched to the resonant wavelength. 
 

 
 
Measurement and Fabrication : 

The material consists of a two-dimensional array of repeated 
unit cells of aluminium strips and split ring resonators on 
interconnecting and disconnecting strips of standard circuit 
material. By measuring the transmission spectrum of the 
reflexion through a SRRs aluminum stroked at atop of 
Quartz substrate , we determine the effective n, appropriate 
to relation : Z = μ ε. 
The considered fractal SRR metamaterialwere fabricated by 
Liftoff micro-fabrication techniques. 500nm metal thick 
SRRs structures made of aluminium were patterned on-
Quartz glass with thickness of 350 Pm. 
Figure 5 shows the photograph of a portion of the structure 
we have fabricated and tested. 
 

 
 

 
Figure 5: Portions of optical microscope images of metama-

terial Fractal SRRs arrays. 
 

 
The resonance by Fractal SRRs arrays was verified simply 
by measuring the transmission spectrum. Transmission mea-
surements were performed by using two waveguides as a 
transmitter and a receiver, which were connected to the vec-
tor network analyser AB millimeter 8-350-2 (VNA) in the 
frequency range of 110 to 170 GHz. 
In this method a specially fabricated sample holder is posi-
tioned by Mobil support that focuses the center of slab in the 
center of input beam antenna. After that we performed a 
through-reflect-line (TRL) calibration. The measurement in 
free space is done using the S-parameters through the Vector 
network analyzer (VNA) and starting the characterization 
measurements, where the two horn antennas were connected 
to a two port HP8510C vector network analyzer. For a whole 
characterization of a planar sample, the measure of  S-
parameters are used to find the permittivity and permeability 
of the materials with the help of equations. 
 
Conclusion : 
 
 The fractal split ring resonator  microwave metamaterials are 
designed, fabricated, and studied experimentally and theoret-
ically. The amplitude of the transmission dips at the reson-
ance frequencies increases gradually as the fractal order and 
thickness thin film increases, which indicate different types 
and emplacement of resonance frequencies.The measure-
ments are carried out using quasi-optical technique in mm-
wave frequency range. 
The influence of the resonance strength tenability of SRRs-
square fractal on left handed material is investigated though 
using the ENZ approach. The results show that the increas-
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ing fractal level of the square SRRs results in the sharp reso-
nant frequency in D band structure. The new type of artifi-
cial structures using fractal SRR components that exhibit 
both negative effective permittivity, and effective permeabili-
ty. 
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Abstract: Gold nanoparticles (AuNPs) hold the 
potential of being potential candidates for biomedical 
application especially as the contrast agent in 
bioimaging and drug delivery vehicles. Successful 
delivery of therapeutic cargos require the high 
cellular uptake of nanoparticles (NPs). In this study 
AuNPs with diameters 15, 30 and 80 nm were 
synthesised in water through chemical reduction of 
HAuCl4. The resultant AuNPs were characterised 
using UV-visible Spectroscopy, dynamic light 
scattering (DLS) and electron microscopy (EM). 
Protein (Transferrin) was successfully grafted onto 
AuNPs through an ethylene glycol linker as 
confirmed using DLS and EM. Moreover, study on 
cellular uptakes on ~ 30 nm AuNPs has shown that 
Transferrin (Tf) enhanced cellular uptake of AuNPs 
relative to untargeted AuNPs. The enhanced cellular 
uptake suggests that AuNPs-Transferrin may 
facilitate drug delivery via the ligand-receptor 
mediated pathway. 
 
Keywords:  gold nanoparticles, polyethylene glycol, 
protein, drug delivery, cellular uptake, biomedical 
applications. 
 
Introduction 
 
Gold nanoparticles (AuNPs) have demonstrated 
promising properties for biomedical applications. 
These properties includes size and shape dependent 
optical properties originated from the surface plas-
mon resonance band, chemical stability, a low cyto-
toxicity and an ease of bioconjuguation (Cobley et al, 
2011). Moreover, the nanoscale nature of AuNPs 
provides opportunities to interact with biomolecules 
(i.e. antibodies, nucleotides, peptides, proteins) and 
living cells. Therefore, AuNPs have received consid-
erable attention for a wide range of applications in 
optoelectronics, diagnostics, thermal therapy, drug 
and gene delivery and have contributed to the ad-
vancement of  bionanotechnology (Tiwari et al; 
2011; Alkilany et al; 2011). Attachment of neutral 
polymers such as polyethylene glycol (PEG) has been 
shown to increase the biological stability of NPs. 
However, attachment of PEG can dramatically de-

cease the cellular uptake of NPs (Pozzi et al; 2014). 
To overcome this issue, PEGylated Au NPs can be 
conjugated with bioactive targeting ligands to facili-
tate site-specific delivery via ligand-receptor mediat-
ed endocytosis. In this study we extend our previous 
work on conjugation of AuNPs with proteins, where 
ApoE, BSA and Transferrin were grafted onto 
AuNPs through an ethylene glycol linker (Rahme et 
al.; 2014). Our results demonstrated that Transferrin 
(Tf) can enhance cellular uptake of Au NPs com-
pared to untargeted Au NPs. 
 
Materials and methods 
 
Sodium citrate, sodium hydroxide ascorbic acid Tet-
rachloroauric acid trihydrate (HAuCl4.3H2O), 
4,7,10,13,16,19,22,25,32,35,38,41,44,47,50,53Hexa
decaoxa-28,29-dithiahexapenta-contanedioic acid di-
N-succi-nimidyl ester, NHS-PEG-S-S-PEG-NHS 
with n=7 were purchased from Sigma Aldrich, and 
used as received. 
  
Preparation of Gold Nanoparticles: 15 nm Au NPs 
were obtained by the Turkevich and Frens method 
using sodium citrate as both reducing and stabilising 
agent at high temperature (Au NPs-citrate), while 
AuNPs with diameter around 30 nm were formed 
using ascorbic acid as reducing agent in presence 
sodium citrate as stabilizer (Rahme et al.; 2013), and 
80 nm AuNPs were formed using hydroxylamine-O-
sulfonic acid at room temperature and in the pres-
ence of sodium citrate as stabilising agent (Rahme et 
al.; 2014). 
 
PEGylation of Gold Nanoparticles: PEGylation 
was performed by adding PEG280-S-S-PEG280-NHS 
to the AuNP solution, stirring was maintained for 2 
hours.  
Protein bioconjugation: The pH of the Au NPs-
PEG-NHS solution was adjusted to pH 7.5~9 with 
NaOH (0.1 M) solution, followed by the addition of 
the protein solution (~50 protein/particle) in citric 
buffer to the Au NP colloidal solution. The solution 
was left to react under stirring overnight at 4�qC prior 
to DLS measurement. 
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Fluorescin conjugation on AuNPs-Transferrin 
To 4 mL of the solution AuNPs-Transferrin, was 
added (400 micrL of a freshly made solution (~ 1.5 
mg for Fluorescin isothiocyante in 15 mL PBS buffer 
at pH 9), and left to stirr at 4�qC in the dark over 
night. 
Cellular uptakes: : Prostate cancer PC3 cells  
(50,000 per well) were seeded in 12-well culture 
plates with glass bottoms (MatTekTM) for 24 hr. 10 
µg AuNPs were then applied to cells within 2 mL 
growth medium containing 10% FBS (fetal bovin 
serum, Sigma) and incubated under the normal 
growth conditions for 24 h. Following incubation, the 
media was replaced with fresh growth medium and 
live cells were observed using an Olympus FV 1000 
microscope. Fluorescein was detected using excita-
tion at 488 nm and emission of 505–530 nm (green).  
 
Results and discussion 
 
AuNPs with mean diameters of 15 nm were synthe-
sised in water using a controlled chemical reduction 
of a HAuCl4 solution with sodium citrate at high 
temperature. While AuNps of diameter ~ 30 and 80 
nm were obtained at room temperature in the pres-
ence of sodium citrate as stabilising agent, using 
ascorbic acid and hydroxylamine-O-sulfonic acid as 
reducing agents respectively. In fact it is well known 
that citrate can not reduce Au3+ at room temperature 
(Rahme et al.; 2014). The obtained AuNPs have 
shown size dependent optical properties as verified 
from UV-visible spectroscopy, while TEM and DLS 
verified that the nanoparticles were with low 
polydispersity. Results in Figure 1 showed the size 
distribution in number from DLS on ~ 30 nm AuNPs 
before and after grafting Transferrin, the slight in-
crease in size is a proof of successful bioconjugation 
of protein onto AuNPs. 

 
Figure 1: size distribution on ~ 30 nm AuNPs before 
and after bioconjugation with transferrin, the inset is 
a schematic illustrating the final nanparticle structure 
with an ethylene glycol and protein coating. 
 
Transferrin is well known to bind Transferrin recep-
tor (TfR) that is normally overexpressed on certain 
cancer cells (i.e. breast, colon and prostate cancer). 
The Tf-targeted delivery systems may facilitate cellu-
lar uptake via ligand-receptor mediated endocytosis 
(Daniel et al., 2012). In Figure. 2A, AuNPs-Tf 
achieved significant higher cellular uptake in PC3 
cells (TfR-positive cells) in comparison with non-

targeted counterpart, suggesting that the internalisa-
tion of AuNPs- Tf was due to ligand-receptor medi-
ated pathway. In addition, when PC3 cells were treat-
ed with AuNPs-Tf Fluorescein the green fluorescence 
was observed inside cytoplasma, further comfirming 
internalisation of AuNPs (Figure. 2B). 
 

