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Abstract: Fe2O3 and CaCO3 nanomaterials are 
currently being investigated for nanotherapeutic 
applications such as medical bioimaging, drug 
delivery, gene therapy and targeted thermal 
cancer treatment. Sonolytic cavitation of metal-
based parent materials has been demonstrated to 
be an effective synthesis route for the production 
of nanoparticles and other nanostructured 
materials. Fe-based and alkaline earth metal (Ca- 
and Mg-based) nanostructured materials were 
synthesized using ultrasonic irradiation. When 
specifically considering the application of 
bimetallic nanomaterials, additional design 
considerations included the control of relative 
metal compositions and requirements of 
production consistency regarding the layering of 
active metal on the surfaces of the 
nanomaterials.  

Materials and Methods: FeCl2·4H2O (99+%, 
CaCl2·2H2O (99+% A.C.S reagent),	Mg(ClO4)2  
and NH4OH (Certified ACS Plus) were used in 
this work without additional purification. 
Predetermined amounts of the single and binary 
metal chloride salt solutions were dispersed for 8 
hours using an L&R Solid State/Ultrasonic T-
28B bath with calculated amounts of ammonium 
hydroxide added to the metal chloride solutions 
both before and after sonication. 

The precipitates were allowed to settle, 
separated via centrifugation and subsequently 
washed and dried using vacuum at 200 oC.  X-
ray diffraction (XRD) and Environmental 
Scanning Electron Microscopy (ESEM) were 
employed to investigate the nanocrystalline 
structure, elemental composition and surface 
morphology of the product materials.  X-ray 
diffraction analyses were performed using a 

Bruker D8 ADVANCE Series-2 X-ray 
diffractometer (Bruker AXS) equipped with a 
CuΚα radiation source (λ = 1.54 Å). The 
average crystallite sizes were estimated based on 
the peak-widths using the Scherrer equation. 
Environmental Scanning Electron Microscopy 
(ESEM) measurements were performed using an 
FEI Quanta 200 Field Emission Environmental 
Scanning Electron Microscope in high vacuum 
mode.  

Results: 

Figure 1: Ca-Fe Nanostructured Product. 

Figure 2: Mg-Fe Nanostructured Product. 



 
Figure 3: Ca-Mg Nanostructured Product. 
 
 
 

 
Figure 4: Magnetite SQUID Results. 
 
 
 
 
 
 

 
Figure 5: Mg(OH)2 SQUID Results. 
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 Figure 6: Calcite SQUID Results. 
 
Conclusions: Fe, Ca and Mg-based chloride 
salts were reacted sonolitically with NaOH and 
the products characterized using XRD, 
elemental analysis, ESEM and SQUID 
measurements. Morphology and crystallite sizes 
were affected by the chemical composition of 
the synthesis mixture and upon the sequence of 
NH3OH addition to the metal chloride solutions. 
Several interesting structural morphologies were 
produced in Mg/Ca, Mg/Fe, Mg/Ca mixtures 
and pure CaCO3. Overall nanocrystallite sizes 
were estimated using Scherrer analysis to range 
from 5.92 to 72.13 nm. 
 
Keywords Magnetite, Alkaline Earth Metals,  
Bimetallic, Nanostructured Materials, Sonolytic 
Synthesis, Ultrasonics, Magnetic Nanomaterials. 
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ABSTRACT 
Gold nanoparticles were prepared by one-step for the first time using chemical reduction from 
HAuCl4.3H2O gold precursor by sodium borohydride (NaBH4) in presence of acid-activated 
montmorillonite us stabilizer. The obtained gold nanoparticles stabilized in montmorillonite were 
used as catalysts for reduction of 4-nitrophenol to aminophenol with sodium borohydride at room 
temperature. The UV-Vis results confirm directly the gold nanaoparticles formation. The XRD N2 
adsorption and MET results showed the formation of gold nanoparticles in the pores of 
montmorillonite with an average size of 5.7nm with uniform distribution. The reduction reaction of 
4-nitrophenol into 4-aminophenol with NaBH4 catalyzed by Au°-montmorillonite catalyst exhibits 
remarkably a high activity; the reaction was completed within 4.5min. 
Keywords: gold; montmorillonite; 4-nitrophenol; nanoparticles; chemical reduction method. 

1. INTRODUCTION 
Synthesis of gold nanoparticles (AuNPs) has attracted much attention since the pioneering 
discovery of the high catalytic activity of supported gold nanoparticles in the reaction of CO 
oxidation at low temperature [1]. Reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) is an 
important reaction in the preparation of analgesic and antipyretic agent such as paracetamol [2]. 
Apart from this; this reaction is mostly used us a reaction model for testing the gold nanoparticles 
reactivity [3]. Recently clay mineral have been attracted much attention because of their 
environmentally benign, cost and abundance. Deposition of highly dispersed small gold 
nanoparticles on the surfaces of montmorillonite and sepiolite was reported by Zhu et al. [4]. On the 
other hand, Letaief et al. [5] confirmed that AuNPs can be deposited on the external surface of 
sepiolite, moreover they found that the control of gold particle size can be achieved by controlling 
the acidic pre-treatment conditions of this clay mineral. In this research field, we used 
montmorillonite pre-acidified under gentle conditions for AuNPs stabilization; the AuNPs were 
obtained using chemical reduction method with some modification compared to reduction method 
reported in literature. In this study, the catalytic reduction of 4-nitrophenol by gold nanoparticles 
stabilized on montmorillonite using NaBH4 as reductant agent was investigated. Moreover the 
resulting samples; montmorillonite and gold-montmorillonite were characterized by several 
methods, UV-Vis spectroscopy, X-ray Diffraction (XRD), transmission electron microscopy TEM 
and N2 adsorption.  

2. EXPERIMENTAL 
The 2wt% Au stabilized in acid-activated montmorillonite (Amont) was prepared by one-step 
reducing 10ml of HAuCl4.3H2O solution (0.05mmol Au) with 10ml of NaBH4 aqueous solution 
(4mmol) in presence of 10ml of Amont suspension (0.5g). The NaBH4 solution was added slowly 
and the mixture was kept under vigorous stirring for 1h at room temperature. After centrifugation 
and washing of three times with distilled water, the samples were dried overnight at 60°C and the 
collected samples were designed as Au-Amont. The preparations and storage were performed in the 
absence of light. The 4-nitrophenol reduction was carried out in liquid phase at room temperature. 
Typically, 10ml of NaBH4 (10mmol) aqueous solution was added to 10mg of Au-Amont (0.2mg 
Au) previously dispersed in 10ml of distilled water, at this mixture 10ml of aqueous solution of 4-
NP (0.1mmol) was added under vigorous stirring. The molar ratio of Au:4-NP:NaBH4 used in this 
reaction was 1 :100 :10000. The reduction process was monitored by UV-Vis absorption 
spectrometry.  



3. RESULTS 
UV-Vis spectrometry results immediately confirmed the gold nanoparticles formation by analysis 
of suspension of gold-montmorillonite during preparation. A large band centred at 520nm 
corresponding to small gold particles was observed. BET results showed that, after acidification, the 
surface area of Na-mont increased, but significant decrease of surface area was observed for Au-
Amont. The diameter pore value confirmed the presence of mesopores on Na-mont and A-mont 
samples. The decrease in surface area on Au-Amont can be attributed to nanoparticles gold 
stabilization within the mesopores of acidified montmorillonite. The insertion of gold nanoparticles 
into montmorillonite was also confirmed bby the XRD analysis. TEM images confirmed that the 
gold particles appeared as homogeneously dispersed on the A-mont stabilizer with observed 
average particle size of 5.7nm. In this study, gold nanoparticles AuNPs were successfully prepared 
in one-step by using a facile preparation method in presence of acid-activated montmorillonite as 
stabilizer agent. The catalytic activity of the synthesized Au-Amont was investigated for 4-
nitrophenol with an excess amount of NaBH4. A good linear correlation has been obtained and a 
calculated value of rate constant is about 1.79 10-2 s-1, this result confirmed the high activity of Au-
Amont in 4-NP reduction. This work represents the use of acid-activated montmorillonite for gold 
nanoparticles synthesis in one-step by a simple method; this facile preparation can be used for other 
metal nanoparticles preparation. 
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ABSTRACT 
In this study, we present experimental investigation of electrically 
actuated clamped-clamped microbeam resonators. The objective 
is to excite the higher order modes of the microbeams using 
partial electrodes with shapes that induce strong excitation of the 
mode of interest. The devices are fabricated using polyimide as a 
structural layer coated with Nickel from top and Chrome and Gold 
layers from bottom. Using a high frequency laser Doppler 
vibrometer, the first three resonance frequencies are revealed via 
white noise signals. Then, we studied the nonlinear dynamics of 
the microbeamsnear these resonance frequencies by applying 
forward and backward frequency sweeps with different electro 
dynamical loading conditions. The reported results prove the 
ability to excite higher order modes effectively using partial 
electrodes. Using a half electrode, the second mode is excited with 
high amplitude compared with almost zero response using the full 
electrode. Also, using the two-third electrode configuration 
increases the third mode resonance amplitude compared with the 
full electrode under the same electrical loading conditions.  Such 
micro-resonator is shown to be promising in gas and mass 
detection applications.  

Keywords 
Resonator, electrostatic, higher order modes, partial electrode, 
microbeam. 

1. INTRODUCTION 
MEMS or Micro-electromechanical systems are devices and 
technologies that have been derived from the microelectronics 
industry. Researchers investigated ways to create Micro-
electromechanical devices using microelectronic fabrication 
method. MEMS devices have salient features, such as the smaller 
sizes, the ability to work in harsh environments and power 
efficiency [1, 2]. 

In particular, MEMS resonators such as microplates and 
microbeams are the main building block of many MEMS sensors 
and actuators that are used in variety of applications, such as toxic 
gas sensors [3], mass and biological sensors [4,5], temperature 
sensors[6], force and acceleration sensors [7], and earthquake 
detectors [8]. The demand to develop sensors with high sensitivity 
and low power consumption is driving the development of micro-
beam based resonators [3, 4]. MEMS resonators are excited using 
different types of forces, such as electromagnetic [9, 10], thermal 
[11], and electrostatic [8]. Electrostatic actuation is the most 
commonly used method because of its simplicity and availability 
[12]. An efficient approach to improve the oscillation of 
electrostatically actuated resonator is to use parametric excitation 
[13] and secondary resonance [14]. Moreover, Alsaleem et al [15] 
proved experimentally and analytically that MEMS resonator can 
be stabilized using a delayed feedback controller.  

In this paper, we present experimental data of an electrically 
actuated micro clamped-clamped beams near their resonance 
frequencies.  

2. BACKGROUND 
MEMS resonators excited near their higher order modes have 
been proposed for mass and gas detection. Exciting the resonators 
near their higher order modes improve the sensitivity and the 
quality factor of the mass sensor. Jen et al [10] defined the 
sensitivity nS  and the quality factor nQ  of a resonant cantilever 
as 
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where m  is the cantilever mass,  effm  is the thn  mode effective 

mass of the cantilever, nZ  is the resonance frequency of the 
cantilever, n'Z  is the final resonance frequency after detecting a 
mass, b  is the beam width, h  is the thickness and P  is the air 
viscosity. As noticed from Eq. (1.1) and Eq. (1.2) the sensitivity 
and the quality factor are directly proportional to the excited mode 
number. High quality factor implies a sharper and stable 
resonance peak. This can be achieved through increasing nZ and 
decreasing effm ; both are achieved through high-order mode 
excitations.  

3. DESIGN 
Our goal is to excite the higher modes by changing the lower 
electrode configuration such that it, to some extent, resembles the 
excited mode shape of the clamped-clamped micro-beam.  As we 
can see in Fig. 1, we use full electrode to excite first mode, half 
electrode to excite the second mode, and two-third electrodes 
spaced out along the beam length to excite the third mode. 

 



 
Figure 1: Clamped-clamped mode shapes with different lower 
electrode configuration. (a) Full electrode. (b) Half electrode. (c) 
Two-third electrode. 

4. FABRICATION 
The clamped-clamed microbeam resonators are fabricated using 
the in-house process developed in [16, 17], Fig. 2. The microbeam 
consists of a 6 µm Polyimide structural layer coated with 500 nm 
Nickel layer from top and 50nm Chrome, 250 nm Gold and 50 nm 
Chrome from bottom which form the upper electrode. The lower 
electrode is placed directly underneath the microstructure and 
composed of gold and chrome layers. The lower electrode length 
and position matches the excited mode of vibration shape and 
provides the actuation force to the resonator. The two electrodes 
are separated with a 2 µm air gap. When the two electrodes 
connected to an external excitation force the resonator vibrates in 
the out-of-plane direction. Fig. 2 shows a schematic illustrating 
the various layers of the fabricated resonator. 
 

 
Figure 2: Cross sectional view of the fabricated microbeam. 

5. CHARCTRIZATION 
In this section we describe the experimental set up used for testing 
the devices and measuring the initial profile, gap thickness and the 
out-of-plane vibration. The characterization is conducted on three 
microbeams that have different lower electrode configuration: full 
electrode, half electrode and two-third electrode.  
 
The experimental setup consists of a micro system analyzer 
(MSA), which is a high-frequency laser Doppler vibrometer, 
under which the microstructure is placed to measure its vibration, 

data acquisition cards and amplifier to provide actuation signals of 
wide range of frequencies and amplitudes, and a vacuum chamber 
equipped with ports to pass the actuation signal and measure the 
pressure. Also, it is hooked up to a vacuum pump that reduces the 
pressure up to 20 mPa . The setup is shown in Fig.3. 

5.1 Topography characterization 
The initial profile of the micro-beams is revealed using an optical 
profilometer, which generates a 3-D map of the microstructure as 
seen from top for the half electrode micro-beam, Fig. 4. The 
combined thickness of the micro-beam and air gap is around 9 
µm, which is slightly smaller from the design nominal value of 
9.35 µm. Also, the micro structure profile is fully straight without 
any curvature or curling. 

 

 
 

Figure 3: Experimental setup used for testing the MEMS devices. 
 

 
Figure 4: A 3D map of the microbeam as seen from top. 
 



5.2 Natural frequencies 
We experimentally measured the first three natural frequencies by 
connecting the wire bonded chip to the MSA function generator 
and applying a white noise signal. The MSA measures the 
microstructure vibration at the laser point position. Also, it has the 
capability to reveals the mode shape of the vibration. 

5.2.1 Full electrode 
The microstructure is excited with a white noise of DCV  = 10 V 
and ACV = 8.5 V. We also scan the vibration at different points 
along the beam length to reveal the modeshapes.  First, the test is 
performed for the case of a full electrode. The acquired frequency 
response curve is shown in Fig. 5, which reveals the values of the 
first and third mode natural frequencies 1Z = 158 kHz, and 3Z = 
729 kHz. The RMS value of the scanned mode shape is reported 
in Fig.6. 
 

 
Figure 5: Frequency response curve of a full electrode micro-
beam to white noise actuation signal. DCV = 10 V and ACV = 8.5 
V. at 20 mPa chamber pressure. 

We notice at 1Z in Fig. 6(a) that all the points are vibrating 

whereas at  3Z  Fig. 6(b)   there are two nodal points. This result 
matches the clamped-clamped structure first and third vibration 
mode shape. 
 

  
(a)                                              (b) 

Figure 6: RMS values of the vibrational mode shapes of full 
electrode microbeam at (a) 1Z = 158.2 kHz, (b) 3Z = 729 kHz. 

5.2.2 Half electrode 
The microstructure is next excited with a white noise of DCV  = 
30 V and ACV = 24.5 V. Also here we scan the vibration at 
different points along the beam length.  The acquired frequency 
response curve is shown in Fig. 7   revealing the values of the 
first, second, and third mode natural frequencies 1Z = 161 kHz, 

2Z = 398 kHz and 3Z = 731 kHz, respectively. The RMS values 
of the scanned mode shapes are reported in Fig.8. This result 
illustrates the ability to excite the second mode using half 
electrode configuration. 