Figure 2: (A) Internalisation of AuNPs and AuNPs-
Tf in PC3 cells following 24h post-transfection. The 
dark areas (gold) were observed in PC3 treated with 
AuNPs-Tf but not with non-targeted AuNPs. (B) 
Internalisation of AuNPs-Tf Fluorescein in PC3 cells 
following 24h post-transfection. These TEM images, 
left to right represented Differential interference 
contrast (DIC), Fluorescein, and merged images of 
DIC and Fluorescein. The data showed that Fluores-
cein were observed inside cells colocalising with 
dark areas (gold), suggesting cellular uptake of 
AuNPs-Tf Fluorescein in PC3 cells. 
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Abstract. This paper investigates the electrical characteristics of the nanoscale n-channel 
double gate fin field-effect transistor (FinFET) structures and their sensitivity to gate dielectric 
materials with different channel materials using SiGe and 3C-SiC in the channel region.  In this 
work, the numerical tool Atlas Silvaco was used to simulate the device in three dimensions and 
evaluate the electrical characteristics of the device at 300K. The influence of the gate 
dielectrics on threshold voltage roll-off, subthreshold slope, transconductance, DIBL, leakage 
current, on-current, and On/Off current ratio has been investigated. Our simulation results 
show that high drain current and transconductance were obtained with SiGe channel material. 
The results also show that a higher value of gate dielectric constant can increase the drain 
current and improve the leakage current. DIBL is reduced with the increase in gate dielectric 
constant. We have obtained different and useful results which led us to the further 
manufacturing process in order to get the complete device. 

1.  Introduction 
The new technology is oriented towards the miniaturization of electronic components and transistors 
in integrated circuits. The goal is to integrate more components per unit area and thus improve circuit 
performance while lowering their manufacturing cost as predicted by the ―Moore’s Law‖ [1]. 

The multi-gate transistors like FinFETs (Fin-Shaped Field Effect Transistor) are considered to be 
the best candidates to extend the use of CMOS technology beyond the barrier of 14 nm. Double-gate 
FinFET is considered one of the most promising device structures for future CMOS technology, which 
provides a better electrical control over the channel and thus allows increasing the device 
performances [2, 3]. 

For the FinFET, the body thickness TFin should be approximately half of the gate length LG to 
provide better control of short channel effect (SCE). The drain induced barrier lowering (DIBL), 
subthreshold slope, and leakage current increase sensibly when LG/TFin ratio is smaller than 1.5 [2, 3]. 

SiGe is an attractive material for advanced CMOS technology due to its enhanced carrier mobility 
in which the threshold voltage of the SiGe-channel device appears to be smaller with higher drain 
conductance and higher transconductance compared with Si-channel device [4]. 

Silicon carbide (SiC) also is a very promising semiconductor due to its physical and electrical 
properties, it has excellent material properties which make it superior to Si in a wide range of 
applications. SiC is an ideal choice for manufacturing devices designed to work at high temperature, 
high power, and high voltage. These properties have garnered increased interest in the use of SiC in 
many high-performances in micro/nano-technology devices and they are better for 3C-SiC 
(heteroepitaxial) than for the hexagonal SiC (4H- and 6H-) [5]. 
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The new research introduces the use of high-κ gate materials to manufacture an electrical device in 
order to improve the current drive and to minimize the gate leakage current which decreases the power 
consumption. The reason behind using high-κ dielectrics is to improve the electrical characteristics of 
the device [6]. 

In this work, we investigate the device structure of a double gate n-FinFET with the channel made 
either of SiGe or 3C-SiC. In the simulation, the Shockley–Read–Hall (SRH) and Auger (AUGER) 
models were considered. The influence of the gate dielectric materials on threshold voltage, 
subthreshold slope, transconductance, DIBL, leakage current, on-current, and On/Off current ratio has 
been investigated. This study has been performed for four different gate dielectrics which are SiO2, 
Si3N4, Al2O3, and ZrO2. We observed that the best results are obtained when ZrO2 is used as a gate 
oxide material by keeping in mind either speed and power consumption as major targets.  

2.  Device structure 
The schematic structure used for our simulations is represented in figure 1. The different parameters of 
our structure are assumed as follows in table 1. 
 

Table 1. Parameters of symmetrical DG n-FinFET. 

Symbol Designation Value 
LD, LS Drain length and Source length (Silicon material) 11 [nm] 
LG Gate length 8 [nm] 
Lch Channel length (SiGe / 3C-SiC material) 10 [nm] 
TOX (ZrO2) Lateral oxide thickness (gate dielectric material) 1.5 [nm] 
TFIN Fin thickness 4 [nm] 
HFIN Fin Height 10 [nm] 
NA Channel concentration 1016 [cm-3] 
ND Drain and Source concentration 1021 [cm-3] 

 
The DG-FinFET technology is based on vertical silicon fin characterized by the fin length (LG), fin 

height (HFIN), and the fin-thickness (TFIN) as shown in figure 1 [7]. The channel region is formed by a 
little doped with doping concentration 1016 cm-3 (P-type). The doping concentrations of source/drain 
regions are assumed to be uniform and equal to 1021 cm-3 (n-type). The value of the gate work function 
is 4.6 eV. Figure 1 describes the structure of a DG n-FinFET. 

 

 
 
Figure 1. Illustrates the device structure of a DG n-FinFET in 3-D. 



3.  Device simulation using Silvaco-Atlas  
The software package Silvaco-Atlas was used to design, examine, and simulate the structure and 
characteristics of the DG-FinFET device in three dimensions. The standard recombination models like 
Shockley–Read–Hall (SRH) and Auger (AUGER) models were considered in the ATLAS simulation. 
In figures 2 and 3, IDS-VGS transfer characteristics are shown on a linear scale and log scale for a 
double gate n-FinFET device structure. In figure 2, it is observed that the threshold voltage of a DG n-
FinFET is 0.4 V with 3C-SiC channel material and 0.38 V with SiGe channel material at VDS = 0.1 V. 
The simulation shows that the drain current of SiGe channel is larger than the current of 3C-SiC 
channel by about 0.54 mA respect to a n-FinFET device at VGS = 1 V. The threshold voltage 
expression in case of a MuGFET (MultiGate Field-Effect Transistor) device structure can be expressed 
as [1]: 
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Where Qss represents charge in the gate dielectric, Cox is the gate capacitance, QD is the depletion 
charge in the channel, Φms represents metal-semiconductor work function difference between the gate 
electrode and the semiconductor and Φf is the Fermi potential which for P-type silicon given by: 
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Where k is the Boltzmann constant, T is the temperature, q is the electron charge, NA is the 
acceptor concentration in the p-substrate, and ni is the intrinsic carrier concentration. 

When we insert a dielectric material, the capacitance increases by the relative dielectric constant κ. 
In this case, the capacitance is described by [6]: 

Cox= 
ox

0

 t
ANH                                                                        (3) 

Where κ is the dielectric constant of the material (κ= ε/ε0), ε0 is the permittivity of free space, tox is 
the thickness of dielectric layer. 

 
Figure 2. IDS-VGS characteristics on a linear scale for a DG n-FinFET at VDS = 0.1 V. 
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Figure 3. IDS-VGS characteristics on a log scale for a DG n-FinFET at VDS = 0.1 V. 

 
The transconductance gm quantifies the drain current variation with a gate-source voltage variation 

while keeping the drain-source voltage constant [8, 9] 

gm = 
GS

D

dV
I d   

                                                                     (4) 

Therefore, the value of gm is extracted by taking the derivative of the IDS-VGS curve, the obtained 
value is 4.82 mA/V of a DG n-FinFET with 3C-SiC channel material and 6.12 mA/V of a DG n-
FinFET with SiGe channel material at VDS = 0.1 V and VGS = 0.6 V. 

 
Figure 4. Transconductance versus VGS for a DG n-FinFET at VDS = 0.1 V. 

 
Figure 4 shows the transconductance characteristics of a DG n-FinFET with two different channel 

materials at VDS = 0.1 V. As can be seen in the figure, also the maximum transconductance of SiGe 
channel is higher than that of 3C-SiC channel by approximately 1.3 mA/V. These results reflect the 
faster carrier transport due to SiGe channel material with shorter gate length device (8 nm gate length). 
On the other hand, the transconductance decreases rapidly with increasing positive VGS for both SiGe 
and 3C-SiC channel materials. 

The subthreshold slope (SS) is the major parameter for calculating the leakage current. 
Furthermore, SS is calculated as in [8, 9]: 

SS (mV/dec) = 
)Id(

d V
DS

 GS 
10log                                                             (5) 

A typical value for the SS parameter of a MuGFET is 60 mV /decade, (i.e., a 60 mV change in gate 
voltage brings about a tenfold change in drain current) [8, 10]. The subthreshold slope of our device is 
69.50 mV/decade with SiGe channel material and 69.05 mV/decade with 3C-SiC channel material at 
VDS = 0.1 V, as it is shown in figure 3. 



 
Figure 5. IDS-VGS characteristics on a log scale for a DG n-FinFET at VGS = VDS = VDD and VDS = 1 V. 

 
The threshold voltage (Vth) is a very important parameter for obtaining a higher on-current, which 

improves the circuit speed. In figure 5, it is observed that the on-current output is 10.35 mA with 3C-
SiC channel material and 13.64 mA with SiGe channel material at VGS = VDS = VDD and VDS = 1 V. 
Furthermore, IDS is calculated as reported in [8]: 
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Figure 6. IDS-VDS characteristics for a DG n-FinFET at different channel material. 

 
In figure 6 the measured output characteristics of DG n-FinFET is shown. The highest drain current 

is obtained by using SiGe material as the channel material. 
The leakage current is directly related to the SS. Figure 5 shows that the drain leakage current is 

0.89 nA with 3C-SiC channel material and 2.08 nA with SiGe channel material at VGS = 0 V and VDD 
= VDS = 1 V. Ioff calculated by the formula in [8]: 

Ioff (nA) = 100 
L

 W SS
VTh�

10                                                            (7) 

It is important to keep Ioff very small, in order to minimize the static power dissipation even when 
the device is in the standby mode. The ratio Ion/Ioff exceeds 106 for our device with two different 
channel materials, which indicates the excellent on-state and off-state characteristics. 

The value of the drain induced barrier lowering (DIBL) is calculated by using the relation reported 
in [8, 9]: 

DIBL (mV/V) = 
DS

TH 
ΔV
ΔV                                                               (8) 



The DIBL is defined as the difference in threshold voltage when the drain voltage is increased from 
0.05 V to 0.1 V. In our case, DIBL is 71.1 mV/V with 3C-SiC channel material and 81.46 mV/V with 
SiGe channel material for the DG n-FinFET at 8 nm gate length. 