 

 
Figure 7: Frequency response curve of a half electrode micro-
beam to white noise actuation signal. DCV  = 30 V and ACV = 
24.5 V. at 20 mPa chamber pressure. 

 

 
(a)                                (b)                                  (c) 

Figure 8: RMS values of the vibrational mode shapes of a half 
electrode microbeam at (a), 1Z =161 kHz, (b) 2Z = 398 kHz and 

3Z = 738 kHz. 

 

5.2.3 Two-third electrode 
Next, the microstructure is excited with a white noise at DCV  = 
30 V and ACV =16 V.   The acquired frequency response curve is 
shown in Fig. 9 and it reveals the values of the first and third 
mode natural frequencies 1Z = 157.9 kHz and 3Z = 721 kHz, 
respectively. The RMS value of the scanned mode shape is 
reported in Fig.10. As shown; the amplitude of the third mode is 
higher compared with the full and half electrode configuration. 
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Figure 9: Frequency response curve of a two-third micro-beam to 
white noise actuation signal. DCV = 30 V and ACV = 16 V. at 20
mPa chamber pressure. 

 

 
(a)                                             (b) 

Figure 10: RMS values of the vibrational mode shapes of full 
electrode micro-beam at (a) 1Z = 157.9 kHz, (b) 3Z = 721 kHz. 

5.3 Frequency sweep 
We experimentally investigate the nonlinear response of the 
microbeams near the first three resonance frequencies via 
frequncy sweep tests. The micro-beams are excited using the data 
acquisition card and the vibration is detected using the MSA. The 
excitation signal is composed of an AC signal ACV superimposed 
to a DC signal DCV .  

The AC signal frequency is swept around the resonance frequency 
of interest. The frequency response curve is generated by taking 
the steady state amplitude of the motion and focusing the laser at 
the mid-point of the microbeam for the first and third mode 
measurement and at quarter of the beam length for the second 
mode measurement. In the following subsection the frequency 
response curves are reported for the different microbeams at 
different electrodynamical loadings and at 20 mPa chamber 
pressure. 

5.3.1 First mode 
Figure 11 shows the variation of the frequency response curve as 
the AC voltage is increased for different lower electrode 
configuration near the first resonance. As expected, using the full 
electrode configuration we achieved higher amplitude near the 
first mode compared with the other two configurations under the 
same conditions of electro dynamical loading and vacuum 
chamber pressure. Also, a hardening effect is reported due to the 
cubic nonlinearities from mid-plane stretching. 
 

 
(a) 

 
(b) 

 
(c) 

Figure 11: Frequency response curve for the microbeam near the 
first resonance with different lower electrode configuration. Vdc = 
5 V. (a) Full electrode configuration, (b) half electrode 
configuration, (c) two-third electrode configuration. 
 

0 200 400 600 800 1000
0

5

10

15

20

25

30

35

Frequency (KHz)

Am
pl

itu
de

 (m
m

/s
)

156 157 158 159 160 161
0

0.5

1

1.5

2

: (kHz)

Am
p 

( P
m

)

 

 

Vac = 2.2 V
Vac = 3 V
Vac = 4 V
Vac = 5 V

160 161 162 163 164 165
0

0.5

1

1.5

: (kHz)

Am
p 

( P
m

)

 

 

Vac = 10 V
Vac = 12 V
Vac = 15 V
Vac = 17.5 V
Vac = 20 V
Vac = 23.5 V

155 156 157 158 159 160 161 162 163 164 165
0

0.2

0.4

0.6

0.8

1

1.2

1.4

Freq (kHz)

A
m

p 
(u

m
)

 

 

Vac = 4 V
Vac = 5 V
Vac = 6 V
Vac = 7 V
Vac = 8 V
Vac = 10 V



 

5.3.2 Second mode 

 
Figure 12: Frequency response curve for micro-beam near the 
second resonance with half electrode actuation. Vdc = 30 V. 
Figure 12 shows the variation of the frequency response curve as 
the AC voltage is increased near the second mode resonance for 
the half electrode configuration. Using a half electrode, the second 
mode is excited with high amplitude compared with no response 
using the full and two-third configuration. In addition, a hardening 
effect is reported due to the cubic nonlinearities.  

5.3.3 Third mode 
Figure 13 shows the variation of the frequency response curve as 
we increase the AC voltage for the full and two-third electrode 
configuration near the third resonance. Using the two-third 
electrode configuration enhanced the excitation of the third mode 
where only one-third of the AC voltage is required to achieve the 
same vibration amplitude using the full electrode configuration. In 
Figure 14, a high vibration amplitude showing hardening 
nonlinearities is reported for different AC loadings. 

 
(a) 

 
(b) 

Figure 13: Frequency response curve for micro-beam near the 
third natural frequency with two-third lower electrode 
configuration. Vdc = 20 V. (a) Full electrode configuration. (b) 
two-third electrode configuration. 
 

 
Figure 14: Frequency response curve for the microbeam near the 
third natural frequency with two-third lower electrode 
configuration. Vdc = 20 V 
 

6. CONCLUSION 
In this paper, we investigated the dynamics of clamped-clamped 
microbeam electrically actuated by an AC source with variable 
frequency superimposed to a DC voltage. The initial beam profile 
and dimensions are identified by using the optical profilometer. 
We proved the ability to excite the second mode resonance by 
using a half electrode configuration. In addition, the third 
resonance amplitude is amplified significantly by using the two-
third lower electrode configuration. Also, a hardening behavior is 
reported due to the cubic nonlinearities among all the modes due 
to the dominating effect of mid-plane stretching. This capability 
of exciting the higher order modes can have a promising 
application in MEMS based mass, gas and humidity sensors. 
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Abstract: 
 
Manufacturing of Dye-sensitized solar cells (DSSC) compounds among the other solar cells is 
simple and because of its low-cost production, they are offering devices for the large-scale and 
inexpensive conversion of the solar energy. However, the conversion efficiency relatively low 
and needs an intensive research work to improve it. The upside of this sort of cells is that 
different materials can be utilized for sensitive parts of the device. The purpose of this research 
is evaluation component of the    energy efficiency of light-sensitized solar cells based on porous 
silica. Unique properties of porous silica substrate, such as high surface area, mechanical and 
thermal stability, volume and diameter of the high risk makes to the solar colours (Dye Solar) 
Cells of this type of structure used effectively in the context of crystalline silica dispersed 
porous and due to this type of bed volume with a specific morphology, which would increase 
the efficiency. The solar colours (Dye solar) based on a porous substrate are observed and 
detected by XRD and XRF techniques and also the tin oxide coating on a porous silica substrate 
has been studied by  techniques of SEM. On the other side, the efficiency of solar energy 
components factors such as type, colour and, temperature, surface area, the coating were 
examined and appropriate amounts in each case was optimized. In this investigation, nano 
blocking layer of Titanium dioxide and Tin dioxide with applying spray pyrolysis deposition in 
(SPD) was coated on this dye sensitized solar cell.  
Keywords:  Dye solar, Photo voltaic cells, Nano layer, Spray pyrolysis deposition (SPD), Paint, 
porous substrates, Colour conversion coating, DSSC. 
  



1. Introduction: 
 
Dye sensitized solar cells (DSSCs) are devices for the conversion of visible light into electricity 
based on sensitization of wide band-gap semiconductors [1]. Commonly, the photoanode is 
prepared by adsorbing a dye into a porous TiO2 layer. By this approach, the dye enables the 
generation of electricity with visible light, extending the performance of semiconductor to 
collect photons at lower energy [1, 2]. In the late 1960s, dye-sensitized solar cell was discovered 
that illuminated organic dyes can generate electricity at oxide electrodes in electrochemical 
cells [3]. In an effort to understand and simulate the primary processes in photosynthesis the 
phenomenon was studied at the University of Berkeley with chlorophyll extracted from spinach 
(bio-mimetic or bionic approach) [4]. On the basis of such experiments electric power 
generation via the dye sensitization solar cell (DSSC) principle was demonstrated and discussed 
in 1972 [5]. The instability of the dye solar cell was identified as a main challenge. Its efficiency 
could, during the following two decades, be improved by optimizing the porosity of the 
electrode prepared from fine oxide powder, but the instability remained a problem [6]. A 
modern DSSC, the Graetzel cell, is composed of a porous layer of titanium dioxide 
nanoparticles, covered with a molecular dye that absorbs sunlight, like the chlorophyll in green 
leaves. The titanium dioxide is immersed under an electrolyte solution, above which is a 
platinum-based catalyst. As in a conventional alkaline battery, an anode (the titanium dioxide) 
and a cathode (the platinum) are placed on either side of a liquid conductor (the electrolyte) [7]. 
A group of researchers at the Swiss Federal Institute of Technology has reportedly increased 
the thermo stability of DSC by using amphiphilic ruthenium sensitizer in conjunction with 
quasi-solid-state gel electrolyte. The stability of the device matches that of a conventional 
inorganic silicon based solar cell. The cell sustained heating for 1,000 h at 80 °C. The group 
has previously prepared a ruthenium amphiphilic dye Z-907 (cis-
Ru(H2dcbpy)(dnbpy)(NCS)2,where the ligand H2dcbpy is 4,4′-dicarboxylic acid-2,2′-
bipyridine and dnbpy is 4,4′-dinonyl-2,2′-bipyridine) to increase dye tolerance to water in the 
electrolytes. In addition, the group also prepared a quasi-solid-state gel electrolyte with a 3-
methoxypropionitrile (MPN)-based liquid electrolyte that was solidified by a photo chemically 
stable fluorine polymer, poly (vinylidenefluoride-co-hexafluoropropylene (PVDF-HFP) [7]. 
The enhanced performance may arise from a decrease in solvent permeation across the sealant 
due to the application of the polymer gel electrolyte. The polymer gel electrolyte is quasi-solid 
at room temperature, and becomes a viscous liquid (viscosity: 4.34 mPa·s) at 80 °C compared 
with the traditional liquid electrolyte (viscosity: 0.91 mPa·s). The much improved stabilities of 
the device under both thermal stress and soaking with light has never before been seen in DSCs, 
and they match the durability criteria applied to solar cells for outdoor use, which makes these 
devices viable for practical application [8,9].  
The first successful solid-hybrid dye-sensitized solar cells were reported [10]. To improve 
electron transport in these solar cells, while maintaining the high surface area needed for dye 
adsorption, two researchers have designed alternate semiconductor morphologies, such as 
arrays of nanowires and a combination of nanowires and nanoparticles, to provide a direct path 
to the electrode via the semiconductor conduction band. Such structures may provide a means 
to improve the quantum efficiency of DSSCs in the red region of the spectrum, where their 
performance is currently limited [7]. On August 2006, to prove the chemical and thermal 
robustness of the 1-ethyl-3 methylimidazolium tetracyanoborate solar cell, the researchers 
subjected the devices to heating at 80 °C in the dark for 1000 hours, followed by light soaking 
at 60 °C for 1000 hours. After dark heating and light soaking, 90% of the initial photovoltaic 
efficiency was maintained, the first time such excellent thermal stability has been observed for 
a liquid electrolyte that exhibits such a high conversion efficiency. Contrary to silicon solar 
cells, whose performance declines with increasing temperature, the dye-sensitized solar-cell 



devices were only negligibly influenced when increasing the operating temperature from 
ambient to 60 °C [7].  
Wayne Campbell at Massey University, New Zealand, has experimented with a wide variety of 
organic dyes based on porphyrin [7-10]. In nature, porphyrin is the basic building block of the 
hemoproteins, which include chlorophyll in plants and hemoglobin in animals. He reports 
efficiency on the order of 5.6% using these low-cost dyes.[11]. 
An article published in Nature Materials demonstrated cell efficiencies of 8.2% using a new 
solvent-free liquid redox electrolyte consisting of a melt of three salts, as an alternative to using 
organic solvents as an electrolyte solution. Although the efficiency with this electrolyte is less 
than the 11% being delivered using the existing iodine-based solutions, the team is confident 
the efficiency can be improved [12]. 
A group of researchers at Georgia Tech made dye-sensitized solar cells with a higher effective 
surface area by wrapping the cells around a quartz optical fiber.[13][14] The researchers 
removed the cladding from optical fibers, grew zinc oxide nanowires along the surface, treated 
them with dye molecules, surrounded the fibers by an electrolyte and a metal film that carries 
electrons off the fiber. The cells are six times more efficient than a zinc oxide cell with the same 
surface area.[13] Photons bounce inside the fiber as they travel, so there are more chances to 
interact with the solar cell and produce more current. These devices only collect light at the 
tips, but future fiber cells could be made to absorb light along the entire length of the fiber, 
which would require a coating that is conductive as well as transparent.[13] According the 
researches of the University of Michigan said a sun-tracking system would not be necessary for 
such cells, and would work on cloudy days when light is diffuse [13]. 
Researchers at the École Polytechnique Fédérale de Lausanne and at the Université du Québec 
à Montréal claim to have overcome two of the DSC's major issues [7]. Dyesol and CSIRO 
announced in October a Successful Completion of Second Milestone in Joint Dyesol / CSIRO 
Project. Dyesol Director Gordon Thompson said, "The materials developed during this joint 
collaboration have the potential to significantly advance the commercialisation of DSC in a 
range of applications where performance and stability are essential requirements. Dyesol is 
extremely encouraged by the breakthroughs in the chemistry allowing the production of the 
target molecules. This creates a path to the immediate commercial utilisation of these new 
materials [15]. 

 
Figure.1. Scheme of dye sensitized solar cell (Reference: [19]) 

Dyesol and Tata Steel Europe announced in November the targeted development of Grid Parity 
Competitive BIPV solar steel that does not require government subsidised feed in tariffs. 
TATA-Dyesol "Solar Steel" Roofing is currently being installed on the Sustainable Building 
Envelope Centre (SBEC) in Shotton, Wales [7]. 
 
2. Materials and Methods: 
 
In this study, to create a novel high performance of dye-sensitized solar cells some materials 
including titanium dioxide, tin dioxide, Tin (IV) chloride pentahydrate, triton X-100 surfactant, 
ammonium fluoride, ethanol, methylthioninium chloride, ethylene glycol, deionized water, 



zeolite, potassium iodate and etc. were utilized. On the other side, to investigate the electrical, 
physicochemical and other parameters of the formation process, the instruments of centrifuge 
(Alc4232SiGma), UV/Vis spectrophotometer (perkin elmer lambda 35), XRD (Simens, D-
500), XRF,  SEM (JEOL JSM-5800), Muffle furnace, oven (OF-02G), Digital Multimeter 
(Snowa-2831) and digital balance (Sartorius-2810) were applied.  
Between many  thin  film processing techniques, the technique of spray pyrolysis deposition 
(SPD)  is  one  of  the  most  efficient  ones. Fabrication of this dye-sensitized solar cell (DSSC) 
is happened by depositing TiO2 layer on SnO2:F transparent  conducting  layer, both of which  
are prepared by SPD method.   
  
3. Discussion and Conclusion: 
 
Generally, dye-sensitized solar cells have been formed from three main parts. The first above 
part is a transparent anode made of fluoride-doped tin dioxide (SnO2:F) deposited on the back 
of a (typically glass) plate. On the back of this conductive plate is a thin layer of titanium dioxide 
(TiO2), which forms into a highly porous structure with an extremely high surface area. TiO2 
only absorbs a small fraction of the solar photons. The plate is then immersed in a mixture of a 
photosensitive and a solvent. After soaking the film in the dye solution, a thin layer of the dye 
is left covalently bonded to the surface of the TiO2 [7]. The main mechanism of DSSCs is 
including absorption of incident photon by complex photosensitizers on the TiO2 surface and 
then the photosensitizers are excited from the ground state (S) to the excited state (S*). The 
excited electrons are injected into the conduction band of the TiO2 electrode. This results in the 
oxidation of the photosensitizer (S+). At the next step, the injected electrons in the conduction 
band of TiO2 are transported between TiO2 nanoparticles with diffusion toward the back contact 
(TCO) and the electrons finally reach the counter electrode through the circuit. Subsequently, 
the oxidized photosensitizer (S+) accepts electrons from the I− ion redox mediator leading to 
regeneration of the ground state (S), and the I− is oxidized to the oxidized state, I3

−. Finally, the 
oxidized redox mediator, I3

−, diffuses toward the counter electrode and then it is reduced to I− 
ions. The efficiency of a DSSC depends on four energy levels of the component including the 
excited state (approximately LUMO) and the ground state (HOMO) of the photosensitizer, the 
Fermi level of the TiO2 electrode and the redox potential of the mediator (I−/I3−) in the 
electrolyte [7]. 
In this investigation, a novel DSSC is invented by using a special porous bed contained zeolite 
structure and also methylthioninium chloride as dye. After preparing zeolite bed in a thermal 
program with maximum temperature point 760 0C, tin dioxide (SnO2) into lattice network of 
porous bed was deposited, as well with the least amount of electrical resistivity.  
 

 
Figure.2. curing process of porous bed of DSSC. 

The results show a considerable electrical efficiency of this dye sensitized solar cell by 
comparison with other ones. According the data values of table.1 the DSSC, in which porous 



bed has been applied, has better efficiency (0.14) by comparison the other designed one without 
porous bed (0.11).  
 
Table.1. the data values of efficiency and FF of the dye sensitive solar cells without porous 
surface and with porous bed in radiant power 7.3 mW/cm2.  

Type of Bed Porosity (mV) ocV A)µ( SCI ff (%) η 
:F2SnO + 210 56 0.29 0.11 

e:Zeolit:F2SnO - 279 70 0.37 0.14 
 
To calculate the energy transformation efficiency equation.1 was used. Pm, Isc and Voc were 
defined as radiant power, current intensity of electrical circuit and electrical potential 
differences, recpectively.  
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(Equation.1) 
In conclusion, this dye sensitive solar cell has some considerable characteristics and upsides 
such as, high electrical efficiency, increase in production of voltage, decrease in consumption 
of deposited materials because of improvement the active surface of the DSSC bed. The results 
showed that the designed DSSC with a porous bed could be more efficient by comparison the 
other one without a porous zeolite bed.    
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ABSTRACT 

Nanoparticles of antiviral drugs, ritonavir (RTV) and efavirenz (EFV) with several novel 

polysaccharides were produced by a rapid precipitation process. Particles were purified by 

dialysis and dried powders were recovered after freeze drying. Particle diameters as measured by 

dynamic light scattering were in the range 100-200 nm. The target drug loading in the particles 

was 25 wt % and the drug loading efficiencies ranged from 62-96%. All the nanoparticles 

afforded increased solution concentration and faster release compared to the pure drugs.  

Keywords: Ritonavir, Efavirenz, polymers, nanoparticles,  multi-inlet vortex mixer, drug release 

 

1. INTRODUCTION  

Oral administration of therapeutic agents is the easiest and frequently preferable mode of 

drug delivery, as there is no requirement for hospitalization which requires medical 

infrastructure, a critical issue in underdeveloped countries. In addition, patient compliance in 

taking oral medications is greater than with injected formulations 1.   However, it is important 
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and challenging to attain the desired pharmacokinetic profile for a given drug, especially one 

with poor aqueous solubility 2. There are several factors in the GI tract which can limit the 

bioavailability of drugs in the intestine such as tissue barriers (mucosa, microvilli) and 

physiological factors (varying pH, enzymes, transporter mechanisms). Dissolution is quite often 

the rate-limiting step, which ultimately controls drug bioavailability 3.  

A challenge in designing nanocarrier drug delivery systems is finding the optimized 

particle size that will result in desired release characteristics. The control of drug release kinetics 

from the nanocarrier can become difficult. Drug diffuses out of smaller nanocarriers faster, 

resulting in burst effects instead of sustained or controlled drug delivery over prolonged periods 

of time 4. The drug release kinetics can be improved by increasing the size of the nanocarriers, 

which results in lower drug loss and prolonged drug release with a lower burst effect 5. 

Increasing the polymer-drug particle size may however hinder their transport across membranes.  

Thus this work focuses on establishing a methodology for preparing well-defined drug-

polymer complexes relatively rapidly and in a manner that can produce particles with high drug 

loadings. The particle sizes and drug loading is studied thoroughly to test control and 

reproducibility of the particle formation process. The suppression of drug crystallinity and 

miscibility with polymers is to determine the ability of polymers to stabilize against 

crystallization in nanoparticles. Drug release and solution concentration are studied to determine 

impact of polymer structure and particle size on these key parameters and to test the main 

hypothesis.  

 

 

 



2. MATERIALS AND METHODS 

2.1 Materials  

Tetrahydrofuran (anhydrous, ACS reagent, ≥99.0% inhibitor free) was used as received.  

Acetonitrile (HPLC grade, >95 %) was used for HPLC analysis without further purification. 

RTV and EFV (Sigma Aldrich, India) were used without further purification (Figure 1a and 

Figure 1b). The polysaccharides were samples from Eastman Chemical Company. Reverse 

osmosis (RO) water was used for DLS measurements and in the formation of polymer/drug 

nanoparticles.   

Carboxymethyl cellulose acetate butyrate (CMCAB), cellulose adipate and other ω-

carboxyalkanoate (e.g., suberate and sebacate) esters of the renewable natural polysaccharide 

cellulose have shown potential for forming complexes with hydrophobic drugs 25.  

Table 1.  Abbreviation and properties of cellulose derivatives  

Polymer Polymer 
Abbreviation 

DS 
(CO

2
H) 

DS 
(Other) 

DS 
(Total) 

Solubility 
Parameter 
(MPa

1/2
) 

Molecular 
weight 
(x10

3
) 

T
g
 

(°C) 

Carboxy methyl 
cellulose acetate 

butyrate 
CMCAB 0.33 

Ac 
0.44, Bu 

1.64 
2.41 19 22.0 137 

Cellulose Acetate 
Propionate 504-0.2 

 Adipate 0.33 

CAP Adp 
0.33 0.33 

Ac 
0.04; Pr 

2.09 
2.46 20.56 12.0 125 

Cellulose Acetate 
Propionate  

Adipate 0.85 

CAP Adp 
0.85 0.85  Ac 0.04; 

Pr 2.09 2.98 21.27 9.7 110 

Cellulose Acetate 
320S sebacate 

CA 320S 
Seb 0.57 Ac 1.82 2.39 22.36 25 117 

 

 

 



 2.2 Nanoparticle preparation by rapid precipitation in the Multi Inlet Vortex Mixer  
Flash nanoprecipitation of polymer-drug complexes was carried out in a four-jet Multi-

Inlet Vortex Mixer that accommodates four streams.23,26. Polymer and drug (RTV/EFV) were 

dissolved in THF (organic stream) which was injected into the mixer with three other water 

streams. The four inlet streams are tangential to the mixing chamber and the exit stream comes 

from the center of the chamber. The nanoparticles were formed at a nominal Reynolds number of 

5,000. The injected volume ratio of THF to Millipore water was 1:10 v/v. Polymer 

concentration in THF was 10 mg/mL. The effect of the loading of the RTV and EFV was 

investigated over the target loading of 25 wt% of the total solids on a dry basis. Also the effect of 

drug loading on release of drug from the different polymer nanoparticles was explored.  

2.3 Nanoparticles recovery, solvent removal and drying  

Since the particles exit from the MIVM in a mixed organic-water phase, it was necessary 

to remove the solvent and any unincorporated drug from the particles. Thus, particles were 

processed by dialysis followed by freeze drying. The dialyzed particles were dried in a 

LABCONCO freeze dryer at 0.018 mbar for 2 days.  

2.4 Characterization 

Drug loading and drug release were measured using an Agilent 1200 Series HPLC 

system which consisted of a quaternary pump, online degasser, manual injector with a 20-μL 

sample loop and Agilent chemstation LC 3D software.  Chromatography was conducted in 

reverse mode using acetonitrile and phosphate buffer (0.05M, pH 5.65).  Dynamic light 

scattering (DLS) measurements of the nanoparticle sizes were performed before and after 

dialysis using a Malvern Zetasizer Nano-ZS (Malvern Instruments Ltd, Malvern, UK) at a 

wavelength of 633 nm and with a scattering angle of 173˚ at 25 ± 0.1 ºC. Crystallinity of 



nanoparticles was evaluated by powder X-ray diffraction (PXRD) and differential scanning 

calorimeter (DSC).   

In order to study dissolution of the nanoparticles, typically, equivalent amount of 

RTV/EFV or nanoparticles was dispersed in potassium phosphate buffer (80 mL,  pH 6.8) at 

37°C for 5 h. The apparatus used in the release experiments consisted of 250-mL jacketed flasks 

with circulating ethylene glycol/water (1:1) to control the temperature. The mixture was 

constantly stirred at 200 rpm with a magnetic stir bar. Aliquots (0.8 mL) were withdrawn from 

the suspensions every 0.5 hour (during the first 2 hours), then every hour for 5 h. Phosphate 

buffer (pH 6.8, 0.8 mL) was added to maintain constant volume after each aliquot was 

withdrawn. Samples were  ultracentrifuged at 13,000 rpm (equivalent of 16060 g’s) in an 

accuSpin Micro (Fisher Scientific) for 10 minutes. The supernatant was recovered, and the 

solution concentration was determined by HPLC.  

3. RESULTS AND DISCUSSION 

The drug composition, size, crystallinity and solubility of the nanoparticles were 

investigated. The role of polymers in enhancing solubility and inhibiting drug crystallinity in the 

particles is also discussed.  

3.1 Drug incorporation in particles 

All samples showed good batch-to-batch  reproducibility. There was some loss of free 

drug during the processing steps like dialysis. Nanoparticle drug loading efficiency was 

comparable (88-96 %) for all cellulosic polymers. The cellulose derivatives are hydrophobic in 

nature and therefore able to retain more hydrophobic drug after processing. There were not any 

significant differences between the trends of RTV and EFV loading in the particles.  

 



3.2 Particle size analysis  

Particle size analysis of nanoparticles by dynamic light scattering 

The particle sizes from all three processing steps for all the drug compositions were 

found to be between 100-200 nm with a polydispersity index approximately 0.2. The particle 

sizes were comparable after mixing and dialysis with a standard deviation of approximately ±30 

nm. However, significant aggregation was observed after freeze drying. The addition of trehalose 

before freezing at a weight ratio trehalose:nanoparticles of 1:10 resulted in a significant 

reduction in particle size and polydispersity index 

3.3 Crystallinity of nanoparticles  

The influence of novel polysaccharides upon possible phase transformation in polymer-

RTV and polymer-EFV nanoparticles was investigated through X-ray diffraction. The PXRD 

pattern of the drugs as-received had distinctive peaks. Finally, the PXRD of solid dispersions of 

the nanoparticles showed no diffraction peaks, indicating that they contained amorphous drug.  

Adp 0.85-EFV, CA 320S Seb-EFV, CMCAB-EFV showed no diffraction peaks implying the 

drugs were mostly amorphous.  RTV has a sharp melting peak at 126° C when measured in DSC. 

During the scanning of RTV-containing nanoparticles, no endotherm was observed around the 

melting point of ritonavir indicating that ritonavir was present in its amorphous state.  



 

Figure 3. First DSC scan showing melting peak of RTV at 126° C. No such peak is observed in 

any of the polymer-drug nanoparticles.  

 

3.5. Dissolution studies 

There was almost 10- 20 fold increase in solubility of RTV from cellulose derivatives 

compared to the crystalline drug as-received. Among the cellulose derivatives, the CAP Adp 

0.33 showed lesser increase in solubility compared to the others with respect to the free drug. 

However, there was not much difference in the solubility concentration among the cellulose 

derivatives. CMCAB showed the best results among all the polymers. 
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Figure 4a. Concentration profile of RTV (A) as received, (B) from CAP Adp 0.33, (C) from CA 

320S Seb, (D) from CAP Adp 0.85, (E) from CMCAB. The error bars represents standard 

deviation of results from 3 batches. 

The amorphous blends with cellulose derivatives significantly increased the solubility of 

both RTV and EFV, and the supersaturated solutions remained stable with respect to drug re-

precipitation over the course of the experiment. This suggests that the polymers not only 

stabilized the amorphous drugs in the solid state, but also helped stabilize the dissolved drugs in 

solution.  

4. CONCLUSIONS 

This study demonstrates a method for producing cellulose derivative nanoparticles 

containing RTV and EFV, with well-defined sizes (100 nm – 200 nm). The multi-inlet vortex 

mixer was used to control particle size and nucleation rate, and flash nanoprecipitation was 

shown to be an effective method for making these nanoparticles. The particles were processed by 

dialysis followed by freeze drying; a suitable cryoprotectant trehalose was used for inhibiting 

particle aggregation during freeze drying. The drug loading efficiency in the final particles was 
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88-96 %. The polymers were effective in entrapping the drug in its amorphous state in the 

particle. This increased the solubility of the drugs in buffer solution. There was an increase in 

percentage drug release from the nanoparticles compared to pure crystalline drug. Therefore, 

nanoparticles of polysaccharides-drug complexes showed potential for enhancing the solubility 

and sustained release of poorly soluble drugs (RTV and EFV).  
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ABSTRACT 
Nanowires of Ce.80Gd0.20O1.90 (GDC) have been prepared using 
wet chemical precipitation synthesis route.  Nanocomposite of 
these nanowires has been prepared to stabilize it at higher 
temperature for application in low temperature solid oxide fuel 
cells. Single phase formation has been confirmed by X-ray 
diffraction.  GDC nanowires have been mixed with eutectic binary 
mixture of lithium and sodium carbonates in wt. ratio of 4:1. 
Carbonates act as grain growth inhibitor and increase the stability 
of nanowires due to low sintering temperature of 700 °C. Single 
phase formation has been found in the composite i.e. carbonates 
are present as an amorphous phase. Microstructure shows that 
GDC nanowires in the matrix are present with high aspect ratio. 
Keywords: GDC; Nanowires; Wet chemical precipitation; 
XRD; SEM. 

1. INTRODUCTION 
Solid oxide fuel cells (SOFCs) are highly efficient 
electrochemical devices which convert chemical energy into 
electrical energy without involving the combustion step. SOFCs 
have three components in which a dense solid electrolyte is 
sandwiched between to porous electrodes, an anode and a 
cathode. As the heart of SOFCs, electrolytes play an essential role 
as concerns the overall cell performance. In the past decades, the 
development of advanced electrolyte materials has been an active 
research topic. SOFCs using conventional solid electrolyte, yttria 
stabilized zirconia (YSZ), works at high temperature, 800-1000 
°C [1]. This high working temperature has been a great challenge 
for the engineering of the materials for various components of 
SOFCs. Doped ceria, especially gadolinia and samaria-doped 
ceria (GDC and SDC), possess an ionic conductivity of 10-2 Scm-1 
at 600 °C [2]. Doped ceria, however, exhibit some electronic 
conductivity and deleterious lattice expansion due to conversion 
of Ce+4 to Ce+3 in reducing atmospheres [3]. This reduces the 
efficiency and cell performance [3].  Efforts have been made to 
explore solid electrolytes working in the low temperature range 
300-600 °C by the introduction of liquid phase in the grain 
boundaries/interfaces forming the composite electrolyte [4]. The 
composite electrolyte generally contains two phases. One is the 
doped ceria solid solution. The other is the salt usually an 
amorphous phase. It displays either a molten status such as the 
mixture of Li2CO3 and Na2CO3 at its melting point [4]. It has been 
demonstrated that the interface provides a highway channel for 
ionic transport leading to an enhanced ionic conductivity. 
Interface density and the contact area between the two phases are 
the parameters that should be considered. Larger the interface, 

higher will be the ionic conductivity. Therefore, reducing the 
particle size of both the phases will contribute to a higher ionic 
conductivity. The effective conductivity may reduce with increase 
of second phase if the interaction between two phases is less. 
More importantly, in nanostructured system, the larger area of 
interface and grain boundaries will produce a high-density of 
mobile defects in the space-charge region [5].    
Nanostructured materials have attracted growing interest for use 
in many applications because many of their properties are 
enhanced as compared to those of bulk materials [6, 7]. Recently, 
1D nanomaterials, i.e., nanowires, nanotubes, nanorods, 
nanobelts, have become the focus of intensive research due to 
their unique and unusual properties such as dimensional 
confinement and anisotropy [8, 9]. Due to extremely low yield of 
existing approaches such as hard or soft template-based [10] 
Mamoun Muhammed and co-workers have found a chemical 
route for the synthesis of samarium doped ceria (SDC) nanowires 
by homogeneous precipitation of lanthanide citrate complex in 
aqueous solutions as precursor followed by calcination [11]. 