4.  Effects of gate dielectric materials  
The gate dielectric materials play a key role in the design of novel and high performances at nanoscale 
of electrical devices. It is well-known that high-κ materials are more suitable than the well-known 
SiO2 due to the smaller thickness required which decreases the threshold voltage and improves the 
leakage characteristics of the device. Figure 7 illustrates the subthreshold slope variation for four 
different gate dielectrics which are silicon oxide (SiO2, κ = 3.9), silicon nitride (Si3N4, κ = 7.55), 
aluminum oxide (Al2O3, κ = 9), and zirconium dioxide (ZrO2, κ = 25) [6]. Both subthreshold slope and 
DIBL decrease as gate dielectric constant decreases for two channel materials (SiGe, 3C-SiC) as 
shown in the figures 7 and 8, respectively. 

 
Figure 7. Subthreshold slope variation for different gate dielectrics at VDS = 0.1 V. 

 
Figure 8. DIBL variation for different gate dielectrics at VDS = 0.1 V. 



 
Figure 9. Transconductance variation for different gate dielectrics at VDS = 0.1 V. 

 
Figure 9 shows the variation of transconductance with different gate dielectrics at the gate-source 

voltage VGS for which gm max is simulated. It can be seen that transconductance increases with the 
increase of dielectric constant. We can conclude, as already started, that the channel mobility is higher 
with a SiGe material, which reduces the parasitic and access resistance. Figures 10-12 illustrate the 
On-current, Off-current, and IOn/IOff ratio characteristics with different gate dielectric constants for a 
DG n-FinFET, respectively. All these characteristics improve with an increase of dielectric constant κ; 
we can observe that the best results are obtained when ZrO2 is used as a gate dielectric.  IOn is also 
significant for device performance, IOn of SiGe channel material is higher as much as this of 3C-SiC 
channel material. Therefore, we can conclude that the SiGe channel material can be used to achieve 
higher on-current than that of 3C-SiC channel material. 

 
Figure 10. On-current variation for different gate dielectrics at VGS = VDS = VDD and VDS = 1 V. 

 
Figure 11. Leakage current variation for different gate dielectrics at VGS = 0 V and VDD = VDS = 1 V. 



 

 
Figure 12. On/Off current ratio for different gate dielectrics. 

 

5.  Conclusions 
In this work we have used the numerical simulation tool Atlas Silvaco to design, examine, and 
simulate the two different channel materials of DG n-FinFETs with different gate dielectric materials. 
As indicated by the three-dimensional simulation results, the carrier mobility of SiGe channel device is 
higher which the threshold voltage appears to be smaller with higher drain conductance and higher 
transconductance compared with 3C-SiC channel device. An increased value of κ improves electrical 
device characteristics.  

This nanometer gate device has thus shown to provide improved control of the channel, allowing 
more efficient reduction of the leakage current at 8 nm gate length. 
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Abstract: This work aims to fabricate light and flex-
ible antennas, printing techniques are used such as 
screen and inkjet procedures [1, 2]. In this paper, a 
dual band RFID is fabricated using  new, efficient 
and low cost printing technique based on commercial 
inkjet printer. A simple CPW Z-shaped antenna is 
fabricated on a low cost paper substrate with conduc-
tive silver nanoparticles ink which has been selected 
to implement the antenna shape and to improve the 
characteristics of the antenna depending on their 
higher surface to volume ratio [3]. The fabricated 
antenna has been analyzed using a network analyzer 
with having dual bands frequency for this shape;one 
at 780 MHz and the other at 1.4 GHz.  The surface 
morphology of the antenna has been analyzed using 
SEM with mean diameter of the nanoparticles around 
100 nm, uniform surface distribution, and mean 
thickness of the printed layer around 230 microns. 
The resistance of the antenna has been improved 
through annealing up to less than 1 ohm/cm2. This 
antenna design can be used for RFID tags and wire-
less sensor applications [4].    
  
Keywords:  printed antenna, inkjet-printing, , silver 
nanoparticles ink. 
 

I- Introduction 
Radio Frequency Identification (RFID) is an im-

portant wireless technology that has wide variety of 
applications, such as mobile radio communication 
devices. However the currently used fabrication 
techniques and materials are relatively costive and 
badly affect on the environment This clarifies how 
important is the use of renewable, enviromental 
friendly material in RFID tags and antennas with 
simple fabrication technique.  In this paper, we use 
feasible and commercial method for printing on ex-
tremely low cost substrates for fabricating electronic 
circuits and RF structures using a normal inkjet 
printer with avoiding custom and expensive equip-
ment. The used ink is silver Nano-particles inks en-
sure higher performance of inkjet-printing process. 
So, we would discuss the printing technique and  the 
analysis of a simple printed antenna via silver nano-
particles ink. 

II- Expermintal Work 

A simple  Z-shaped printed antennas is selected to be 
the printed antenna design due to its conformability 
and its higher gain [5-7]. The geometry of the anten-
na is shown in Fig.1. The paper substrate has relative 
permittivity of 4.01 and loss tangent of 0.07.  The 
ink is filled via silver nanoparticles ink into a special 
cartridge to be fitted with the printer.  The morphol-
ogy of the surface is imaged using JEOL SEM. The 
printed antenna has been analyzed using a network 
analyzer. The antenna is connected with a SMA con-
nector using conductive tape with resistance equls to 
2 Ω / cm. 
 
 

 
Figure 1: Figure illustrating Z-shaped CPW-fed 
printed antenna configuration (dimensions in mm) 

 

 
Figure 2: Figure illustrating Z-shaped antenna on 
glossy paper and PCB. 



 

 

 
Figure 3: SEM image of the morphology of the an-
tenna’s surface 
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Figure 4: Network analyzer analysis of the printed 
antenna. 
 

III- Results & Discussions 
 
Both printed antennas on a board and on a glossy 
paper are shown in Fig. 2. Fig.3 shows the SEM im-
age the morphology of the antenna’s surface which is 
printed on a glossy paper at room temperature. The 
SEM image shows smooth and uniform morphology. 
The mean diameter of the nanoparticles is found to 
be around 100 nm, and the mean thickness of the 
printed layer around 230 microns. Fig. 4 shows the 
network analyzer characterization of the printed an-
tenna with a notch band close to 900 MHz. 
 

IV- Conclusion  
This paper present an efficient design for RFID inkjet 
printed antenna on a flexible, low-cost and 
enviromental friendly material a using silver nanopar-
ticles ink producing a dual band frequencies that can 
be used in different RFID applications. Our future 
work is try to testing the effect of expose samples to 
temperature, printing multilayer and both at different  
temperature value and how could this affect the re-
turn loss, radiation pattern, antenna gain ... etc. 
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Introduction: The Polish left ventricular assist device 
(LVAD - RELIGA_EXT) will be made of thermo-
plastic polycarbonate-urethane (Bionate II) with de-
posited athrombogenic nano-coatings: gold (Au) and 
titanium nitride (TiN) (M.Kopernik et al.; 2014). The 
two scale solid numerical model developed in the 
Polish Artificial Heart Programme in Authors’ FEM 
code was composed of a macro model of blood cham-
ber and a micro model of TiN/Bionate II system 
(A.Milenin et al.; 2009). The input and validation data 
for the multiscale model was reached in tension test 
for Bionate II, nanoindentation test and inverse analy-
sis for TiN. Due to the macro model validation, the 
results of a digital image correlation were compared 
with the FEM results computed on external surfaces 
of the blood chamber of LVAD (A.Milenin et al.; 
2012). However, a fracture occurrence has been ob-
served on the boundary between the coating and the 
substrate in the LVAD. The FEA of stress and strain 
states in a micro and a macro scale models has con-
firmed the possibility of fracture (Figure 1). Conse-
quently, the fracture criterion must be identified. The 
goal of present work is development of the experi-
mental in situ SEM’s tensile and micro-shear tests, the 
numerical model of the tests, and then, its interpreta-
tion. The critical strains taken from experiment and 
considered as the effective strains in the model of test 
are the values which are the function of triaxiality fac-
tors for the tested samples.  
 

 
Figure 1: The distribution of strain intensity on external 
(left) and internal (right) surfaces of POLVAD-EXT cham-
ber (temperature of chamber 25 C, P=37 kPa). 
 
To determine the stress state of the material in the 
zones of possible fracture the distribution of triaxility 
factor (k) was modeled. Results (Figure 2) showed that 
in a location where fracture is possible the amount of 
triaxility factor is 0.15. For this reason, two types of 
experiments was developed. Tensile tests were used to 
evaluate the effect of coating parameters on critical 
strain. Shear tests were used to determine the critical 
strain under loading of blood chamber.  

The shape of the sample for the shear test (Figure 3) 
was designed based on the observed condition of the 
stress state in the blood chamber (triaxiality factor 
0.15).  
 

 
Figure 2: The distributions of triaxiality factor in the FE 
model on internal surface of blood chamber.  
 

 
Figure 3: The shape of sample used in the in situ SEM’s mi-
cro-shear test with marked area by hatched rectangle in the 
center of the sample. 
 
Experimental part: The tensile and shear tests in a 
micro chamber for the SEM has been performed in or-
der to calibrate the fracture model of the TiN/Bionate 
II system for different thicknesses of deposited coat-
ing (Figure 4).  

 
Figure 4: The SEM’s image of 50 nm of TiN coating 
stretched 40 N (left) and 100 nm of TiN coating stretched 60 
N (right) with fracture in TiN during tensile test.  
 
The micro-shear and tensile tests was performed di-
rectly during the Scanning Electron Microscope 
(SEM) observation. The center part of each specimen 
was analysed under SEM. During shear tests the sam-
ples were elongated by steps, and tensile force in the 
range from 0 to 18 N and elongation from 0 to 1356 
µm were applied. After each step of elongation the 
surface of deformed thin film was observed using 
SEM (magnification from 35 to 12 000 x) in order to 
detect cracks appearance. 
 



 

 

 
Figure 5: The SEM’s image of the first cracks in the micro-
shear test (force 8 N). 
 
Multi scale FEM model: Basing on experimental 
boundary conditions, the micro model of tension test 
has been developed in the Authors’ FE code with im-
plemented fracture criterion. The defined fracture cri-
terion depend on effective strain !"	and critical defor-
mation function !$%&:   

'(
'$)& * 1. 