In the present study, Ce.80Gd0.20O1.90 (GDC) nanowires have been 
synthesized by homogeneous precipitation of lanthanide citrate 
complex. GDC nanowires were mixed with eutectic mixture of 
Li2CO3 and Na2CO3 (Li0.52 Na0.48)2 CO3 (LNCO) to stabilize them 
at high working temperature, 700 °C. Prepared nanocomposite 
was characterized using DTA/TGA, XRD and SEM.   

2. EXPERIMENTAL 
2.1 Synthesis 
Ce.80Gd0.20O1.90 (GDC) nanowires were prepared by wet chemical 
precipitation route. Stoichiometric amount of ceric ammonium 
nitrate (NH4)2 Ce (NO3)6 (99.9 % purity, Loba Chemie) and 
Gd2O3 (99.9 % purity, Sigma Aldrich) and citric acid (99.5 % 
purity, Loba Chemie) were taken as the starting materials. Gd2O3 
was heated at 800 °C for 1 h to remove the absorbed moisture and 
then cooled in the furnace to 500 °C. After that the sample was 
stored in a vacuum desiccator to cool to room temperature. Then 
weighed amount of Gd2O3 was dissolved in dilute nitric acid and 
heated at 100 °C till dryness to obtain Gd(NO3)3. Then Gd(NO3)3 
was dissolved in double distilled water to obtain a transparent 
solution.  Stoichiometric amount of nitrate solutions were mixed 
to obtain 0.2 M solution (total mole of cations per liter of 
solution). Similarly citric acid was dissolved in double distilled 
water to prepare 0.6 M solution. In this process citric acid (H3Cit) 
is an important reagent in this synthetic route of GDC nanowires. 
It is a polyprotic acid, which can take various deprotonated ionic 
forms (H2Citˉ, HCit2ˉ and Cit3ˉ) in aqueous solutions depending 
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upon pH [11]. Due to chelate formation, the carboxylates can 
form stable coordination complexes with various metal ions [12]. 
This synthesis procedure is started with one-phase solution 
containing the lanthanide ions (Ln3+) and H3Cit.  

Equal volume of metal ions and citric acid solutions were mixed 
in a beaker adjusting the optimized pH to 2.0 by the addition of 6 
M NaOH solution with constant stirring [12]. The beaker was 
sealed and then kept in an oven at 110 °C for 24 hrs. A white 
precipitates was collected by centrifugation at 1100 rpm for 15 
min. Then it was washed several times using distilled water and 
ethanol followed by drying at 120 °C overnight. Then precursor 
was calcined at 400 °C for 2 hrs [11]. The calcination reaction is 
given below: 
 

 
(1) 

Then the powder was mixed with 20 wt. % (Li0.52 Na0.48)2 CO3 
(LNCO) for the formation of nanocomposite. The nanocomposite 
was heated at 650 °C and quenched for formation of amorphous 
phase of carbonate in nanocomposite. Powder XRD of the 
nanocomposite was done for the confirmation of amorphous 
nature of carbonate. The DTA/TGA was performed for the 
confirmation of decrease in melting temperature of carbonates 
compared to its pure state in with presence of GDC nanowire.   
 
2.2 Characterization  
2.2.1Differential thermal analysis/ 
Thermogravimetric analysis (DTA/TGA)  
DTA/TGA of as prepared precursor was done using SETARAM 
DTA/TGA in the temperature range ambient to 750 °C in N2 
atmosphere at the heating rate of 10 °C/min. 

2.2.2 Powder X-Ray Diffraction 
Powder X-ray diffraction of the calcined and sintered powders 
was recorded using a Rigaku high resolution powder X-Ray 
diffractometer employing Cu Kα1 radiation and Ni-filter at room 
temperature. Data were collected in the bragg angle of 
20°≤2θ≤80°.Diffraction pattern were indexed using X’pert high 
score standard software. The average crystalline size, D was 
determined using Scherrer’s formula. 

 
Where β is the full width at half maxima (FWHM) excluding 
instrument broadening, λ (1.54065 Å) is the wave length of X-
rays and θ is Bragg angle. β is taken for the strongest Bragg’s 
peak corresponding to (111) reflection. 

2.2.3 Scanning electron microscope  
Sintered pellets were polished using emery papers of grade 1/0, 
2/0, 3/0, and 4/0 (Sia, Switzerland) followed by polishing on a 
velvet cloth using diamond paste of grade ¼-OS-475 (HIFIN). 
Then polished samples were chemically etched with HCL 
(66.67% concentration) for 20 sec followed by washing with 
double distilled water and drying at 100 °C. Micrographs were 
recorded using INSPECT 50 FEI scanning electron microscope.  

3. RESULTS AND DISCUSSION 
DTA/TGA curve of the nanowire composite is shown in Fig. 1. 
According to TGA curve around 3.5% weight loss observed till 

120°C due to the removal of moisture. There is no weight loss 
observed in the temperature range 100 °C to 700 °C. 

    Figure 1 DTA/TGA curve of nanocomposite. 

 

 
Figure 2 Powder X-Ray pattern of pure GDC and 
GDC/20 %( Li0.52 Na0.48)2 CO3 (LNCO) 

Two endothermic peaks have been observed in the DTA curve. 
One in the range 80-110 °C corresponds to evaporation of 
moisture adsorbed on the sample. Second peak is at 465 °C due to 
melting of carbonates. After that no peak was observed up to 750 
°C. Powder X-ray diffraction (XRD) pattern of the calcined 
powder is presented in Fig. 2. All the observed peaks of resultant 
GDC nanowires are indexed to the cubic fluorite-type structure 
CeO2 (JCPDS NO. 75-0162) with a lattice constant of 5.423 Å. 
The lattice constant is slightly larger than the lattice constant of 
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pure CeO2 (5.411 Å), due to replacement of larger sized Gd3+ ion 
leading to lattice expansion of ceria which confirms that the Gd3+ 

ion have entered the crystal lattice of CeO2. The average 
crystalline size of GDC nanowires calculated by Scherrer’s 
equation is ~20.0 nm. Scanning electron microscope (SEM) 
image (Fig. 2) shows that the GDC nanowires have high aspect 
ratio, length more than 20 µm and diameter range 200nm to 
900nm.  

 

 
Figure 3 SEM image of GDC nanowires 

4. CONCLUSIONS 
Nanowires of Ce.80Gd0.20O1.90 (GDC) have been synthesized by 
wet chemical route. Powder X-ray diffraction pattern shows that 
the observed peaks of resultant GDC nanowires can be indexed to 
the cubic fluorite-type structure CeO2 this confirms the formation 
of single phase. Nanocomposite of GDC have been prepared by 
mixing of Ce.80Gd0.20O1.90 ( GDC) nanowires and (Li0.52 Na0.48)2 
CO3  (LNCO) in a weight proportion of 4:1 followed by 
calcination at 650 °C and quenching to ambient temperature to get 
amorphous phase of carbonates. Micrograph shows the formation 
of nanowires with high aspect ratio. 
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Abstract. Gold nanoparticles (AuNPs) are considered as one of the most promising agents for 

medicine due to their exceptional qualities. A big task is to prepare the biocompatible 

nanostructures which are all uniform and reproducible in a given size. Mainly the AuNPs 

toxicity complicates their medical in vivo applications. We have focused on the suitable 

techniques in protocol using seedless silver-assisted method and further surface modifications 

for the purpose of elimination the toxicity. The influence of three basic reagents 

concentrations, namely HAuCl4 and AgNO3 in growth solution and the added seed solution on 

the final product was investigated in the combination with different solvents. The NPs physical 

properties were evaluated and compared with commercial sample. The main interest was kept 

on cytotoxicity, which was evaluated on human ovarian carcinoma cells A2780 via MTT. A 

significant differences in cells viability caused by various parameters were observed. 

1.  Introduction 
Cancer, tumors, and chemotherapy – the attention gained by these phenomena indicates how important 

and grave topic it is. That is the reason why this issue has got public, mainly scientists’ interests all 
around the word. Nanoparticles (NPs) are considered as one of the most promising agents for cancer 

therapy. They are being investigated as drug carriers, photothermal agents, contrast agents and 

radiosensitisers [1-3].  
The anisotropic (nonspherical) metal nanostructures like gold nanorods (AuNRs) are very appreciated 

for their shape-dependent optical properties. Due to the different absorption of visible light along 

length and width of NRs, multiple plasmon bands arise in the UV-Vis-NIR absorption spectrum of 

AuNRs solution [4]. The plasmon peak position varies with different aspect ratios (AR) and small 

changes in the AR of AuNRs cause dramatic changes in the transmitted colors [5]. A big advantage is 

AuNRs tunable size and shape, which can be made by small and easy changes in the synthetic 

protocols. These changes can make big differences in final properties [6]. Due to this fact, the AuNRs 

have an extensive spectrum of biomedical applications, from macromolecules separation or targeted 

drugs delivery to target cancer therapy [2]. NRs with low aspect ratio and with plasmon resonance in 

NIR are used not only as therapy agents, but also for imaging [7]. This discovery made from NPs used 

in photothermal therapy the theranostic anticancer agents (NPs that assist in both, the therapy and 



 

 

 

 

 

 

diagnosis). It represents one of the best options of cancer treatment compared with the traditional 

chemotherapy [8,9]. There are several problems that are necessary to be solved in the preparation of 

AuNRs. A serious task is to prepare the biocompatible nanostructures which are monodispersed and 

reproducible in a given size. The frequent cellular toxicity complicates AuNRs use and negatively 

affects the application, mainly in medicine. The main reason of toxicity is caused by presence of 

cetyltrimethylammonium bromide (CTAB) which is used as the most common surfactant in the wet 

synthesis. AuNRs have been proved to display significant cytotoxicity to human cells because of the 

highly cytotoxic property of free CTAB [10]. The problem can be solved by convenient way of 

AuNRs preparation or by coating nanostructures with a substance compatible with the human body. 

But the AuNRs modification is very challenging mainly because of CTAB covering. If the CTAB 

structure around the rods is disturbed, complete or partial aggregation can happen easily during 

AuNRs functionalization. Consequently, it leads to lose of the unique AuNRs optical properties 

[11,12]. The AuNRs toxicity has become an issue getting to the forefront of scientists [13]. A number 

of in vitro studies on the AuNRs cytotoxicity have been performed, but with the contradictory results. 

to some reports, the AuNRs cytotoxicity decreases with the NPs size [14]. Other studies published that 

the toxicity related to the shape and that the anisotropic NPs have greater effect than spherical NPs of 

the same size have [15]. A few studies also reported that the reaction of AuNRs and cells is is 

influenced primarily on the cell type rather than on the NPs size and cellular uptake [16].   
In the present work, we have focused on the suitable techniques in protocol using sedless silver-

assisted method and further surface modifications for the purpose of alleviating the toxicity. The 

influence of three basic reagents concentrations, namely of the HAuCl4 and AgNO3 in growth solution 

and the added seed, on the final product was investigated in combination with different solvents. The 

physical NPs properties were evaluated and compared with commercial one. Human ovarian 

carcinoma cells A2780 were used to evaluate the cytotoxicity.  

2.  Materials and methods 

2.1.  Materials 
Chloroauric acid (HAuCl4.3H2O), sodium borohydride (NaBH4), silver nitrate (AgNO3), L-Ascorbic 

acid (C6H8O6), methylthiazoletetrazolium bromide (MTT) C18H16BrN5S, sodium dodecyl sulfate 

(SDS) (CH3(CH2)11OSO3Na) were purchased from Sigma Aldrich, cetyltrimethylammonium bromide 

(CTAB) (C19H42BrN) from Fluka and polyethylenglycole (PEG) (C2n+2H4n+6On+2) from Aldrich. All 

chemicals have been used as purchased. Deionized water (Millipore, with Millipore Quantum EX 

Ultrapure Organex Filter Cartridge) or phosphate buffered saline (PBS) were used as solvents in the 

preparations. The human ovarian carcinoma cells A2780 cells were cultivated in RPMI-1640 medium 

with l-glutamine purchased from Bio Tech, Ltd., Prague, Czech Republic. Gold colloidal nanorods (10 

nm) stock solution in PBS was gained by Sigma–Aldrich. 

2.2.  Gold nanorods synthesis 
AuNRs were synthesized by using modified seeding method with CTAB as a surfactant [17,18]. The 

first step before each synthesis was to prepare CTAB in aqueous solution and heated it to at least 26 

°C (Krafft point of CTAB) in warm water bath until the CTAB was well dissolved. Before each 

synthesis it was also necessary to make a fresh NaBH4 solution and cool it to a temperature of 5 °C. 

These steps make the AuNRs preparation faster, more efficient and successful.  

2.2.1.  Preparation of gold seed solution  
Seed solution contained 5.0 mL of 0.2 M CTAB aqueous solution mixed with 5.0 mL of 0.0005 M 

HAuCl4. Then, 0.6 mL of freshly prepared ice-cold (t ≈ 5 °C) 0.01 M NaBH4 was added under 

vigorous stirring. The colour immediately changed to yellow-brown, which indicated the formation of 

small anisotropic AuNPs (≈ 1 nm). Afterwards, the solution was stirred for next 2 min and then gently 

http://en.wikipedia.org/wiki/Phosphate_buffered_saline


 

 

 

 

 

 

heated (to ≈ 30 °C) for at least 25 min in order to well decompose all NaBH4. The seed solution was 

usually used immediately after its preparation, within 24 hours at the latest.  

2.2.2.  Preparation of growth solution  
Growth solution was made by mixing of 5 mL of 0.2 M CTAB with 5 mL of 0.01–0.001 M HAuCl4. 

The solution turns opalescent yellow. After gentle stirring, 0.5–2 mL of 0.08 M ascorbic acid was 

added and the solution was shaken. Ascorbic acid as a mild reducing agent changed the colour of 

growth solution from yellow to colorless indicating the reduction of gold (III) to gold (I). Finally, 

0.15–0.45 mL of 0.004 M AgNO3 at 25 °C was added.  
 

The final AuNRs were formed by the addition of 50–160 μL of the seed solution to the growth 
solution at 27–30 °C. The color of the solution gradually changed to dark blue during 5 min. The 
AuNRs with the highest and smallest AR were chosen as representative samples. These products were 

supplemented by syntheses with different solvent (PBS). 

2.3.  PEG coating 
The most toxic AuNRs were modified by thiol-terminated polyethylene glycol (PEG) to increase the 

biocompatibility. A final AuNRs solution was centrifuged at 14,000 rpm for 20 min, decanted, and 

resuspended in water to remove the excess of CTAB. PEG was added in the range of 2–3 mg to 10 mL 

of AuNRs solution. The mixture was stirred for 48 h at room temperature. After 48 h the solution was 

centrifuged at 14,000 rpm for 20 min, the supernatant was removed and the residue was redispersed in 

10 mL of solvent and centrifuged again. This procedure was repeated for several times. 

2.4.  Equipment and characterization tools 
The fundamental size and shape analysis was done with Scanning Electron Microscope (SEM) Tescan 

FE MIRA II LMU. The information about shape and size was obtained from analytical Transmission 

Electron Microscope Jeol, JEM 2100F, 200 kV, with Schottky autoemission cathode, from Institute of 

Physics of Materials at Academy of Sciences in Brno. The high-resolution images were evaluated by 

using software Gatan, Digital Micrograph. Before the SEM and TEM observation, 1 mL of each final 

solution was centrifuged for 30 min at a speed of 14.000 rpm to separate the NPs. The supernatant was 

removed after the centrifugation and the residue was redispersed in 1 mL of solvent and centrifuged 

again. After repeating the above procedures for several times, the final precipitate was redispersed in 1 

mL of ultra-pure water or PBS. For SEM observation, 5 µL of the AuNRs were dropped on the silicon 
wafer (coated with Al, Ni or Ti thin layer) and dried in the air. To analyze the optical properties of 

AuNPs, UV-Vis absorbance spectra of samples were measured by using the Spectronic Helios Alfa 

spectrophotometer from Faculty of Chemistry, BUT. UV-Vis measurements were performed for 

wavelengths ranging from 300 nm up to 1100 nm using 4 mL of sample solution in a 

spectrophotometer cuvette (Sigma Aldrich). Infrared spectra were measured using FT-IR Spectrometr 

Thermo Scientific Nicolet iS10 at Faculty of Chemistry, BUT. All spectra were recorded at the 

resolution of 4 cm
−1

 over the wave number range of 400–4000 cm
−1

.  

2.5.  Cell viability test 
MTT assay was performed on human ovarian carcinoma cells A2780 cultivating in RPMI-1640 

medium with l-glutamine in atmosphere of 95% air and 5% CO2 at 37 °C. Cells were placed into 96-

well plates at a density of 5∙104
 cells in 200 μL of culture medium Roswell Park Memorial Institute 

(RPMI) with AuNRs suspension of variable concentrations (1, 10, 20, 50 μL/200 μL) prepared in 

deionized water/medium/PBS. 12 replicate wells were employed for each tested AuNRs concentration. 

Negative controls were made by cells which were not exposed to AuNRs. 20 μL of solution containing 

5 μg/1 mL of MTT dissolved in PBS was added to each well after 24/48 h of incubation.. Next, blue-

purple colored formazan product was expected to be formed by MTT after 4 h of incubation at 37 °C. 

At this point, the medium was removed and the formazan was dissolved in 200 µL of 10% SDS. After 



 

 

 

 

 

 

10 min, a resulting violet solution with absorbance at 570 nm was measured by EL800 microplate 

reader (Bio-Tek, USA) at Masaryk University.  

3.  Results and discussion 

3.1.  AuNRs syntheses  
The effect of various reagents concentrations on the AuNRs formation and properties was investigated 

by the analysis of AR and absorption maximum of all samples. It was necessary to normalize the real 

values of reagent concentration as well as AR and absorption maximum of AuNRs to obtain adequate 

and comparable dependencies of concentration influence of single reagents (Table 1). The values were 

sorted from the minimum to the maximum and the numbers 1-4 were assigned to ‘1’ meaning the 
minimum, and to ‘4’ representing a maximum value. 

Table 1. Conversion table of real concentration values on normalized values  

  SEED c [HAuCl4] c [AgNO3] 
c 

NV 
c 

RV/µL 
AR 
RV 

AR 
NV 

λ 
RV/nm 

λ 
NV 

crv  
RV/M 

AR 
RV 

AR 
NV 

λ 
RV/nm 

λ  
NV 

c 
RV/µL 

AR 
RV 

AR 
NV 

λ 
RV/nm 

λ 
NV 

1 50 1.9 4 632 3 0.001 1.6 2 620 1 150 2.2 1 628 2 
2 80 1.4 2 624 2 0.005 1.4 1 624 3 250 2.7 3 628 2 
3 120 1.6 3 632 3 0.01 3.1 4 632 4 350 4.3 4 640 4 
4 160 1.3 1 616 1           450 2.4 2 616 1 

c – concentration, NV / normalized value, RV – real value, AR – aspect ratios 

It has been established that the AuNRs with the highest AR were prepared with the lowest tested 

amount of added seed solution(50 µL), the lowest tested concentration of HAuCl4 (0.001 M) and the 

second highest tested amount of AgNO3 (350 µL). On contrary, the product with the smallest AR was 

gained by the highest tested amount of added seed solution (160 µL), the tested concentration of 

HAuCl4 of 0.005 M and again by using of 350 µL AgNO3 () (Figure 1). The LPSR is closely related to 

AuNRs size. We asssumed that the position of absorbance maximum increases with increasing AR. 

Based on the results, the expectation was confirmed and the influence of single reagent concentration 

was the same as in the previous case with AR (Figure 1). 

0.0

1.0

2.0

3.0

4.0

5.0

1 1.5 2 2.5 3 3.5 4

N
or

m
al

iz
ed

 v
al

ue
 o

f A
R

 / 
-

Normalized value of concentration / -

Added seed concentration
AgNO3 concentration
HAuCl4 concentration

 
Figure 1. Normalized values dependence of AR (left) and absorption maximum (right) on the concentration 

change of various reagents 

 

Based on the obtained results two samples have been chosen to cover as much as possible different 

parameters for evaluating the cytotoxicityvia size and AR. The first product was made by mixing of 
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0.01 M HAuCl4, 120 mL of AgNO3 and 150 μL of seed (Figure 2). According to SEM analysis, the 

biggest and the most robust AuNRs were prepared with the protocol. In this case, the highest NRs 

concentration was also obtained. The UV-VIS spectra of the sample showed the maximum absorption 

is at 620 nm. The smallest AuNRs with the highest AR were synthetized by mixing of 0.001 M 

HAuCl4, 350 μL of AgNO3 and 50 μL of seed solution (Figure 3). According to UV-Vis spectra, there 

is a red-shift of LPR maximum to 660 nm unlike in comparison to previous sample. Both spectra 

showed a significant response right at the beginning. It was probably caused by oversaturation of 

growth solution by ascorbic acid due to the lower pH (2.57). 

  
Figure 2. SEM image gold nanorods at magnification of 200 nm (left) and corresponding  UV-VIis spectra 

(right) 

 

  
Figure 3. SEM image gold nanorods at magnification 200 nm (left) and corresponding  UV-Vis spectra (right) 

3.2.  PEG modification 
PEG was used to functionalize the AuNRs surface in order to improve the in vivo stability and 

decrease their cytotoxicity. Modifications of chosen AuNRs differing from each other in the amount of 

added PEG were tested (Table 2). UV-Vis spectra showed that the absorbance of AuNR significantly 

decreased after the modification with PEG (Figure 4). It could be caused by lower concentration of 

PEG-AuNRs due to multiple washing after modification. The successful modification was confirmed 

by comparing final FTIR spectrum of PEG modified AuNRs with reference PEG spectrum (Figure 4). 

The identical peaks were presenting in all cases. Mainly, the peak around 1110 cm
-1

 (C-O vibrations in 

ethers) is the most decisive indicator in the evaluations of PEG spectra. The presence of the peak is 

complied completely with PEG presence, because the other possible reagents, mainly CTAB, does not 

absorb in this region. TEM observation provided visible AuNRs core coated with PEG (Figure 5). 

http://cs.bab.la/slovnik/anglicky-cesky/corresponding
http://cs.bab.la/slovnik/anglicky-cesky/corresponding


 

 

 

 

 

 

Table 2. Evaluation of AuNRs modification with different c[PEG] 

 concentration/ mg/10 mL λmax/nm 

PEG 1 2.1 616 

PEG 2 3.0 616 
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Figure 4. UV-VIS spectra of AuNRs  and AuNRs with PEG cover(left) and FTIR spectra of PEG modified 

AuNRs compared with reference FTIR spectrum of PEG 

 

 

Figure 5. TEM images of gold nanorods before (left) and after (right) the modification with PEG 

3.3.  MTT 
The MTT viability assay was performed to estimate the cytotoxicity of chosen AuNRs samples to 

human ovarian carcinoma cells A2780. The influence of PEG modification on cells viability 

improvement was also tested. The toxicity of representative samples was compared to commercial 

ones gained from Sigma Aldrich. Different AuNRs concentrations (1, 10, 20, and 50 μL in 200 μL) 
each having 12 replicates wells were investigated in the experiment. Viability was determined by 

absorption at 570 nm. Input logical assumption was that the lower used AuNRs concentration caused 

the lower toxicity. It follows that the highest cell viability should be at the lowest AuNRs 

concentrations. The expectation was confirmed by the MTT test. Based on the results, the highest cells 

viability was performed by the lowest tested concentration of each sample. It was also predicted that 

the higher concentration of PEG brought about the higher cells viability but both of samples showed 

the same toxicity. Pursuant to the results, the highest viability was performed by the PEG 

concentration, in contrast with the lowest viability caused by the nonmodified robust AuNRs. The 

toxicity level of substances under the experimental conditions at a given time and in a given cell type 

could be represented by the IC50 (half maximal inhibitor concentration). It is the concentration of 

noxae, which produces 50% of the maximum cell death. The lower toxicity is exhibited by the higher 

IC50. Consequently, all of samples at concentration higher than 20 μL/200 mL caused 50 % cell death 
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(Figure 6). At the end, the toxicity of representative samples was compared with toxicity of 

commercial 10 nm AuNRs which have much lower toxicity resulting much higher IC50. 

  

Figure 6. Cell viability A2780 after incubation time 24 h: commercial 10 nm AuNRs (left) and the 

representative samples (right) 

4.  Conclusions 
In this work, the seedless growth method was used for the AuNRs preparation. The main aim was 

to create stable and monodispersed colloidal solution containing uniform and biocompatible AuNRs 

and investigate their cytotoxicity. Their final chemical and physical properties were examined with 

respect to possible further biomedical applications, mainly for ultrasound interactions with cells.   

The AuNRs were prepared by addition of small spherical AuNPs representing seed solution to 

growth solutions. Growth solution usually contained gold salt, surfactant and reducing agent. AuNRs 

were synthesized by using CTAB as a surfactant. CTAB is very appreciated not only as an essential 

component in the anisotropic AuNRs growth but also for the subsequent AuNRs stability guaranteed 

by noncovalent coating. The problem is the toxicity of CTAB. Free CTAB is known to be highly 

cytotoxic for cells. In order to remain CTAB coated rods soluble, it is necessary to retain the 

concentration of free CTAB in solution above a certain value. This could be achieved by AuNRs 

centrifugation or modification with PEG. The final AuNRs were obtained by various processes. The 

influence of three basic reagents, namely the concentration of HAuCl4 and AgNO3 in growth solution 

and the amount of added seed on the final product was investigated in combination with different 

solvents . The synthesis conditions of AuNRs were modified in order to understand the influence of 

each reagent on the length, width, AR, and consequently the optical properties of prepared AuNRs. 

AR and absorption maximum of AuNRs played an important role of investigated endpoints. It was 

found out that the best results in the form of the highest NPs ARs and LPSR were obtained by the 

smallest seed addition together with the smallest concentration of HAuCl4 and with AgNO3 amount of 

350 µL. It was also confirmed that the AR was very closely related to LPS and it exists almost linear 

dependece between them. The final product was modified with PEG mainly in order to improve its in 
vivo stability and decrease its cytotoxicity. PEG-modification was tested at two different condiditons 

varying from each other in the amount of added PEG. The presence of PEG was tested based on the 

knowledge about FTIR spectrum of PEG and TEM analyses. The possibility of biomedical 

applications was demonstrated by MTT test. Dramatic biocompatibility improvement was performed 

by PEG modified AuNRs. It could be caused by similar reduction of the toxic effect of presented 

CTAB The influence of different AuNRs solvent (PBS vs. water) was not significant. It was also find 

out that the toxicity is increasing with the AuNRs size.  

In conclusion, the main outcome of this work is the synthesis of whole new spectrum of different 

sized gold nanorods, which were all almost uniform and monodisperse. Futhermore, the improvement 

of their biocompatibility for in vivo application was reached by PEG modification which was also 

confirmed by MTT test.  
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ABSTRACT 
In this study, polyacrylonitrile (PAN) nanowebs containing TiO2 
nanoparticles were successfully prepared by electrospinning 
technique. TiO2 content was varied as 1 wt% and 10 wt%. 
Morphology, mechanical properties and photodegradation ability 
of the nanowebs were investigated. Uniform nanofibers were 
obtained. While breaking stress increased with 1 wt% TiO2 
addition, decrease was observed at the TiO2 content of 10 wt%. 
The results of photodegradation with methylene blue (MB) 
aqueous solution demonstrated excellent photocatalytic activity of 
TiO2 incorporated PAN nanowebs. TiO2 incorporated nanowebs 
with the self-cleaning property may find applications in medical 
textiles, filtration, etc.    

Keywords 
Electrospinning, functionalization, nanofiber, nanocomposite, 
self-cleaning, TiO2. 

1. INTRODUCTION 
Electrospinning method enables the production of functionalized 
membranes with the incorporation of nanoparticles into a polymer 
matrix. Among different types of nanoparticles, TiO2 
nanoparticles are known for great availability, non-toxicity, 
stability, low cost and efficiency and have received remarkable 
attention for the self-cleaning applications since they effectively 
decompose organic contaminants under UV light (Daels et al. 
2014). Im et al. (2007) prepared electrospun PAN-based 
nanofiber webs containing TiO2 and reported that the TiO2 
containing nanowebs suspending on the dye solution had a dye 
removal efficiency of 60%. Jeun et al. (2011) reported the 
production of composite of PAN nanoweb containing sol-gel-
derived TiO2 of nanometer size and the effect of the e-beam 
irradiation on the photocatalytic ability of the nanowebs. While 
the nonirradiated PAN/TiO2 nanofibers degraded methylene blue 
at the low rate of 58.6% for 3 h, e-beam irradiation resulted in a 
significant increase in the photodegradation ability (72.5%) of the 
nanowebs. Although there are some studies regarding the 
production of PAN/TiO2 composite nanofibers, they are mainly 
focused on the morphological, structural properties and 
photodegradation ability of the nanowebs. In this study, 
polyacrylonitrile nanowebs containing TiO2 nanoparticles were 
successfully prepared by electrospinning technique and 
morphological, mechanical properties and photodegradation 
ability of the nanowebs were investigated.  

2. EXPERIMENTAL 
2.1 Materials 
Polyacrylonitrile (PAN) (Sigma Aldrich, 181315, average 
Mw:150.000g/mol), titanium dioxide (TiO2) (Sigma Aldrich, 
634662), dimethylformamide (DMF), methylene blue (Sigma 
Aldrich, 66720) were used as received.  

2.2 Method 
The required amount of TiO2 were added to the required amount 
of DMF and homogenized with ultrasonic tip for 10 minutes and 
with ultrasonic bath for 45 min. Then PAN was added to this 
dispersion and dissolved by stirring with a magnetic stirrer at 
40˚C, 300 rpm for 3 hours.  The concentration of PAN was kept 
constant as 7 w%. 
Horizontal electrospinning setup which contained a syringe pump, 
a high voltage power supply (0–50 kV), and a grounded rotating 
collector was used in the production of the nanofibers.  
Electrospinning solution was fed from the syringe of 10 ml. 
through a capillary tip with a diameter of 1.25 mm. using the 
syringe pump. The applied voltage was 15 kV, the distance 
between the tip and the collector was 10 cm and the flow rate of 
the spinning solution was 1 ml/h. 
Scanning electron microscopy (SEM; EVO MA 10) was used to 
obtain SEM images of the nanowebs. From the diameters of at 
least 50 randomly selected nanofibers, average nanofiber 
diameters were calculated. Mechanical properties of the webs 
were measured using a tensile tester with a 100N load cell at a 
crosshead speed of 20 mm/min. Mitutoyo digital micrometer was 
used to measure the thicknesses of the specimens. The 
photocatalytic activities of the nanowebs were assessed by 
photodegradation of MB under UV irradiation from a distance of 
40 cm. 300W Osram Ultra-Vitalux lamp was used for the UV-
irradiation. Nanowebs of 0.06 g were immersed in 50 g MB 
aqueous solution (10 ppm). After exposure to UV-light for 2 h, 
the concentration of the MB was measured with PharmaSpec 
1700 UV-Vis spectrophotometer in 250-1100 nm range. The 
photodegradation efficiency was calculated as (A0 - Ax)/A0 where 
A0 is the absorbance value of MB solution at 663 nm. and Ax is 
the absorbance value of the solution at 663 nm after exposure to 
UV-light for 2 hours. Polyacrylonitrile nanowebs were considered 
as the reference. 