 
The interpretation of micro test results: The inter-
pretation of micro tension and shear test results has 
been done using the inverse algorithm. The FE models 
of tests were created for determination the conditions 
of fracture. The variation of values of critical defor-
mation function in the test has been calculated in the 
stage of the test, in which the initiation of fracture has 
been occurred. The fracture parameter in each test has 
been computed. The difference between experimental 
and computed value of the fracture parameter at the 
moment of the fracture has been adopted as the objec-
tive function. The minimum of the objective function 
has been reached by a variation of the parameters of 
critical deformation function.  
 

 
Figure 6: The distributions of effective strain in the FE 
model of micro-shear test. 
 
Practical implementation: The micro scale model 
enriched with the fracture model enables the predic-
tion of fracture and the comparison of different vari-
ants of macro and micro parameters of the LVADs. 
For example, numerical model shown, that in one of 
the designs of blood chamber with an internal pressure 
35 kPa having deformation exceeding permissible 
(Figure 7).  

 
Figure 7: The distributions of effective strain in the FE 
model of blood chamber (internal surface).  
 
Conclusions: 
The multi-scale FE model of left ventricular assist de-
vice was proposed for determination of the failure ar-
eas of TiN coating.  
It was observed that under pressure loading of blood 
chamber set on its inner surface, the stress state in fail-
ure areas is different from linear. For this reason, use 
of only the tensile test is not enough to fracture model 
calibration. Therefore, the model of fracture of the 
TiN coating have to be designed around this stress 
state.  
The physical simulation of the failure area of blood 
chamber was proposed for a micro-shear test of sam-
ples composed of TiN and Au nano-coatings depos-
ited on polymer. The results of FE calculations 
showed that the value of triaxiality factor in samples 
used in the micro-shear test is similar to the value 
reached in the failure areas of blood chamber.  
In the experiment and numerical model of micro-shear 
test the critical strain (effective strain) was determined 
in the TiN nano-coating and it is 0.004 for triaxiality 
factor k = 0.15.   
 
Keywords: nanocoating, micro tension test, finite ele-
ment method (FEM), fracture, ventricular assist de-
vice (VAD), titanium nitride (TiN). 
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Abstract: Recently, Fiber Bragg Gratings (FBGs) 
are attracting great attention in many applications 
such as underwater acoustic sensing. In this novel 
work, it is aimed to improve the sensitivity of FBG 
through analyzing the relationship between the de-
tected light power and the wavelength shift due to the 
applied pressure of the acoustic signal.  The perfor-
mance of various apodization profiles has been inves-
tigated. Among some selected apodization profiles, 
Cauchy profile has been proved to give the best per-
formance. Then, by applying to different 
photodetectors,  the results show that InGaAs detec-
tor type is  more suitable than Ge one. At certain in-
dex modulation depth, a maximum wavelength shift 
is calculated for different lengths of FBG, after which 
wavelength shift would saturate. These results could 
be applied in developing the sensitivity of acoustic 
sensors.  
 
Keywords: Fiber Bragg Grating, apodization profile, 
photodetector, Acoustic sensor. 
 
Introduction : 
Fiber Bragg grating (FBGs) are becoming increasing-
ly important in optical communication systems and 
sensing applications[1]. Many applications were rec-
orded for FBGs. One of the most vital applications is 
sensing [2]. Either reflection spectrum or transmis-
sion one can be used as a sensing tool. For acoustic 
emission (AE) detection , Pizo-type sensor (PZT) can 
be used . Due to its many drawbacks [3], FBG be-
comes a promising sensor for AE. Simplicity, small 
size, multiplexing probability , high sensitivity [1, 3] 
make FBGs being better than PZT in sensing AE.    
The change on the pressure due to the AE would 
change the transmission or reflection spectrum. The 

shift in the FBG wavelength, Bλ   is considered an 

indicator for the pressure change. The operational 
range and pressure sensitivity are the main targets to 
enhance the performance of FBG sensor. 
 
Theory : 
In the same way of  X-ray reflection due to periodic 
arrangement of atoms , a periodic refractive index 
variation in the core of an optical fiber will exhibit 

specific reflections with an angle π (i.e. back-
reflection) at the Bragg condition : 

Λ= effB n2λ                                                             (1) 

where λB is the peak reflection amplitude wave-
length, neff is the effective refractive index of the 

guided mode and Λ is the grating period. The refrac-
tive index of the core of the Bragg grating is given 
by:   

))(
2

cos()( zzznnn o θ
π

+
Λ

∆+=                    (2) 

where on  is the background refractive index of fiber,  

θ (z) is slowly varying function of z represents the 
chirp parameter, and ∆n (z) is the amplitude of the 
index modulation along the grating which can be 
written as : 

)()( znhzn ∆=∆                                                (3) 

where ∆n is the maximum amplitude of the index 
modulation (index modulation depth), and h (z) is the 
apodization profile. The used apodization  profiles 

can be found in  [4,5]. For sensing AE , two FBGs 

are used [2]. The transmission of  FBG1 is the input 
of  FBG2. then, the reflectivity of FBG2 is detected by 
the photodetector. The total intensity received by the 
photodetector is :  

λλλλλαλρ dRRIW s )()](1)[()()( 21−= ∫   (4) 
where ( )ρ λ  is the wavelength sensitivity function of 

the photodetector, ( )α λ  is the light power attenua-

tion factor of the light  route , ( )sI λ  is the intensity 

of the incident light, 1( )R λ , 2 ( )R λ  are the reflectivi-

ty of FBG1 and FBG2,  respectively. When AE is 
applied, the pressure will make a shift on FBG1 spec-
trum  and FBG2 is not affected  (is used as a refer-
ence ). Then, the total received intensity can be writ-
ten as: 
 

 λλλλλλαλρ dRpRIW s )())]((1)[()()( 21 ∆−−= ∫  

                                                                            (5) 
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where )( pλ∆  is the wavelength shift due to the 

pressure p of AE. Another way to increase the sensi-
tivity is to make the FBG2 affected in opposite way of 

FBG1[2]. so,  
λλλλλλλαλρ dpRpRIW s ))(())]((1)[()()( 21 ∆+∆−−= ∫

                                                                 (6) 
Results and Discussion : 
First of all, the apodization profiles were tested to see 
which one will produce maximum sensitivity . The 
simulation uses uniform FBG of length  0.75 cm , and 
index modulation depth of value 2 × 10-4.  Constant 
response of the photodector  was assumed. Also, 
constant intensity of the  incident light (Fig. 1) . 

 

Fig. 1 The received intensity , W for different apodization 
profiles. 

 
As shown , Cauchy profile is the best one as it pro-
vides the maximum slope. Another analysis were 
done for different types of photodetectors at 1550 nm 
range . The used photdetectors are Ge, InGaAs. For 
all cases, the Cauchy profile was applied. we  com-
pared the performance of the two photodetectors and 
the case of constant response (Fig.2). We could find 
that InGaAs is much better than Ge one. 

 
 

Fig.2 Response of different types of photodetectors 

 
It is important to calculate the maximum wavelength 
shift before saturation. Figure 3 shows the maximum 
wavelength shift for different FBG lengths. The two 
FBGs are used as sensing element. 

 
 

Fig.3 Maximum wavelength shift versus different lengths 
of FBG. 

 
As seen, increasing the length decrease the maximum 

shift. . For example, at n∆  equals 2 × 10-4, There is 

a value ( ~ 2 cm) after which the maxmium wave-
length shift is almost the same.  

Conclusion : 
The performance of FBG as an acoustic sensor is 
evaluated. To increase its sensitivity, Cauchy profile 
is selected among some apodization profiles to 
modulate the refractive index. Also, InGaAs detector 
type showed better performance than Ge one. At cer-
tain index modulation depth,  a maximum wavelength 
shift is calculated for different lengths of FBG. The 
calculation of maximum wavelength shift is im-
portant for not reaching the saturation region. 
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Abstract

Nano rods of N-Nicotinyl N',N"-bis (hexamethylenyl) phosphoric triamide with formula
C5H5NC(O)NHP(O)(NC6H12)2 and the diameter of  89.3-123 nm was synthesized and
characterized by FT-IR, SEM and EDX methods. The desired nano compound obtained
from the reaction of N-Nicotinyl phosphoramidic dichloride with hexamethyleneimine
using ultrasonic waves.
Keywords: Nanoparticles, Ultrasonic, Phosphoramide, Nicotinamide, hexamethyleneimine.

1. Introduction

Phosphoramides including -C(O)N(H)P(O)- moiety have received considerable
attention due to their unique properties like anti-HIV, anti-HCV, antibacterial and
anticancer drugs [1]. Nicotinamide (known also as vitamin PP, pellagra protective,
Vitamin B3, etc.) is pyridine type ligand with wide range of chemical and biological
applications [2-4] Nicotinamide is a part of the pyridine nucleotides as NADC and
NADPC that plays a crucial role in biological oxidative chemistry and is essential for
the human body plays a crucial role in biological oxidative chemistry [2,3]. Herein we
chose a phosphoric triamide containing N-Nicotinyl group, with formula
C5H5NC(O)NHP(O)(NC6H12)2. We could successfully synthesized nano rods of this
compound using ultrasonic situation, then it was characterized by FT-IR, SEM and
EDAX methods. Since nano scale materials have stronger and better properties due to
their smaller size, we expect our new synthesized nanoparticles to show better
biological and pharmacological activities in comparison to their macro size analogues.

2. Experimental

Synthesis:

Intermediate A was prepared by the reaction of phosphorus pentachloride with
nicotinamide and one step oxidizing with formic acid. Then a mixture of
hexamethyleneimine and acetonitrile, was added drop-wise to a solution of precipitate A
in acetonitrile at 0 �C and the mixture was placed in an ultrasonic bath for 3 hs. After



that, the solution was evaporated and the precipitate was filtered and washed with
distilled water.

3. Results and discussion

In this work, using ultrasonic method, nanoparticles of a new N-nicotinyl
phosphoramide compound with the formula C5H5NC(O)NHP(O)(NC6H12)2 was
synthesized and characterized by FT-IR, SEM and EDX methods. Results confirmed the
desired nano compound. The size and morphology of this compound, obtained from its
FE-SEM micrograph (Fig.1), indicates that the diameters of nano rods are in the range
of 89.3-123 nm.