3. RESULTS and DISCUSSIONS 
3.1 Morphology 
SEM images of pure and composite nanowebs are presented in 
Figure.1.  

a.  b.  c.  

Figure.1 SEM images of a. 100%PAN, a. PAN-1% TiO2; c.PAN-
10%TiO2 nanoweb. 

While 100% PAN and PAN-1%TiO2 nanofibers were uniform in 
structure and bead-free, many beads were observed on the 
nanofibers with 10% TiO2 content.  



The diameters of the nanofibers are presented in Table 1.  

Samples Diameter (nm) 

PAN 312.67±11.34 
PAN-1% TiO2 389.62±14.72 

PAN-10% TiO2 493.31±23.97 

Table.1 Diameters of the electrospun nanofibers 

Addition of the nanoparticles to the polymer solutions generally 
increases the concentration of the electrospinning solution which 
result in an increase in nanofiber diameters. Besides affecting 
concentration, charge carriers such as conductive particles affect 
the conductivity of the solution; thus having an opposite effect on 
nanofiber diameter (Heikkilä et al. 2009; Kizildag et al. 2014). In 
our study, as a result of the TiO2 addition, nanofiber diameter 
increased. Also higher variation in average nanofiber diameter 
was observed with higher TiO2 content.   

3.2 Mechanical Properties 
Mechanical properties of the nanofibers are presented in Table.2. 

Samples 
Tensile Stress 

(MPa) 
Elongation 

(%) 
E-modulus 

(MPa) 

PAN 1.56±14.48 17.24±13.97 12.64±13.98 
PAN-1% TiO2 2.11±15.62 9.00±23.22 12.32±28.38 

PAN-10% TiO2 1.45±17.36 13.81±11.86 9.59±16.28 

Table.2 Mechanical properties of the electrospun nanofibers 

Fillers are reported to improve the tensile breaking stress of the 
nanocomposites while they decrease the elongation values and 
increase the E-modulus values (Paul et al. 2008). In our study, 
TiO2 addition resulted in an increase at 1% loading which is 
considered to be the result of the filler effect. But on further 
increase in TiO2 content, the tensile stress of the nanocomposite 
nanowebs decreased. While 1% TiO2 addition resulted in a 
decrease in elongation, increase in TiO2 content resulted in 
increase in elongation. The decrease was due to the addition of a 
stiff material to the structure while the increase in elongation with 
the increase in TiO2 content was thought to be the result of 
possible agglomeration and concomitant void formation around 
the agglomerates. 

3.3 Photodegradation Ability 
The absorbance values at 663 nm and the photodegradation 
efficiencies are presented in Table.3. 

Samples Absorbance 
at 663 nm. 

Photodegradation 
efficiency (%) 

PAN 0.84 40.43 

PAN-1% TiO2 0.26 81.56 

PAN-10% TiO2 0.13 90.78 

Table.3 Photodegradation efficiency of the nanowebs. 

The exposure of TiO2 nanoparticles to UV light with an energy 
that matches or exceeds their band gap energy leads to the 
excitation of electrons from the valence band to the conduction 

band, leaving holes in the valence band. These electrons and holes 
lead to the formation of hydroxyl and oxygen radicals, which react 
with contaminants resulting in their decomposition (Daels et al. 
2014; Bedford et al. 2010; Deveau et al. 2007). When a piece of 
PAN nanoweb was immersed into the MB solution and exposed 
to UV-light for 2 hours, the concentration of MB solution 
decreased 40% which was due to the adsorbance and absorbance 
of MB. Addition of TiO2 to the nanoweb structure and increase in 
TiO2 content resulted in further decrease in MB solution 
concentration which was due to the decomposing ability of the 
TiO2 in the nanofiber structure.    
 

4. CONCLUSIONS 
Polyacrylonitrile nanowebs containing TiO2 nanoparticles were 
successfully prepared by electrospinning technique. Uniform 
nanofibers with diameters between 312 and 493 nm. were 
obtained. While breaking stress increased with 1 wt% TiO2 
addition, decrease was observed at the TiO2 content of 10 wt%. 
The results of photodegradation with methylene blue aqueous 
solution demonstrated excellent photocatalytic activity of TiO2 
incorporated PAN nanowebs. Under the studied conditions, the 
photodegradation efficiency of TiO2 incorporated nanowebs 
reached up to 90% after 2 hour illumination with UV-light. TiO2 
incorporated nanowebs with the self-cleaning property may find 
applications in medical textiles, filtration, etc.     
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1.0 Abstract 
 
Bone is a composite material consisting of hydroxyapatite Ca10(PO4)6(OH)2 [HAp] crystals as a 
main phase embedded in biologically produced organic matrix. The immune system of the human 
body exclusively rejects any materials foreign to the body [1]. Synthetic biomaterials need HAp 
at least in the structure including it to avoid being rejected by living bone. Hydroxyapatite is 
chemically similar to the mineral component of bones and hard tissues in mammals. It is one of 
few materials that are classed as bioactive, meaning that it will support bone ingrowths and 
osteointegration when used in orthopedics, dental and maxillofacial applications. HAp ceramics 
are reported with osteoconductivity that is being capable of supporting bone apposition and 
forming a chemical bond with bone [2]. But HAp does not have the mechanical strength to enable 
it to succeed in long term load bearing applications.  
 
Here in this paper we will discuss, how to increase its mechanical property by using nano Titania 
(TiO2) as reinforcing material in Hydroxyapatite (HAp) based composite. Hydroxyapatite (HAp) 
based nanocomposites were prepared by dispersion of Titania (TiO2) nanoparticles using low 
energy ball milling and were studied in comparison with coarse particle reinforced composites. 
The Titania (TiO2) nanoparticle powder was prepared by noval route of mechanical milling at 
different condition (Dry and Wet Milling) for different time. The Particle obtain and was 
characterized by using XRD. Particle size as small as 12 nm was obtain.  The powders (HAp and 
TiO2) were consolidated using microwave sintering and then characterized using XRD, SEM, and 
TEM. It was found that Titania particles exist in the matrix of crystalline calcium phosphate 
(Ca2P2O7¬). TEM analysis showed the presence of nanoparticles in the composite powders. SEM 
showed lower porosities in the nanoparticles reinforced composite when compared with its 
coarse particle counterpart.  Micro hardness analysis showed considerable improvement in 
hardness of HA when reinforced with nanoparticles of Titania. 
 
2.0 Introduction 
 

Polymer based nanomaterials have a wide range of applications but their commercial interest 
has caused a lot of research for structural applications. The areas of applications span wide from 
biological implants (bone and teeth) to aerospace, marine and military applications. The present 



work is aimed at obtaining better structural properties by the development of nanocomposites 
using an inorganic polymer (Hydroxyapatite Ca10(PO4)6(OH)2 ) as the base material. 
Hydroxyapatite has the ability to integrate in bone structures and support bone ingrowths, 
without breaking down or dissolving (i.e. it is bioactive).This property of HA enables it to be used 
in biological implants [3]. But HA does not have sufficient mechanical strength to enable itself to 
succeed in long term load bearing applications. This is why researchers all over the world have 
been developing methods for improving this property of HA and hence enabling its usage in 
structural applications but popularly has been used as bioceramic coatings and as bone filler 
materials. 
Researchers have also been trying to improve the mechanical strength of HA in the form of 
nanocomposites by reinforcing the HA matrix with harder, better load bearing materials. Many 
researchers have been studying the use of metals as fillers [4], [5] and [6] for quite some time 
now.  But this method has become less popular now because of its higher processing cost and 
complex fabrication methods. However extensive research is being done on the use of ceramic 
nanomaterials as fillers.  There has also been lot of research being conducted for the use of Al2O3 
and ZrO2 as filler materials for HA based composites. But the concern in this field is the 
biocompatibility of these fillers.  Kong et al [7] have done extensive work in improvement of 
biocompatibility of Al2O3/HA and ZrO2 / HA composites and also have found optimal compositions 
for the above composites in load bearing applications. 
So in order to find harder, better load bearing ceramic filler materials which is bio compatible 
and possess better anti-bacterial properties nano-TiO2 is chosen. In almost all of these cases, the 
size of the titanium dioxide particles is an important factor affecting the final performance of the 
materials. It is not surprising therefore, that much research has been focused upon the reduction 
of particle size. Mechanical milling route has been considered as a good method to synthesize 
ultra-fine metallic oxide [8].Mechanical milling process is a high-energy ball milling operation that 
involves repetitive welding, fracturing, and re-welding of powder particles. Recently, the process 
has been regarded as an effective tool to synthesize metastable phases, e.g. supersaturated solid 
solution amorphous alloys and nano crystalline materials [9-11]. Generally, it is found that the 
different methods produce different results. Furthermore, the same method using different 
amount of the starting materials produce powder of different size [12]. Accordingly, it prompted 
us to investigate the factors in detail which may have important effect upon the particle size.  
In this paper, titanium dioxide nano-powders were prepared by the Mechanical milling. X-ray 
diffraction (XRD) and Transmission electron microscopy (TEM), of milled powders was used to 
study the effect on the microstructures and grain size. In the later stage of this paper 
consolidation of composite powders has also been studied and SPS has been studied more 
popularly. The mechanical properties of spark plasma sintered nano composite powders have 
produced enhanced indentation and fracture toughness [13]. Thus, SPS compacts of nanoZrO2/ 
Al2O3-HA composite powders have been considered for load-bearing orthopedic implants 
because of its unique fracture toughness and strength. Porous HA ceramics have been sintered 
effectively and this process could get a sintered ceramic more rapidly at much shorter sintering 
time and lower sintering temperature than that of the conventionally heat sintering process. 
Furthermore, the microwave-sintered samples showed much smaller grain size and more 
uniform microstructure and resulted in bio-ceramic with a comparable compressive strength of 
that obtained in conventional method [14]. 



 

3.0 Experimental Work 
 

     3.1 Preparation of nano TiO2 powder: 

Commercially available micron sized powders of TiO2 (99%Pure, LOBA Chemic Pvt Ltd, Mumbai) 
were used. The milling was performed in a planetary ball mill (FRITSCH, GERMANY). Initially the 
particle size of the TiO2 were measured with the help of a Particle size analyzer (Particle Sizer 
Annlysett-22,FRITSCH) During milling the weight ratio of the ball to the powder was maintained 
at 10:1. The balls and vials are made of tungsten carbide.  
 

     3.2 Characterization: 

The particle size of the TiO2 before milling was measured with the help of a particle size analyzer 
(Particle Sizer Annlysett-22,FRITSCH). As receive and milled powders were characterized by X-ray 
diffraction (XRD) technique. X-ray diffraction analysis was carried out using CuKD radiation on a 
Philips PW1840 diffractometer using a step size of 0.050 (2T). Prior to these analyses, XRD peaks 
were corrected for the effects of the KD2 radiation and instrumental broadening. The particle size 
of the ball milled TiO2 powders (wet & dry) were computed by the XRD technique using single 
line profile analysis [15]. 
The microstructure, crystallite size were studied using the JEM 2100 HRTEM operated at an 
acceleration voltage of 200 kV in bright field modes. Selected area diffraction (SAD) patterns were 
obtained to identify the phases at specific locations using appropriate aperture and tilt. 
 

     3.3 Processing of composites: 

HA powder  of 99% purity with an average particle size ~20 Pm (Loba Chemie Pvt Ltd, Mumbai) 
and  5% Coarser size, 5% nanosized TiO2 powder  were used for preparing (HA+ 5%TiO2) green 
powder mix. 
The synthesized composites were then consolidated using microwave sintering techniques at 
temperatures around 1400 ˚C. The composite powders were characterized using TEM. The 
sintered pellets were characterized using SEM and XRD analysis. Micro hardness measurements 
were taken and compared with pure HA. 
 
4.0 Results and discussion 

4.1 TiO2 Nano Powder Preparation: 

The particle size distribution of the TiO2 powder prior to mechanical milling is shown in Figure 1. 
The size distribution profile of the powder clearly shows that the distribution is fairly wide ranging 
from 0.195Pm to 23.08Pm. 



 
Figures 2 and 3 show the results of XRD analysis of the mechanically milled TiO2 powders in dry 
and wet condition.  
 

 

 

 

Figure 1  Particle size distribution of TiO2 powder sample before ball milling. 
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Figure 2 XRD spectra of TiO2powder (a) After 20h dry milling (b) After 35h dry milling          

(c) without milling. 
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Figure 3  XRD spectra of TiO2powder (a) After 20h wet milling (b) After 35h wet milling 

(c) without milling. 



     

  4.2 Processing of Composite: 

 
The sintered samples were characterized using XRD technique. Fig 4 shows the XRD plots 
obtained for the samples. It can be seen from figure 4 (a) that the titania nanoparticles reinforced 
HA pellet shows all the characteristic peaks of crystalline TiO2 but rest of the peaks were 
identified to be a crystalline phase of calcium phosphate Ca2P2O7. The formation of this phase 
can be attributed to the loss of water upon sintering. Fig 4(b) of coarse particle reinforced 
composite also indicates the formation of Ca2P2O7 by the identification of all its characteristic 
peaks. However the titania phase in the coarse particle composite exists in Ti3O5 form thereby 
indicating the occurrence of a phase transformation during sintering. All the peaks were 
identified using JCPDS standards and it can be seen that there is a good match both in terms of 
intensity and position of the peaks.  
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Figure 4, XRD plots of (a) coarse particle reinforced (b) nano particle reinforced TiO2-HA 
composite. 
 
 
 

Scanning electron microscopy of the sintered pellets was performed fig 5(a) shows the presence 
of low porosities in the nanoparticle reinforced TiO2-HA composite indicating very good sintering. 
However the coarse particle reinforced composite does not show good sintering fig 5(b). It can 
be clearly seen that the samples had fairly high porosity with clearly visible isolated particles 
sticking to each other. This can be attributed to the fact that the nanoparticles, due to its high 
surface area to volume ratio and also higher diffusivity shows better sintering capability than that 
of its coarse counterparts. EDAX results confirm the presence of titania and crystalline calcium 
phosphate. The scanning electron micrographs were taken using JKOL JSM-5800 scanning 
electron microscope. The presence of titania and HA were confirmed using EDAX measurements. 
 
                                                                                                          

    
 (a)  (b) 



 
 
Figure 5, SEM micrographs of (a) coarse particle reinforced (b) nano particle reinforced TiO2-HA 
composite. 
 
 
Transmission electron microscopy was performed on the composite powders figure 6. The TEM 
images were taken using JEM 3000 transmission electron microscope.  
 
 
 
 
 
 
 
 
 
 
 
 
 

                
 
 
 
 
Figure 6, TEM images of nano particles reinforced in TiO2-HA composite. 

 

Microhardness testing was performed using Leica microhardness tester on the two samples viz. 
nanoparticle reinforced and coarse particle reinforced. The Vickers microhardness of the coarse 
particle composite sample was measured to be 466 HV and that of the nano particle composite 
was 631 HV. Both the composites show better hardness than the hardness of pure HA. As shown 
in Figure 7. 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 7: 

  
 

5.0 Conclusion: 

 Nano-TiO2 powders have been prepared by mechanical milling method successfully. By 
controlling the conditions properly, nano-TiO2 powders with the grain size less than 12 nm could 
be obtained successfully by milling technique. 
The ball milling method provides a novel way for the dispersion of Titania particles into an HA 
matrix. The high rate of heating provided by the usage of microwave sintering enables faster, 
more efficient and better sintering. The Titania nanoparticles reinforced composite showed much 
higher hardness) and both the composites were considerably harder than the pure HA hardness 
(obtained from literature).This fact can be attributed to the suppression of dislocation movement 
due to the reinforcements and also to the better sintering due to the enhanced diffusivity of 
nanoparticles. 
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Abstract: Hydroxyapatite (HA) has been widely considered for medical applications due to 

its biocompatibility as well as chemical and biological affinity with the bone tissue. However, 

due to its weak mechanical properties, the application in load bearing body implants is 

limited. Therefore, in this research to overcome this limitation, 0.01g of 8nm graphene 

nanoplatelets (GNP) was added to the HA. Furthermore, different solvents such as water, 

ethanol and acetone were used to disperse the GNP. The synthesised HA/GNP blend was 

characterized using thermogravimetric analysis (TGA), x-ray diffraction (XRD), scanning 

electron microscopy (SEM), zeta-Sizer, Brunauer-Emmett-Teller (BET) and Fourier 

transform infrared spectroscopy (FTIR). The FESEM results show that GNP was 

homogeneously dispersed into the HA. Moreover, an increase in the thermal stability of the 

HA in the order of acetone > ethanol > water was depicted by the TGA results. The XRD, 

FTIR, BET and zeta-sizer results revealed the chemical compositions and particle size of the 

synthesised HA/GNP blend has the characteristics of HA with smallest nanoparticle obtained 

in order of acetone < ethanol < water. 

Keywords: Load bearing body implants, nanohydroxapatite, graphene nanoplatelets, 

ultrasonication, dispersant  

1. Introduction 
 

Body implants are designed to mimic the properties of human bone and act as a support until 

the broken or damaged bone is healed (Liebschner et al., 2003). It is crucial that the body 



implants mimic the natural extracellular matrix (ECM) structurally and functionally for a 

successful regeneration to take place (Tuzlakoglu et al., 2005).  These properties are mainly 

affected by the material used to develop the body implant. As a result, we chose 

hydroxyapatite (HA). HA is the major component of the inorganic segment of our bone, 

which happens to be a biocompatible material with excellent osteoconductive properties. 

Furthermore, HA is bioceramic material which can easily be synthesised and be used for 

medical application. However, HA is brittle in nature, making it prone to failure due to 

fatigue, which limits its usage in load bearing body implants. In orde to improve the 

properties, metals and their alloys, carbon nanotubes as well as polymers have been used and 

shown positive enhancement (Fan et al., 2014). In addition, graphene a single-atom thick 

sheet of hexagonally arrayed carbon atom has attracted a tremendous attention due its high 

mechanical properties and also biocompatibility. However, homogeneous dispersion of GNP 

into HA is very difficult since graphene atoms tend to stick together and agglomerate. To 

overcome this issue, ultrasonication has been used. This is due to the fact that not only can 

ultrasonication break up the agglomerates and reduce the particle size, but it can also improve 

the dispersion of the nanoparticles (Cengiz et al., 2008). 

In this research, the synthesised HA powder was dispersed into GNP with the help of 

ultrasonication.  The influence of different solvents and sonication on the dispersion of GNP 

into HA was investigated.  The solvents used to disperse the GNP into HA were water, 

ethanol and acetone. Then the HA/GNP blend was then characterized using 

thermogravimetric analysis (TGA), x-ray diffraction (XRD), field emission scanning electron 

microscopy (FESEM), zeta-sizer, Brunauer-Emmett-Teller (BET) and Fourier transform 

infrared spectroscopy (FTIR).  

2. Materials and methodology 

2.1. Materials 

The chemical used for synthesis of nanohydroxyapatite such as di-ammonium hydrogen 

phosphate (A.P.), calcium nitrate tetrahydrate (C.P.), ammonium solution (30%) (A.P.), and 

absolute alcohol 99.7% (Denatured) (A.P.) were purchased from LGC scientific, Malaysia. 

All chemicals were analytical grade and were used without further modification. 



2.2. Sample preparation 

A solution of 50mL of 1M calcium nitrate tetrahydrate and 35mL of 0.6M diammonium 

hydrogen phosphate was mixed with GNP dispersed in a solvent (water, ethanol, and 

acetone) using ultrasonication- Cole Palmer ultrasonic processor as illustrated in Figure 1. 
The pH of the solution was adjusted with ammonium solution. The different sets of HA/GNP 

blends prepared are shown in Table 1. Once the reactions were completed, the solutions were 

vacuum filtered and washed with water and ethanol. The washed precipitate (HA/GNP) was 

collected and kept in the oven to dry at 70°C for overnight. Later, the characterization of the 

HA/GNP blends were carried out. 

Table 1: Sets of GNP/HA blends prepared 

Sample GNP Particle Size 

(nm) 

GNP wt ratio 

(wt%) 

Solvent 

Sample 1 8 0.01 Water 

Sample 2 8 0.01 Ethanol 

Sample 3 8 0.01 Acetone 

 

 
Figure 1: Synthesis and dispersion of HA into GNP 

2.3. Characterization Tests 

The particle size and surface morphology of the powder were examined with the help of field 

emission scanning electron microscope (FESEM, FEI Quanta 400) whereas the particle size 

distribution was measured using Zeta-sizer (Zetasizer nano ZS). The specific surface area of 

the powder was determined by Brunauer-Emmett-Teller (BET, micromeritics ASAP 2020 

surface area and porosity analyser). Furthermore, using a computerized thermogravimetric 

analyzer (TGA, Mettler Toledo TGA/DSC 1 equipped with STARe System), the thermal 

stability of the HA/GNP blend was studied. The chemical functional group of the HA/GNP 



blend was tested using Fourier transform infrared spectroscopy (FTIR, Perkin Elmer 

Spectrum 2000) by KBr pellets technique and the XRD patterns using X-ray diffraction 

analyser (XRD, Panalytical X’Pert Pro equipped with X’pert HighScore Plus system) using 

Cu-Kα radiation (λ = 0.15418nm). 

 

3. Results and Discussion 
 

Figure 2 depicts the FTIR spectrum of the GNP/HA blends where all three samples prepared 

resemble one another. From the figure, two peaks of phosphate functional groups (PO4
3-) 

were observed at wavelength ~1030cm-1 and ~603cm-1. These peaks are known as the 

stretching and bending modes of PO4
3- group present in HA (Scalera et al., 2013, Gopi et al., 

2008). However, at wavelength of ~825cm-1 presence of acidic phosphate group (HPO4
2-) 

were detected (Hongquan et al., 2003). Other peaks shown at ~3446cm-1  with high intensity 

and at ~1636cm-1  with low intensity corresponds to the stretching and bending modes of the 

hydroxyl group (OH-) in the HA (Singh, 2012). The OH- group is as a result of the physically 

absorbed and lattice water present in HA (Granados-Correa et al., 2010). Furthermore, 

presence of nitrate group (NH4
+) at wavelength of ~1384cm-1  is  detected due to ammonium 

solution added during the synthesis process (Singh, 2012).  

 

Figure 2: FTIR spectrum for GNP/HA blend 

Figure 3 depicts the XRD pattern of the GNP/HA blend prepared by dispersing in different 

solvents. From the figure, it can be observed that the most intense and sharp lines are found 

between the 2θ angle of 20-60o (Granados-Correa et al., 2010). The peaks found at 2θ angle 
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of 27o, 32-35o, 40-42o, 47-48o, 50o, and 54o respectively indicate presence of HA (Hui et al., 

2010). However, the intensity of these peaks is low, indicating the synthesised blend is 

indeed amorphous phase.  

Figure 3: XRD pattern for GNP/HA blend 

 

Figure 4 depicts the thermal stability of GNP and HA blends dispersed in different solvents, 

water, ethanol and acetone. From the figure, three stages of degradation can be observed. 

This could be caused by the removal of two water contents (absorbed and lattice) found in 

HA (peak 1 and 2, respectively) and the deformation of hydroxyapatite (peak 3) which takes 

place beyond 500oC. It was observed from the three solvents used to disperse GNP into HA, 

acetone (sample 3) has produced a more thermally stable GNP/HA blend compared to 

ethanol (sample 2) and water (sample 1) with remaining weight percentage of 72.14wt%, 

69.55wt% and 66.74wt%, respectively. Furthermore, the dispersion of the GNP into HA was 

seen to vary with different solvents used as shown in Figure 5. The FESEM images of 

GNP/HA dispersed in acetone depicted in Figure 5 (e,f) showed the finest and homogenously 

dispersed blend compared to GNP dispersed in water and acetone. This was complemented 

with the particle size distribution obtained from the zeta-sizer shown in Figure 6, as well as 

the surface area of the GNP/HA blends measured by BET where GNP/HA dispersed in 

acetone (94.185m2/g) was higher compared to the ones dispersed in ethanol (90.2839m2/g) 

and water (87.6968m2/g). 

 



 

Figure 4: TGA results for GNP/HA blend dispersed in different solvents 

 

  

   

Figure 5: FESEM image for GNP/HA blend (a,b) sample 1, (c,d) sample 2 and (e,f) sample 3 
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Figure 6: Particle size distribution using zeta-sizer for GNP/HA blend 

4. Conclusion 
In this study, homogenously dispersed GNP/HA blend was successfully prepared using 

precipitation method assisted with ultrasonication. The dispersion of the GNP in HA was 

greatly influenced by the solvents used such as water, ethanol and acetone. The FESEM 

results show that GNP was homogeneously dispersed into the HA when acetone was used as 

a dispersant solvent. This was further complemented by the zeta-sizer and BET results, 

revealing particle size of the synthesised HA/GNP blend has the characteristics of HA with 

smallest nanoparticle obtained in order of acetone < ethanol < water. Furthermore, the 

thermal stability of the GNP/HA blend was maximum when for acetone solvent compared to 

ethanol and water used. 
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Abstract  
Gallium containing SBA-15 mesoporous materials with Si/Ga =10 and 60 were synthesized using a post and direct treatment 
procedure with an aqueous solution of Ga(NO3)3. The materials were characterized by means of BET, XRD and TEM. It 
appears that stable Ga-species were anchored to the siliceous matrix of SBA-15 or introduced in the framework via 
isomorphous substitution, thus generating acid properties in their host material. The catalytic activity of Ga doped SBA-15 
materials has been evaluated in the Friedel-Crafts acylation of anisole with benzoyl chloride. In contrast to Ga-samples 
prepared by post-treatment, in situ GaSBA-15 present a lower stability in the acylation reaction. However, the catalytic results 
indicate that Ga containing SBA-15 mesoporous materials can be used as versatile and stable acid catalysts for Friedel–Crafts 
reaction with appropriate behavior depending on their preparation mode. 
 
Keywords  SBA-15, gallium, supported SBA-15, Acid catalyst, Friedel–Crafts 
 

1. Introduction 
Throughout the last decades, environmental and economic 

considerations have raised the interest to modify industrial 
important processes so that the use of harmful and toxic waste 
could be avoided. In this respect, heterogeneous catalysis plays a 
key role to replace liquid acids or superacids [1, 2] by solid acids 
like microporous zeolites or mesoporous materials of the M41S 
family [3–5]. However MCM-41, which shows a highly ordered 
hexagonal array of narrow 1D pores, possess only a wall thickness 
less than 1 nm, thus reducing its thermal stability [6]. Recently a 
new type of ordered mesoporous material achieved by using a 
triblock copolymer as structure-directing agent under strongly 
acidic conditions, so called Santa-Barbara (SBA) has attracted 
great attention in the field of catalysis [7–10]. SBA-15 material 
possess a high surface area (600–1000 m2

 g_1) and is formed by a 
hexagonal array of uniform tubular channels with tunable pore 
diameters in the range of 5–30 nm which are significantly larger 
than those of MCM-41[5]. The pore size can be varied on a 
relatively large range between 5 and 20 nm depending on the 
synthesis conditions. The SBA-15 material also exhibits a higher 
stability due to the greater wall thickness compared to the MCM-
41 material [7] which render it more suitable for use as catalyst 
support in catalytic processes where thermal treatments and 
repeated regeneration were frequently encountered. Several 
studies dealing with the incorporation of transition metals like Al, 
V, Ti, Fe,. . .into the SBA-15 host via direct synthesis or post-
synthetic grafting method to create active sites in these materials 
have already been published [11–13]. However, it is noteworthy 
that only few reports are available on the catalytic properties of 
mesoporous gallosilicates [14–16]. Gallium is known to exhibit 
Lewis acid properties useful for Friedel–Crafts reactions [1] and 

its incorporation induces the creation of Bronsted acidity [17]. 
Therefore, in this investigation, an attempt has been made to 
evaluate and compare of high quality GaSBA-15 prepared by 
direct synthesis and post treatment in Friedel Crafts reaction. 
Before, the materials were analysis by powder X-ray diffraction 
(XRD), N2 adsorption–desorption, H/D isotope exchange, and 
transmission electron microscopy (TEM).    

2. Experimental 
2.1. Sol–gel Preparation and Post Synthesis of Gallium 
Containing SBA-15 
 

The GaSBA-15 direct synthesis was carried out as follows: 
4 g of triblock copolymer poly (ethylene oxide) 
poly(propyleneoxide)poly(ethyleneoxide) EO20PO70EO20, 
Pluronic 123M) was dispersed in 120 g of distilled water (6.67 
mol) and 8.64 g of HCl (0.24 mol) under stirring. 8.54 g (0.041 
mol) of tetraethyl orthosilicate (TEOS) was added to the solution 
at 40°C under stirring and an appropriate amount of gallium 
nitrate were added in order to obtain samples having Si/Ga ratio 
of 10 and 60.. Gelation and ageing were carried out at 40°C for 24 
h, followed by heating at 100°C for 48 h in a sealed Teflon flask. 
The solid formed was filtered, washed several times with distilled 
water and dried at room temperature. The tri-block copolymer 
template was removed by submitting the sample to calcination in 
air at 500°C (heating rate of 2 °C min-1) during 6 h. However, the 
Ga/SBA-15 material was post- treated with an adequate quantity 
of nitrate solution Ga(NO3)3 at room temperature for 12h. The 
solid was filtered and washed with distillate water and dried at 
100°C in an oven before characterisation.  

To simplify, the samples synthesised  in situ were named as 
follows: GaSBA-15(10), GaSBA-15(60) and their synthesised by 



post treatment were named: Ga/SBA-15(10), Ga/SBA-15(60), 
respectively, corresponding to Si/Ga ratios of 10 and 60. 
 
2.2. Catalytic Test 
 

The benzoylation test was carried out in a liquid-phase 
continuously stirred batch reactor at 140° C. The reactants 
mixture, anisole (0.069 mol) and benzoyle chloride (0.025 mol), 
was introduced in the reactor at the reaction temperature. The 
catalyst load was 200 mg. After each test the catalyst was filtered 
and washed several times with dichloromethane and dried at 100 
8C in an oven before reuse. 

The conversion was monitored by withdrawing small 
amounts of the reaction mixture at different time intervals and 
analysing using a gas chromatography (Varian GC-3400) 
equipped with a capillary PONA column (50 m length and 0.1 
mm film thickness). 

 

2.3. Characterization Techniques 
 

      Low-angle powder X-ray diffraction was carried out on a 
Siemens D500 diffractometer (Cu Ka radiation ) working in a 
mode with a step of 0.01° from 0.5° to 2° in a two-theta angle.   
The nitrogen adsorption–desorption isotherm was carried out on 
a Micromeritics ASAP using nitrogen as adsorbant at liquid 
nitrogen temperature. Before measurement, the sample was 
outgassed at 300 8C for overnight in order to desorb moisture 
from the surface. Transmission electron microscopy (TEM) 
observation was conducted on a Topcon UHR 002B microscope 
working with an accelerated voltage of 200 kV with a point-to-
point resolution of 0.17 nm. 

 

3. Results and discussion 
3.1. Characterization 
        Figure 1 shows the XRD powder patterns of the gallium 
containing SBA-15samples synthesized by post and direct 
treatment and with 10 and 60 Si/Ga ratio. The parent SBA-15 and 
the Ga-modified samples all show three well resolved peaks, 
which can be indexed to the (100), (110) and (200) reflexions of 
an ordered hexagonal P6mm space group. The (100) intensity 
remained almost unchanged for the materials prepared via two 
treatments –gel route with the gallium source, suggesting that the 
formation of gallium species has no influence on the ordered 
SBA-15 structure. The observed results were in good agreement 
with those already reported in the literature concerning the 
relatively high stability of the SBA-15 structure as compared to 
that of the MCM-41 material due to the presence of thicker walls 
in the SBA-15 material compared to that of the mesoporous silicas 
[7, 16]. The XRD patterns of the Ga containing SBA-15 reveal 
that the introduction of Ga , up to Si/Ga ratio of 60, did not modify 
the ordered structure of the mesoporous material. At high Ga 
loading (Si/Ga = 10) some structural modification was observed 
for Ga/SBA-15(10) and GaSBA-15(10). However, no diffraction 
lines corresponding to the Ga2O3 species were observed, which 
indicates that such species, if present, were in a very small size or 
as an amorphous phase. 