Fig. 1. The SEM image of the synthesized compound

4. Conclusions

Novel nano rods of a phosphoric triamide compound with formula
C5H5NC(O)NHP(O)(NC6H12)2 and the diameter of  89.3-123 nm synthesized using
ultrasonic method and characterized by FT-IR, SEM and EDX methods.
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Abstract:  Fabrication of Si-CNT (silicon-  carbon nano tube) junction is done by plasma sputtering 
of Carbon from graphite rods in Argon gas  atmosphere,  without  catalysts  for    thicknesses 10  –  82 
nanometer . Study of images of the  specimen  by  SEM , Raman , x-ray and the energy dispersive  x-
ray  (EDXR)  spectra   shows  peaks characteristics  of  the  carbon  nanotubes  .Study  of chairlity is 
first  done by study of  transmission and reflection  images of  the carbon  layer  using high resolution 
optical microscope  , then images   are  amplified  more  by  computer  software   .Transmission  
images  shows two dimensional  nanotubes  structures  .  Images  taken  by reflection of white light 
from the carbon layer on  Si-C  junction,  shows  clearly zigzag nanotubes  chairlity  , The second step 
is making   I-V  measurements  using gold electrodes , Which clearly shows semiconducting behavior 
ensuring the zigzag chairlity . 

 Keywords:  Carbon nanotubes,  Plasma sputtering, Si -C junction, chairlity. 

   Introduction  

   Carbon nanotubes (CNTs) have attracted much attention due to their unique properties [1].  
Several methods  such as arc discharge , laser ablation , and different forms of chemical vapor 
deposition (CVD) have been used to synthesize CNT [2] .  Si wafers  are used as substrates for  
MWNTs  or  SWNTs carbon nanotubes   . Catalysts are used widely , but  the fact that no catalyst  was 
largely ignored or forgotten . More recently , a broad array of growth routes using pure carbon systems 
without any catalyst particle addition have emerged[3]. 

.   In this research we use a somewhat new way to prepare Carbon nanotubes CNTS on Silicon 
wafer by means of plasma sputtering of the carbon from graphite  rods in the presence of a Argon gas 
without any catalysts[4,5] ,and to  study the chairlity of CNT in carbon  using high resolution optical 
microscope and amplification  software .The I-V characteristics of the junction have to be studied also.     
Experimental method and discussion 

 Figure (1a) shows cross sectional views of the Si-CNT   sample with upper and lower gold electrodes. 
The samples are studied by  SEM  and Raman  which proves the existence of CNT as in Figures1 a,b 
and c.  

                                              

 

 

                (a)            (b)          (c) 

Figure 1: a) cross section of Si-CNT ; b) SEM of CNT layer  ;c) Raman spectrum for thickness (10-82 nm ) 

Silicon wafer 
 

 



Study  of chairlity is first  done by study of  transmission and reflection  images of  the carbon  layer  
using high resolution optical microscope  , then images   are  amplified  more  by  computer  software   
. Figures 2 a and b   shows two dimensional Transmission  reflection images carbon layer without 
computer amplification .   

 

 . 

 

 

  Figure 2: a) shows transmission two dimensional  images  nanotubes  structures; b) shows reflection two 

dimensional  images  nanotubes  structures 

Reflection   Images are  taken by  reflecting   white light  from high intensity source very near to  the 
objective lens of the optical microscope  at acute  angle  with respect to the carbon layer on  Si-C  
junction,  shows  clearly zigzag nanotubes  chairlity  as in figure 3a  .         

                                                                                                 

Figure 3 : a) reflection image after 850%amplification showing the zigzag chairlity ; b) I-V  

characteristics   of Si-CNT junction  using gold electrodes . 

    To ensure our conclusion  about the zigzag chairlity of our CNT , second step was making   I-V  
measurements  using gold electrodes , Which clearly shows semiconducting behavior ensuring the 
zigzag chairlity as shown in Figure 3b .        
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Synthesis, Characterization and Catalytic Performance of Supported Nickel Nanoparticles 
in Methane Steam Reforming 
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Abstract: Two nickel based catalysts namely nickel supported on 10wt%silica/alumina (Ni/SA) and nickel nanoparticles 
dispersed over 10wt%silica/alumina (Ni.NPs/SA) were synthesized and their catalytic activities for the steam reforming of 
methane were investigated. Ni/SA was prepared using deposition precipitation method while for the synthesis of Ni.NPs/SA 
nanoparticles were synthesized as a first step and dispersed over the surface of the substrate. Catalysts were characterized using 
various analytic techniques such as transmission electron microscopy (TEM), nano-scanning electron microscopy (NSEM), X-
ray photoelectron spectroscopy (XPS), nitrogen physisorption, temperature programmed reduction (TPR) and temperature 
programmed oxidation (TPO). Methane steam reforming was carried out in quartz fixed bed reactor (in temperature range 
between 600-9000C and at atmospheric pressure) connected online to a mass spectrum. Among the catalyst tested, Ni 
nanoparticles supported on 10wt%SiO2.Al2O3 exhibited better catalytic performances in methane steam reforming than that of 
Ni/SA. In all temperature studied Ni.NPs/SA catalyst exhibited high methane conversions (100% methane consumption was 
achieved at operating temperature of 7500C), high selectivities to H2 and excellent thermal stability. Even under the sever 
conditions of S/C = 1, at an operating reaction temperature of 7500C (for a period of 60 hours), it showed stability, higher 
methane conversions, better selectivities to H2 and excellent resistance to coke deposition as compared to that of Ni/SA catalyst. 
Keywords: steam reforming, Ni nanoparticles, coke deposition. 
Corresponding: ali.sardar@qu.edu.qa 

1. Introduction  
Steam reforming of methane is a well established industrial catalytic process which deals with 
the conversion of natural into synthesis gas or hydrogen which are subsequently transformed 
chemicals of higher values [1]. Due its activity, ready availability and low cost, Ni-based 
catalysts are generally are the preferred choices for industrial applications [2]. One of the major 
issues in design of methane steam reforming is the carbon formation which leads to carbon 
deposition in different forms such as carbonaceous and filamentous carbon etc [3]. Due to 
structure sensitive nature of carbon deposition and methane steam reforming, the particle Ni size 
has been reported to be an important factor for the steam reforming of methane. It has been 
reported that smaller crystals of nickel possess more open surfaces [4]. Since carbon formation is 
a structure sensitive reaction and will not proceed when the particle size of nickel is below the 
critical size and hence smaller Ni particles have been reported [5] to more resistant to coking. In 
the present work a comparison of coke resistance and stability of conventional Ni based catalyst 
supported on alumina modified with 10wt% silica with nickel nanoparticles supported on 10% 
silica-alumina.  
2. Experimental 
Ni/SA catalysts decorated with three layers of Ni were prepared using precipitation deposition 
method. Prepared samples were dried overnight at 1000C and calcined at 9000C for 3 hours with 
slow heating and cooling rates. Similarly Ni.NPs/SA catalyst was synthesized according to the 
reported literature.  
The catalysts were characterized by TEM (Zeiss LIBRA 200 TEM operated at 200kV), X-ray 
diffraction (XRD), H2-TPR (Micromeritics).Catalytic performances of the catalysts for methane 
steam reforming were investigated in a plug-flow fixed-bed quartz reactor connected with online 
Quadrapole mass spectrum.  
3 Results and discussions 
For both catalysts metal particles were well distributed over the substrate; however average 
metal particle size for Ni/SA was found to be bigger compared to that of Ni.NPs/SA. The 
average metal particle sizes for Ni/SA and Ni.NPs/SA was found to be 18-20 nm and 8-10 nm 
respectively (Figure 1). 



 
Figure 1.Representative TEM images of (a) Ni/SA (b) Ni.NPs/SA 

3.2 Catalytic performances 
As demonstrated in Figures 2, both of the catalysts exhibited different catalytic performances. In 
all temperature ranges Ni.NPs/SA was found to be better in performance in methane steam 
reforming than Ni/SA. The difference in the catalytic activities could be attributed to the 
difference in the physicochemical properties of the catalysts. For Ni.NPs/SA there was a linear 
increase in CH4 conversion with increase in reaction temperature 6500C to 9000C. This trend was 
in accordance with the literature [6].  For Ni/SA with increase in reaction temperature there was 
a slight increase in CH4 conversion in temperature range between 700-7500C and remained 
almost constant in rest of the rest temperature ranges. As demonstrated in Figure 2c, for both 
catalysts the ratios of H2/CO decreased with increase in operating temperature. Contrary to 
Ni/SA the effects of temperature on the ratios of H2/CO were more pronounced for Ni.NPs/SA. 
Various other researchers have also documented a similar trend of H2/CO ratios with an increase 
in reaction temperature [7,8].  

 
(a) Ni.NPs/SA (b) Ni/SA (c) Effects of temperature on H2/CO ratios  

Figure 2: Catalytic behavior of the catalysts 

As can be seen in Figure 3, respective deactivation degrees under identical set of conditions for 
Ni/SA and Ni.NPs/SA were 35% and 10% respectively. For Ni.NPs/SA the difference in initial 
and terminal activities was small and its stability was maintained for all period on time of stream 
of the stability. On the other hand Ni/SA had a higher degree of deactivation it increased with 
time while Ni.NPs/SA showed resistance to deactivation. These results were confronted by the 
results of TPO and BET measurements of the spent catalysts.   

 
Figure 3: Catalytic stability in time on steam at C/S ratio of 1 at 7500C. 

 
 



4. Conclusions 
In all temperature ranges (650-8000C) Ni.NPs/SA catalyst was found to be better in performance 
in methane steam reforming than Ni/SA which was attributed to the difference in the 
physicochemical properties of both catalysts. Catalytic performance of Ni.NPs/SA was clearly 
affected by the reaction temperature. In the catalytic stability experiment in the time on stream of 
sixty hours, under critical C/S ratio of one, Ni.NPs/SA catalyst exhibited stable catalytic 
performances and neither deactivation nor sintering was observed.   
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Abstract. Conventional solutions to enhance paperboard barrier properties for packaging are 
limited essentially to film coating by synthetic polymers that hinder end-of-life disposal or 
recycling. This work presents an alternative procedure, paperboard nanocoating using 
formulations prepared by sol-gel method with silica precursors such as tetraethyl orthosilicate 
(TEOS), 3-aminopropyltriethoxysilane (APTES) and others, and Zn(2)-Al-NO3 type layered 
double hydroxides (LDHs) that can act as anion/water sensors. After deposition on the 
paperboard surface the silica-based formulations were infrared cured thus ensuing in situ 
formation of a cellulose-silica barrier. The coated paperboards were characterized by scanning 
electron microscopy (SEM), contact angle measurements, water vapour transmission rate 
(WVTR) and oxygen permeation (JO2

). Best results were obtained for TEOS-APTES 
nanocoating, with WVTR and JO2

 being reduced by ca. 60-70 % in comparison to uncoated 
paperboard. The incorporation of LDHs presented a positive effect mainly for WVTR. 

1. Introduction 
Paperboard surface coating by synthetic or biodegradable polymers can be utilized to ensure water 
vapour barrier properties in paperboard-based food containers [1,2]. Sol-gel methods are proven and 
convenient for organic-silica nanocoating since silica particles are generated in situ, through 
hydrolysis and condensation reactions of silicon alkoxides, and randomly dispersed on the paper 
surface thus forming an impermeable interface between three-dimensional silica network and cellulose 
fibres [3,4]. 
In this work silica-based formulations were prepared by sol-gel synthesis using TEOS and other 
precursors with or without the addition of Zn(2)-Al-NO3 layered double hydroxides (LDHs). 
Structurally, LDHs consist of layers of positively-charged, mixed-metal hydroxide between which 
anions and water molecules are intercalated. Their most relevant property is anion-exchange, which 
can be used to reduce the permeability of protective coatings to relevant anions via entrapment [5]. 
Also, LDHs can be used as anion/water sensors since the structural changes occurring in the presence 
of these species can be followed by X-ray diffraction [5,6]. After deposition of the formulation on the 
paperboard surface in situ formation of cellulose-silica hybrids occurs where silica domains are 
dispersed in a nanometric scale [3]. 
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2. Experimental 

2.1. Synthesis of silica-based nanocoating 
Industrially produced paperboards (210 g/m2 and 0.29-0.30 mm thickness) with a surface treatment on 
one side (30-35 g/m2 of a slurry of CaCO3 and Al2O3 particles mixed with a synthetic resin emulsion) 
were supplied by Prado Karton SA (Tomar - Portugal). Hereafter these paperboards will be designated 
as ‘uncoated’. 
Silica-based formulations were prepared by sol-gel synthesis, figure 1, using tetraethyl orthosilicate 
(TEOS) or a mixture of TEOS (95%) and a secondary precursor (e.g. dimethyldiethoxysilane 
(DEDMS), 3-aminopropyltriethoxysilane (APTES), and octyltriethoxysilane (OTES)). The 
formulations were deposited on the treated side of the paperboard surface ((ca. 2-3 g/m2), using a 
conventional roll-to-roll technique and afterwards were cured by heating with an infrared lamp. Some 
formulations were prepared with the addition of Zn(2)-Al-NO3 type layered double hydroxides 
(LDHs). 

Figure 1. A simplified view of sol-gel processing of silica formulation. 
 

2.2. Characterization methods 
Water vapour barrier properties of uncoated and silica-nanocoated paperboard were measured by the 
“desiccant method” at 26 ± 1ºC and 52% relative humidity using a saturated aqueous magnesium 
nitrate solution (ASTM E96-95) [7]. Air was continuously circulated throughout the chamber using an 
air-fan. The samples, in triplicate, were periodically removed and weighed, during three days. Water 
vapour transmission rate (WVTR, g m-2 day-1) were obtained from the linear representation of the 
experimental data, namely sample weight gain Δw = (w – w0) versus time (t), as expressed by equation 
(1). 
 

∆" # $ % WVTR % * (1) 
 

where A is the exposed area of the paperboard sample (19.6 cm2).  
Oxygen permeation (JO2) measurements were performed using air in one side of paperboard and 
nitrogen flow on the other side. Oxygen partial pressure (+,-./) was measured under steady-state 
conditions at the inlet (+,-./01) and outlet (+,-./234) of the sample holder, at room temperature and 
zero total pressure gradient across the paperboard sample. Specific oxygen permeation fluxes (JO2, m

3 
m-2 day-1) across the sample were calculated with the experimental data using equation (2). 
 

567 # 89:7 $⁄ < % ,,+,-./234 = +,-./01/ >⁄ / (2) 
 
where FN2 is the inlet nitrogen flow rate, P is the total pressure and A is the paperboard sample surface 
area (0.785 cm2) [8]. 
Contact angles were measured in a DataPhysics Instrument OCA 20 using the sessile drop method and 
water, formamide and diiodomethane as probe liquids. Owens-Wendt-Rable-Kaeble (OWRK) model 
was used to predict polar and dispersive components [9][10]. Paperboard surfaces were characterized 



in terms of morphology by scanning electron microscopy (SEM), using a FEG-SEM Hitachi SU-70 
microscope operating at 15 kV. 
Physical and mechanical properties were evaluated by different tests; the tensile strength was 
determined according NP EN ISO 1924-2, burst strength was determined by NP EN ISO 2758 and 
Bendtsen roughness and porosity were determined following NP EN ISO 8791. The determination of 
air permeation was measured by the Gurley method (NP 795 ISO 5636-5). 

3. Results and Discussion 
Silica-coated paperboard surfaces were characterized in terms of morphology by SEM. SEM images 
(figure 2) of paperboard transversal cuts (delimited by dashed lines) reveal the position of silicon (red 
areas) on the side where the formulation was applied (right side). The industrial surface treatment of 
paperboard prevents the penetration of the silica formulation and therefore reduces the amounts 
required to achieve good barrier results. 
 

  
Figure 2. SEM-EDS images of paperboard surfaces without (cross section – left) and with silica 
formulation (TEOS_DEDMS: cross section – right). 
 
Surface energy results for uncoated and silica-coated paperboard are present in figure 3 and revealed 
an increase in the total surface energy, especially for the polar component, when comparing the results 
for paperboard uncoated and coated with TEOS and TEOS_LDHs formulations. In general, the 
presence of secondary silica precursor (DEDMS, APTES or OTES) in TEOS formulation decreased 
the paperboard total surface energy and especially its polar component (figure 3). However, the polar 
component presents the highest value when APTES is used possibly due to the presence of amine 
groups, which can form hydrogen bonds with water molecules conferring a hydrophilic character to 
the coated surface. In general, the incorporation of LDHs in the silica formulations increases the polar 
component of the surface energy (figure 3). 



 
Figure 3. Contribution of the polar and dispersive components to the total surface energy of industrial 
paperboard before (uncoated) and after coating with several silica based formulations with and without 
LDHs (Zn(2)Al-NO3). 
 
The paperboards were characterized in terms of physical and mechanical properties. The results, 
presented in table 1 for industrial paperboard before (uncoated) and after coating with various silica 
based formulations reveal that silica formulations doesn’t change the basic physical characteristics of 
the paperboard used as based material. In fact in some cases it even improves their properties, such as 
burst strength and tensile index (table 1). Silica formulations increase the roughness of the paperboard 
surface being this increase more significant for the formulation containing octyl groups (TEOS_OTES 
and TEOS_OTES_LDHs). The results also show that the incorporations of LDHs improve the 
properties of the silica coating, such as burst strength, tensile index and roughness. 
 

Table 1. Physical and mechanical properties of industrial paperboard before (uncoated) 
and after coating with various silica based formulations with and without LDHs. 

 
Tensile 
Index 

(Nm/g) 

Bendtsen 
Roughness 
(ml/min) 

Bendtsen 
Porosity 
(ml/min) 

Burst 
strength 

(kPa) 
Uncoated 65 88 12 535 

TEOS 66 129 10 590 
TEOS_LDHs 67 118 10 593 

TEOS_DEDMS 67 145 10 572 
TEOS_DEDMS_LDHs 67 138 10 606 

TEOS_APTES 66 147 10 582 
TEOS_APTES_LDHs 68 138 10 593 

TEOS_OTES 66 204 10 569 
TEOS_OTES_LDHs 68 216 10 613 

 
 
 
 



3.1. Barrier Properties 
The WVTR values for industrial paperboard (uncoated) decrease considerably with silica nanocoating, 
with and without the incorporation of a Zn(2)Al-NO3 (LDHs) (figure 4). The use of TEOS or a 
mixture of TEOS and other secondary silica precursors (DEDMS, APTES and OTES) has a significant 
effect on WVTR increases hydrophobicity of the nanocoated surface and improves water barrier 
properties (WVTR decreased about 13% for TEOS and ca. 60% for TEOS with a secondary silica 
precursor). These results arise from better adhesion of the silica nanocoating on the paperboard surface 
due to strong hydrogen bonding of paperboard hydroxyl groups and silica [11–13]. 
LDHs were introduced in the silica formulations to act as nanosensors due to their anion-exchange 
properties. Their presence increase total surface energy and its polar component (figure 3), as 
compared to other silica nanocoatings, however WVTR decreased about 76% (TEOS_APTES_LDHs 
and TEOS_OTES_LDHs) as compared to uncoated paperboard, which means that LDHs can also act 
as water scavengers, figure 4 [14]. 
 

 
Figure 4. WVTR of industrial paperboard before (uncoated) and after coating with various silica 
based formulations with and without LDHs. 
 
Practically all examined silica-based nanocoatings conferred oxygen barrier properties to paperboard, 
figure 5. Oxygen permeability (JO2) for the uncoated paperboard was reduced by 55 % after coating 
with TEOS and by 63 % or 68% after coating with the formulation TEOS_DEDMS or TEOS_APTES 
respectively. This can be explained by the formation of a silica network on the paperboard surface that 
prevents water penetration into the paperboard fibers and also reduces oxygen permeability, figure 5. 
The particularly high oxygen permeability observed for paperboard coated with TEOS_OTES 
formulation might be due the presence of bulky organic radicals in the silica precursor (OTES) that 
affects negatively the density of the inorganic silica networks, creating paths for the oxygen 
permeation and consequently increasing the oxygen permeation rate. 
The presence of LDHs in silica formulation increase oxygen permeability about 20-25% when 
compared with the base formulation. The LDHs can cause changes in the dense silica network 
formation, which is responsible for prevention of permeation of gas molecules. 
 
 
 



 
Figure 5. O2 flux of industrial paperboard before (uncoated) and after coating with various silica 
based formulations with and without LDHs. 
 

4. Conclusions 
The results of this work reveal that water vapor transmission rate and oxygen permeability of 
industrial paperboard decreased in the presence of silica nanocoating with and without Zn(2)-Al-NO3 
(LDHs). The TEOS_APTES formulation is the most promising to impart water and oxygen barrier 
properties suitable for packaging applications, reduced WVTR in 60% and oxygen permeability in 
68%. 
 

5. References 

[1] Hirvikorpi T, Vähä-Nissi M, Harlin A and Karppinen M 2010 Thin Solid Films 518 5463–6 

[2] Han J, Salmieri S, Le Tien C and Lacroix M 2010 J. Agric. Food Chem. 58 3125–31 

[3] Sequeira S, Evtuguin D V., Portugal I and Esculcas A P 2007 Mater. Sci. Eng. C 27 172–9 

[4] Portugal I, Dias V M, Duarte R F and Evtuguin D V 2010 J. Phys. Chem. B 114 4047–55 

[5] Tedim J, Kuznetsova A, Salak A N, Montemor F, Snihirova D, Pilz M, Zheludkevich M L and 
Ferreira M G S 2012 Corros. Sci. 55 1–4 

[6] Buchheit R G, Guan H, Mahajanam S and Wong F 2003 Prog. Org. Coatings 47 174–82 

[7] ASTM E 96-95 1995 In Annual Books of ASTM Standards vol 552 pages 785–92 

[8] Yaremchenko A A, Kharton V V, Avdeev M, Shaula A L and Marques F M B 2007 Solid State 
Ionics 178 1205–17 

[9] Owens D K and Wendt R C 1969 J. Appl. Polym. Sci. 13 1741–7 



[10] Figueiredo A B, Evtuguin D V, Monteiro J, Cardoso E F, Mena P C and Cruz P 2011 Ind. Eng. 
Chem. Res. 50 2883–90 

[11] Purcar V, Stamatin I, Cinteza O, Petcu C, Raditoiu V, Ghiurea M, Miclaus T and Andronie A 
2012 Surf. Coatings Technol. 206 4449–54 

[12] Parale V G, Mahadik D B, Mahadik S A, Kavale M S, Wagh P B, Gupta S C and Rao A V 
2013 Ceram. Int. 39 835–40 

[13] Mah S K and Chung I J 1995 J. Non. Cryst. Solids 183 252–9 

[14] Chen H, Zhang F, Fu S and Duan X 2006 Adv. Mater. 18 3089–93  

 

Acknowledgments 
This work was developed in the scope of the project CICECO-Aveiro Institute of Materials (Ref. FCT 
UID /CTM /50011/2013), financed by EU funds of FP7 program (FP7-NMP-2011-LARGE-5 – 
NANOBARRIER project). Authors also thank the technical assistance of Prado Karton SA. 



Combined Mechanical Disordering – Reactive Synthesis, 
possible method of Bulk Nanocrystalline Intermetallics 
obtaining from stoichiometric powder mixture of components 

 
Radu L. Orban1, Alan Lawley2, Magdalena Orban3 

1 Professor, 3Associate Professor, Technical University of Cluj-Napoca, Romania,  2 Emeritus 
Professor, Drexel University, Philadelphia, PA, USA, E-mail: Radu.Orban@stm.utcluj.ro 

 
Abstract: A promising way to overcome the known high brightness at ambient temperature of 
intermetallics with the purpose to improve their cold workability/machinability is their obtaining 
in a bulk nanocrystalline state. The presented research results prove that, for the known, widely 
applied, route of their obtaining by Self-propagating High-temperature Synthesis (SHS) from the 
stoichiometric mixture of powdered components, this is possible by a controlled Mechanical 
Structural Disordering (MD) of stoichiometric mixture of components, without to allow ignition of 
the compound synthesis reaction, followed by the as obtained nanocrystalline powder Reactive 
Sintering (RS) under an appropriate pressure, to obtain the desired compact. The nanocrystalline 
powder resulted by MD has a high energetic state, allowing development of synthesis reaction by 
diffusion at a low enough temperature to preserve, in the processed compact, the powder 
nanocrystalline structure, but, combined with the applied pressure, to be able to assure its good 
consolidation. 
 
1. Introduction 
Increasing exigencies concerning performances of materials for high temperature applications in 
severe oxidation and corrosion conditions, promoted especially - but not limited – by the 
developments in aerospace and energy production technology, have determined a special attention 
to intermetllics, being known their outstanding properties in these respects [1]. So, beside Nickel 
and Titanium aluminides (NiAl and γTiAl) – of high melting points and high oxidation resistance 
up to ~ 1000 °C NiAl, respectively to ~ 800 °C TiAl) - both already in course of application [1], 
new materials, resistant at extremely high temperatures – more than 1500 °C, are required in 
aircraft gas turbines and spacecraft airframes, as well as in other emerging applications [2]-[4]. 
However, upon C. Leyens et al. [5], further material and technological developments are necessary 
for their practical implementation to assure the full security and avoid the associated risks. 
Consequently, important research efforts are being carried out for NiAl and TiAl performances 
improvement and technolological developments [6]. Among them, a big attention is paid to the 
amelioration of their poor ductility and low fracture toughness at ambient temperature determined 
by their inter-atomic strong bonds and low symmetry of the formed super-lattices, which prohibits 
the operation of five independent slip systems required for plastic flow [3]. Consequently, they 
exhibit a high brightness at ambient temperature that leads to poor workability/machinability – 
limiting their applications [4], [6]. Fortunately, it was established that a notable ambient ductility 
improvement is possible by their obtaining in nanocrystalline state [7].  

Intermetallic compounds have negative Standard Gibbs Free Energy of Formation [8]. As a 
result, they are produced by methods based on the Self-propagating High-temperature Synthesis 
(SHS), starting either from bulk components – e.g. in ExoMelt Process [9] or from powdered 
components – in Reactive Sintering [10]. Because at methods involving melting, the obtained 
product is subjected to a certain contamination and also is difficult to control its microstructure - 
formed at cooling after casting [9], for the most applications is preferred their elaboration by 
Reactive Sintering [4],[6].  

Irrespective of the elaboration method, in the normal cooling conditions one result compounds 
with polycrystalline microstructure, consisting of super lattices of specific types [3], which 
determine their above-mentioned high brightness at ambient temperature. Obtaining in 
nanocrystalline state of intermetallics elaborated through melting route could be, in principle, 
possible by melt spinning, the resulted products being nanocrystalline ribbons or flakes [11]. To 



obtain bulk nanocrystalline intermetalics they have to be consolidated by sintering in appropriate 
conditions to avoid grain growth, e.g. by Spark Plasma Sintering (SPS) [12] – both steps being 
very expensive. If the Reactive Sintering is applied, the obtained quite coarse polycrystalline 
structure of sintered compacts can not be refined e.g. by Severe Plastic Deformation [13] due to 
their high brightness.  

Apparently, the only possibility is to synthesize the desired intermetallic from its reactive 
powdered components – (b), figure 1 [14], by Reactive Mechanical Alloying (RMA), carried out 
e.g. by ball milling to reach the ignition temperature (a) of the compound synthesis, Tig, followed 
by the formed compound further Mechanical Structural Disordering (MD) by the milling time 

 
extending to the right of the crossing point – accompanied by the milling bowl cooling. But, the as 
obtained nanocrystalline compound is also in the powdered state and, to obtain a nanocrystalline 
compact again must be consolidated by SPS. 

To avoid this last expensive step, the present paper, representing a development of a previously 
idea of the authors [15], investigates the possibility to obtain bulk nanocrystalline intermetallic 
compounds from stoichiometric powder mixture of components, in two steps: i) controlled MD, 
applied to the stoichiometric elemental powdered component mixture – determining their strong 
cold working and energetic state increasing - conducted only up to the particle obtaining in 
nanocrystalline state, without to be reached the ignition temperature, Tig, of the synthesis reaction 
(before a-b crossing point, Fig. 1); ii) Compound reactive synthesis from the as obtained 
nanocrystalline powder mixture, combined with its consolidation.  

It is expected that, due to the high energetic state of nanocrystalline powder and intimate 
mixture of components, both synthesis and consolidation (e.g. under an appropriate pressure – i.e. 
by SHS in thermoexplosion mode under pressure) are possible in solid state, by diffusion [16], at a 
low enough temperature to preserve the nanocrystalline structure in the obtained bulk material, as 
well as the integrity of the formed compact. NiAl intermetallic compound has been selected as 
representative for the method viability proving.  

2. Experimental procedure 
To establish the thermodynamic possibility of NiAl synthesis from the stoichiometric mixture of 
powdered components  without of the other Ni-Al possible compounds, the ΔG0

f values of their 
formation have been calculated up to their melting points, with a step of 100 [K], with the formula: 

fG0
f/r,T  =  ΔH0

298 + ∫298
T ΔCp * dT - T * (ΔS0

298 + ∫298
T ΔCp / T * dT) [8]  

where ΔH0
298/ΔS0

298 are the enthalpy / entropy of compound formation and ΔCp – heat capacity 
change of reactants to products, all taken over from literature [17]. As the results comparison – in a 
graphically plotted form, presented in §. 3.1, confirmed this, its elaboration has been considered. 
Goodfellow atomized   AL006031 Aluminum Powder, of the max. particle size 60 μm, purity 99.9 
%, respective carbonyl NI006021 Nickel of particle size 3 ÷ 7 μm, purity 99.8%, in the 
stoichiometric proportion, have been homogenized for 3 h in a Turbulla blender. The MD process 
was performed in a Pulverisette 6 (Fritsch) planetary ball mill, using hardened tool steel bowl and 
balls, with the absolute rotation speed of 90 rot/min and of bowl rotation speed of 150 rot/min. The 
balls had diameters between (19.05 ÷ 6.35) mm, their total weight/powder ratio 10:1 and that of 
bowl volume occupancy of ~2/3. The MD process was carried out under Argon of high purity 
(class 5.0). For its monitoring, at each 3 hours a sample of powder was taken off from the bowl 

 

  
 
 
Figure 1. Temperature variation with 
MA time of: (a) ignition of the possible 
synthesis reaction; (b)/(c) powder 
mixture which undergoes / doesn’t 
undergo a synthesis reaction. 



and analyzed by SEM and XRD. Just before the compound synthesis reaction starting, the MD 
process was stopped; a new powder sample was taken off for SEM and XRD analysis – performed 
using Co kα1 radiation. Then, cylindrical compacts of 15 mm diameter and 10 mm height were 
realized by cold pressing with 400 MPa in a steel die, with die wall lubrication. Subsequently, they 
were placed in a graphite die with cavity and active parts of punches painted with zirconia 
suspension and subjected to Reactive Sintering (RS) by Self-propagating High-temperature 
Synthesis (SHS) in thermoexplosion mode under a pressure of 50 MPa, in a vacuum furnace, 
following an adequate Temperature – Vacuum degree - time cycle. This was previously 
established on the basis of a performed DSC analysis, so that be able to assure synthesis reaction 
occurring predominant by diffusion, and simultaneous powder consolidation. The samples of 
powder mixture for each 3 h MD time, previously taken off from the mill bowl, as well as the final 
compact were characterized by XRD, using the Mach! )[18] and WinPLOTR (Version: Feb. 2015, 
[19] computer programs for XRD patterns indexation respectively for the FWMH of the main 
peaks determination, necessary for crystal grain size calculation by the Sherrer’s relation [20]. To 
prove the nanocrystalline structure of the obtained NiAl compact, its crystal grain size was 
determined by the same Sherrer’s relation and its structure analyzed by HRTM.  

3. Results and discussion 
 
3.1. Thermodynamic possibility of NiAl synthesis  
Variation with temperature of the calculated values of ΔG0

f of the possible reactions between Ni-
Al components is presented in figure 2. As can be seen, the Ni3Al formation has the lowest value 
of ΔG0

f. However, it can further react with the excess of Al from the adopted stoichiometric 
mixture for NiAl formation, to form NiAl as the Standard Gibbs Free Energy of this reaction has 
also negative value. Finally, as the ΔG0

f values for NiAl have negative values up to its melting 
point, it is thermodynamically stable and, therefore, the obtained bulk material is expected to keep 
both its initial nanocrystyalline structure, integrity and shape of the formed compact. 

3.2. Compositional and Morphological evolution of Ni-Al powder mixture during MD 
In figure 3 is presented XRD pattern of the initial, homogenized, Ni-Al powder mixture (0h MD 
time). As can be seen, it contains only Ni and Al peaks proving that during the homogenization 
process the purity of powder mixture has been preserved, without a notable contamination. Taking 
into consideration the adopted MD conditions (see §. 2), the same situation is expected after MD.  

To illustrate the morphological evolution of Ni-Al powder mixture during MD, for the 
economy of space, only SEM images for the initial state, for 3 h MD time and for powder in the 
final structural disordered state obtained by MD, i.e. for 9 h MD time, is presented in figure 4.  
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Figure 2. Standard Gibbs Free 
Energy  of Ni-Al compounds 
formation plotted   vs. temperature. 

Figure 3. Indexed diffraction pattern of the initial Ni-
Al powder mixture (0 h MD). Only Ni and Al peaks 
have been detected by the Match program. 

 
As can be seen, the first image (0 h MD) reveals the big difference in the particle size between 

the Al and Ni, but also a good homogeneity of their mixture. For 3h MD time, instead, these 
components have loosed their identity particle being much flattened, while for 9 h MD - 
conglomerates of very fine particles (most of them below ~ 1 μm), were formed. The MD process 
continuation, in the same conditions, till 12 h, led to the Ni-Al compounds synthesis and, 
consequently, the MD process of Ni-Al powder mixture was limited to 9h.        

Figure 4. SEM images of Ni-Al powder mixture in the main steps of MD. 

3.3. XRD pattern evolution of Ni-Al powder mixture during MD process 
Evolution of XRD pattern of Ni-Al powder mixture during MD, graphically represented in 3D 
with the WinPLOTR program (figure 5), clearly reveals the expected broadening of diffraction 
peaks as MD time increases, but also their height decreasing and even their flattening for high 
diffraction angles. However, for the main peaks, Ni (111) and Al (111) – of nominal (PDF) 
diffraction angles, 2θ, of 52.18, respectively 44.99 degrees (see figure. 3), it is possible 
determination of FWMH necessary for the grain size calculation. It is also to be observed that no 
additional peaks appeared, proving, as expected, that no notable contamination occurred.   
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Figure 5. 3D representation of determined XRD patterns for the adopted MD times. 
 
3.4. Determination of FWHM values  
Determination of FWHM values for all XRD patters, performed with the same WinPLOTR 
program, was limited to the main, above-mentioned, most representative peaks. For economy of 
space, in Figure 6 are presented, for exemplification, only the main data from Reports given by the 
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Figure 6. Reports on FWHM values calculation for Ni (111) peaks, 0 and 9 h MD. 
 
WinPLOTR program, corresponding to Ni (111) peak, for 0h and 9h.MD times. Similar reports 
have been obtained for Al (111) peak, as well as for both (not included hire for economy of space), 
in XRD patterns corresponding to each adopted MD time. It is to be observed that they contain, 
among others, the determined Position of the analysed peak and value of its FWHM, both with    
high accuracy. 
3.5. Crystal grain size calculation for the adopted MD times and results evaluation 
Crystal grain size was calculated by Sherrer’s relation in Excel program, using determined FWHM 
values and measured positions, 2q, of the respective peaks. As etalon, for each component has 
been adopted the respective FWHM value determined on XRD pattern for 0h MD time. All these 
data, as well as the calculated medium values of crystal grain sizes, are given in table 1. As 
expected, a pronounced decreasing of their values for both components occurred as MD time 
increased, being surprising that, even for 3 h MD, they reached a nanocrystalline state.. 
 

Table 1. Determined X-Ray Diffraction Data for MD Ni-Al powder mixture and for the 
obtained compact, and calculated crystal grain size values corresponding to them. 

 

MD 
Time Reflection Measured 

FWHM 
Etalon 
FWHM 

Diffraction 
Line 

Broadening 

Measured 
Reflection 
Angle,2q 

Calculated 
Crystal Grain 

Size 

[h] Element (Diffr. 
Plane) [deg] [deg] [rad] [deg] [nm] 

0 
 

Ni (111) 

0.197849 

0.197849 

0.0000000 52.246964 - 
3 0.231009 0.0000043 52.229412 81.039 
6 0.635954 0.0000772 52.181969 19.4065 
9 0.759868 0.0001656 52.142239 13.177 
0 

 
Al (111) 

0.155349 

0.155349 

0.0000000 45.050568 - 
3 0.222542 0.0000079 45.00288 59.407 
6 0.478931 0.0000627 44.963909 21.951 
9 0.733578 0.0001567 44.946358 13.872 



 NiAl (110) 0.723899 0.3349 0.0001259 52.157642 15.063 

 
3.6. Establishment of behaviour of powder mixture subjected to 9h MD at the synthesis reaction 
Behaviour at synthesis reaction of Ni-Al powder mixture subjected to 9h MD is shown by DSC 
pattern (figure 7). As can be seen, it doesn’t contain the endothermic peak corresponding to Al 
 

 

 

 

 

 

 

 

 

 

Figure 7. DSC pattern, at heating, for Ni-Al powder mixture subjected to 9h MD. 
Heating rate, atmosphere: 10°C/min, Ar 5.0. 

melting, as at the non-activated Ni-Al powder mixture [9]. This proves that, really, the synthesis 
reaction occurs, as expected, in solid state and, as can be seen, gradually, with a maximum 
temperature of 537.08 10°C. Consequently, only a small grain growth is possible, being expected 
that in the obtained product will be kept the above-determined nanocrystalline state of powder.    
 
3.7. Characterization of the elaborated compacts 
For capitalization of the high reactivity of MD-ed powder mixtures subjected to 9 h MD time, the 
elaboration, by reactive sintering, of the envisaged compact was started immediately after MD 
process stopping. It was carried out following, as has been mentioned (§. 2), an appropriate cycle 
established on the basis of the DSC analysis [15]), in a vacuum of 10-7 Pa, at nominal temperature 
of 800 °C. As has been provided by the thermodynamic analysis (§. 3.1.), its XRD pattern (Fig. 8), 
revealed the direct synthesis of NiAl compound (red lines), even if very small proportions of Ni3Al 
(green lines) and of un-reacted Ni (brown lines) have been identified.  



 
Figure 8.  Diffraction pattern of the processed NiAl compact. 

 
In order to establish if the desired purpose of performed research has been reached - the compacted 
compound obtaining in a nanocrystalline state – the value of FWHM for the main peak of the 
obtained NIAl compact, namely the (110) peak, of the nominal diffraction angle, 2θ = 52.2 degree, 
has been also determined by WinPLOTR program, its Report being given in figure 9-a, while the 
calculated medium crystal grain size value of the processed NiAl compact is inserted in Table 1. 
As can be seen, this value, ~15 nm, confirms the expected result, namely a nanocrystalline NiAl 
compact has been obtained. Its crystal grain size is a little higher then of components, showing 
that, as expected, a certain grain growth occurred. For a supplementary proof, its microstructure 
was investigated by HRTM (figure 9-b), being clearly observed the atomic planes of a random 
orientation.  
  
4. Conclusions 
The presented results prove the possibility of compacts of intermetallic compounds obtaining in 
the nanocrystalline state with the purpose to improve their ambient temperature ductility and, 



 
implicitly workability/machinability. The controlled Mechanical structural Disordering (MD) of 

stoichiometric mixture of powdered components up to their obtaining in nanocrystalline state, 
without synthesis reaction ignition, proved to determine, beside crystal grain drastic refining, their 
intimate mixture – probably forming a solid solution of extended solubility in which the 
components could not be identified by SEM analysis, and subsequently its sever cold hardening. 
Consequently, a significant increasing in their energetic state occurred, becoming possible the 
compound synthesis in solid state, by diffusion. The process required a low enough temperature 
allowing preservation, in the compact, of the nanocrystalline structure of components, while 
simultaneous pressure application made possible its good consolidation. 
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Figure 9. (a) Report on FWHM determination for NiAl (110) peak; (b) HRTM image of the 
obtained NiAl compact. 



 