 

Figure 1.  Low -angle XRD Powder Patterns of Parent SBA-15 and Ga Doped 
SBA-15 Materials with Different Si/Ga Ratios. 
 
      The unit cell parameter as increasing the gallium content for 
Ga doped SBA-15 by post treatment (Table 1) could be attributed 
to a partial collapse of hexagonal porosity caused by the 
modification induced by the gallium introduction in the 
mesoporous silica structure and indicates that the support 
structure was modified by the Ga species and partly confirms that 
this later was not simply deposited on the SBA-15 surface as 
Ga2O3 species. However, for samples prepared in situ, the unit cell 
parameter increases significantly with the increase of gallium 
content in the synthesis gel (Table 1), which could be accounted 
for the isomorphous substitution of tetravalent silicon by trivalent 
gallium owing to the larger crystal radius of Ga3+

 (0.62A° ) than 
Si 4+(0.40 A°) [16, 18]. 
 

Table 1.  Physical Characteristics of the SBA-15 and SBA-15 Doped with 
Various Amount of Gallium 

Sample Si/Ga  
(gel) 

d(100)  
(nm ) 

ao  
(nm )a 

Porous  
volume  
(cm3 g_1) 

Specific 
Surface 

Area  
(m2 g_1) 

SBA-15 - 10,52 1214 1,22 1011 
Ga/SBA-15(60) 60 10,49 1210 0,98 774 
GaSBA-15(60) 60 11,18 1290 1,50 885 
Ga/SBA-15(10) 10 10,32 1192 0,76 686 
GaSBA-15(10) 10 11,24 1298 1,54 708 

a: Unit cell parameter a = 32d100  
       Nitrogen adsorption-desorption isotherms of the SBA-15 and 
Ga containing SBA-15 (Si/Ga = 10 and 60) samples are displayed 
in Figure 2. The isotherms of samples exhibit a type IV isotherm 
with H1-type hysteresis, which is typical of mesoporous materials 
with one-dimensional cylindrical channels. The sharp inflection 
between the relative pressures p/p0 = 0.6 and 0.9 observed in the 
isotherm corresponds to capillary condensation within uniform 
mesopores. The capillary condensation was shifted to higher 
relative pressures while increasing the gallium content of the 
sample. This can be attributed to an increase of the pore diameter 
when rising the Ga content of the sample (Table 1). However, the 
hysteresis inflection at high gallium loading (Si/Ga= 10) for 



samples prepared by post treatment  was less sharp indicating that 
the pore size of the material was less ordered and uniform 
compared to that of the samples prepared by direct synthesis. At 
low gallium loading (Si/Ga= 60) the hysteresis inflection was 
more sharp indicating that the pore size of the material was more 
ordered and uniform.     

 

Figure 2.  Nitrogen Adsorption–Desorption Isotherms of the SBA-15 Pure and 
Doped with Various Concentrations of Gallium. 
 

These porosity measurements together with XRD results (Table 
1) tend to confirm the partial insertion of Ga3+ in the siliceous 
framework (higher pore volume) while post-treated SBA-15 with 
a Ga-source led only to the bonding of Ga2O3 species to external 
silanol groups [15]. 

The specific surface area was 1011 m2/g for the pristine SBA-15 
and deceased as increasing the gallium concentrations (Table 1). 
The decrease in the specific surface area of the SBA-15 when 
gallium was introduced could be partly related to the presence of 
gallium species with lower specific surface area and thus lowering 
the overall surface of the material. The anchoring of gallium on 
the SBA-15 surface also induced a decrease in the pore volume of 
the material (from 1,22 to 0,76) indicating a partial blocking of the 
mesochannels during gallium introduction for samples prepared 
by post treatment. On the other hand, The anchoring of gallium 
on the SBA-15 surface only induced a slight increase in the pore 
volume of the material (from 1,22 to 1,54) indicating that the 
during the gallium introduction by direct synthesis some pore 
blocking has occurred. Similar results have been reported on the 
Al-SBA-15 and Ga-SBA-15 [16, 19]. 

The arrangement of the SBA-15 mesopores after the addition of 
gallium source in the gel can be observed on TEM images (Figure 
3). All SBA-15 samples including those with different Ga loading  
and treated by two  proceeding show well-ordered hexagonal 
arrays of mesopores and unambiguously confirm that the 
hexagonal pore structure of the SBA-15 was retained. Even the 
sample having the highest Ga content (Si/Ga = 10) presents well-
ordered 1D arrays of mesochannels (Figure 3 C and D).  
 

 

Figure 3.  TEM Images of the SBA-15 Doped with Various Amounts of Gallium: 
(A and B) Ga/SBA-15: Si/Ga = 60, (C and D) GaSBA-15: Si/Ga = 10. The Slight 
Structure Disordered was Observed on the Sample with High Gallium Loading as 
Shown in (D) where Some Hexagonal Structure was Destroyed (arrow). 
 
3.2. Catalytic Activity and Stability 
3.2.1. Acylation of Benzoyl Chloride 
      Table 2 presents the conversion of benzoyle chloride over Ga 
doped SBA-15 with different Si/Ga ratios. The mole ratio 
anisole/benzoyle chloride was set to 2.8. The acylation activity 
was relatively high during the first cycling test with a complete 
conversion reached after 24 h on stream (Table 2). The catalysts 
exhibited almost no activity change during the successive 
catalytic cycles indicating that the deactivation process is 
relatively slow within the mesopores. 
The selectivities toward the para- and ortho-
methoxybenzophenone (para- and ortho ketone) isomers were 
about 93% and 5% respectively for Ga/SBA-15 (10) and GaSBA-
15 (10). By comparison, the benzoyl chloride conversion was 
only about 80% over GaSBA-15 catalysts containing a lower Ga 
amount; i.e., Si/Ga = 60. . Since the activity of the latters is similar, 
it indicates that the sample which contains the highest Ga amount 
(Si/Ga = 10) exhibits a peculiar behaviour possibly due to a 
different location of Ga-atoms in the SBA-15 matrix. In addition, 
Ga/SBA-15(60) prepared by post-treatment exhibited a higher 
benzoyl chloride conversion than prepared via the sol–gel 
procedure at the same selectivity toward ortho and para isomers 
[15]. 
However, GaSBA-15 (10) exhibits a faster transformation of 
benzoyl chloride than its post-treated analog having the same 
Si/Ga ratio. This further support the presence of a different kind 
of acid sites in GaSBA-15 (10) catalyst. Furthermore, a 
comparison between Ga/SBA-15 (60) post-treated sample, with 
comparable Ga content and similar acidic properties, showed a 
different catalytic performance. In this sense, it is therefore 
possible that the sol–gel procedure allows the formation of 
different kinds of acid Ga-species, and depending the loading 
inside the mesopores, both their nature and location could be 
different. Bonardet et al. have studied the synthesis of Ga-SBA-
15 materials via different procedures (sol–gel, post-treatment, 
change in the Ga-source) and have observed a drastic influence 
both on the physical properties and catalytic activity [18].  
 
 



3.2.2. Stability of the catalysts 
While recycling the catalysts, after washing with 

dichloromethane, a drastic decrease in the benzoyl chloride or the 
BC (for the alkylation process) conversion was noticed (Table 2). 
Moreover, the activity loss was enhanced while increasing the Ga-
content in the SBA-15 matrix. Choudary et al. have noticed the 
same trend for the aromatisation of propane over Ga-modified 
MFI catalysts [20]. The deactivation appears to be higher for these 
samples compared to post-treated Ga-SBA-15, where the stability 
was quite high during successive runs. The deactivation seems to 
be essentially due to irreversible adsorption of higher aromatics, 
leading to coke formation, which poisons the active sites. The 
higher amount of carbon deposited also supports the presence of 
strong acid sites on these ‘‘in situ’’ prepared Ga-SBA-15 
materials, and the higher the Ga-loading, the higher the carbon 
deposition. 
 

Table 2. SBA-15 Doped Gallim with Si/Ga = 10 and 60 Stability in the 
Benzoylation of Anisole Reaction 

Catalyst 

N
um

be
r o

f  
ca

tal
yt

ic 
ru

n 

Co
nv

er
si

on
  

(%
)*

 

Selectivity  
(%) 

para- 
ketone 

ortho- 
ketone Ester a 

G
a/S

BA
-

15
 (6

0)
 

1 97 92 6 2 
2 92 100 0 0 
3 70 100 0 0 

G
aS

BA
-

15
 (6

0)
 1 80 95 4,9 0,1 

2 74 31 66 3 
3 61 6 89 3 

G
a/S

BA
-1

5 (
10

) 1 100 94 6 0,2 
2 99 93 7 0 
3 98 100 0 0 

G
aS

BA
-

15
 (1

0)
 1 96 93 5 2 

2 90 55 44,8 0,2 
3 62 62 37 1 

* : conversion after 24h of the reaction a: phenylbenzoate 

5.  Conclusion 
   High-quality mesoporous SBA-15 doped gallium materials 
with different Si-to-Ga ratios were successfully synthesized using 
a post-treatment and direct sol–gel procedure of the mesoporous 
material by an aqueous solution of gallium nitrate. The high 
stability of the SBA-15 material allows to maintain  the 
mesoporous structure and pore size distribution after introduction 
of gallium. The characterization of the catalysts confirm that at 
high Ga loadings, a novel mesoporous Brönsted solid acid catalyst 
was prepared via Ga3+

 introduction in the framework for catalysts 
obtained by direct sol–gel procedure and the anchoring of 
dispersed Ga-species (monomeric or polymeric) on the SBA-15 
surface even at high  Ga loading for catalysts prepared by post-
treatment.Ga doped SBA-15 mesoporous silica materials appear 
to be suitable for an use as catalyst in liquid-phase acylation 
reaction. These catalysts exhibit a complete conversion of benzoyl 
chloride at a 90% selectivity toward para-methoxybenzophenone. 
A conversion  above 90% of the acylating agent was reached for 
the solid acid at high Ga loading (Si/Ga =10). in combination with 
the post-treatment method and the sol–gel procedure allows to 
prepare mesoporous SBA-15 doped gallim catalysts and also to 
tailor their acidity via the introduction of Ga3+

 ions in the 
framework or by grafting highly dispersed Ga-species on the 
outer surface. These catalysts exhibit a relatively an extremely 

high stability as a function of the reuse due to the presence of 
mesoporous network which favours the diffusion of reactants and 
products. 
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Abstract 

Nanosized  Dy doped SrAl2O4: Eu samples are pre-
pared by combustion synthesis technique (CST). The 
SrAl2O4 co-doped with Eu2+ and Dy3+ ions and re-
crystallized with B2O3 flux is regarded as a useful 
green-emitting long persistence phosphor. The 
SrAl2O4 can be used safely as phosphorescent pig-
ment for luminous watches, clocks and cold-lighting 
that emits no infrared radiation. We report the results 
of the characterization and optical studies made on 
SrAl2O4. The XRD, SEM and HRTEM have been 
employed to characterize the as prepared samples 
while optical properties are analyzed through ther-
molumineacence (TL) and afterglow decay curves. 
The kinetic parameters, which play vital role in 
characterizing a particular phosphor material, have 
been calculated and presented for reported samples. 
 
1. Introduction 

On the basis of microscopic point of view, 
thermoluminescence (TL) consists of a perturbation 
of the electronic system of insulating or semicon-
ducting materials, from a state of thermodynamic 
equilibrium, via the absorption of external energy, 
i.e. produced by an ionizing radiation into a metasta-
ble state. This is then accompanied by the thermally 
stimulated relaxation of the system back to its equi-
librium condition. Macroscopically, TL is a tempera-
ture-stimulated light emission from a crystal, after 
removal of excitation (i.e. ionizing radiation); ther-
moluminescence is a case of phosphorescence ob-
served under condition of steadily increasing temper-
ature. A plot of the light intensity as a function of 
temperature is called glow-curve. A glow-curve may 
have one or more maxima, called glow-peaks, each 
corresponding to an energy level trap (Mckeever and 
Chen 1997; Furetta and Weng 1998). 

 
Noteworthy advancements have been made 

in TL based experiments during last couple of dec-
ades. However, the most important application of TL 
lies in radiation dosimetry (Marwaha et al. 1980; 
1997) which spans areas of health physics and other 
biological sciences, radiation protection and person-
nel monitoring. TL experiments are equally helpful 
in defects and impurities related studies in solids. In 
these experiments, a phosphor is excited with some  
 

 
radiations for a desired period of time after which the 
exciting light is removed. Then material is heated at 
a constant rate and the light output is measured as a 
function of temperature of the phosphor and a TL 
glow curve is plotted. The position of the peaks on 
the temperature scale is a measure of the energy 
depth of the trapped electrons in the solid, while area 
under the peak specifies the number of electrons 
transferred into these traps by exciting radiations 
(Chandrashekhar 2012). The exciting source may be 
gamma rays, UV rays, alpha particles, electrons, ion 
beams, neutrons etc. The information of traps with 
their distribution in the band gap of solids is indis-
pensable to understand the luminescence process 
which can be obtained by TL studies. Further, the 
dosimetric characteristics of TL materials chiefly 
depend on the kinetic parameters quantitatively de-
scribing the trapping–emitting centers responsible for 
the TL emission (Jiang 2009). The host-dopant com-
bination plays a significant role in controlling PL and 
TL properties of the luminescent materials (Sharma 
et al. 2009; Yavetskiy et al. 2007). The determina-
tion of the kinetic parameters is, therefore a vigorous 
area of research and various techniques have been 
developed over the time to derive the kinetic parame-
ters from the TL glow curve. There are plentiful 
methods given in the literature to analyze the TL 
glow curve and to find out the kinetic parameters 
namely activation energy (E), order of kinetics (b) 
and frequency factor (s). Some of them are the initial 
rise methods, peak shape methods, methods of vari-
ous heating rates, curve fitting methods, etc. (Chen 
and Mckeever 1997) with their own advantages and 
disadvantages. With the advent of nanotechnology, 
there is still an extensive amount of research for new 
nanocrystalline phosphor materials with better TL 
and dosimetric properties. The importance of nano-
crystalline materials has increased tremendously be-
cause of the enhanced optical, electronic and struc-
tural properties than their bulk counterparts due to 
quantum size effect and an increased surface to vol-
ume ratio. 

 
The Strontium aluminate (SrAl2O4) belongs 

to the tridymite-like structure. The distinctive struc-
ture is formed with a three-dimensional frame-work 
of corner sharing AlO4 tetrahedral. Each oxygen ion 
is shared by two aluminum ions so that each tetrahe-
dron has one net negative charge. The charge balance 



 

 

is achieved by the large divalent Sr2+ cation, which 
occupies interstitial site within the tetrahedral frame-
work. The SrAl2O4 co-doped with Eu2+ and Dy3+ ions 
and recrystallized with B2O3 flux is regarded as a 
useful green-emitting long persistence phosphor 
(Nag and Kutty 2004; Ryu et al. 2008). SrAl2O4 can 
be used safely as phosphorescent pigment for lumi-
nous watches, clocks and cold-lighting that emits no 
infrared radiation. Recent papers on Dy co-doped 
SrAl2O4: Eu2+ show the effect of sensitizer ion on 
enhancement in luminescence intensity (Kamiyanagi 
et al. 2007; Clabau et al. 2007; Lu et al. 2007). How-
ever, with increasing concentration of the rare-earth 
Dy3+ ions as sensitizer have been of interest to study 
the effect on luminescence of this phosphor host. In 
the present work we have prepared and investigated 
SrAl2O4 nanocrystalline (NC) phosphor materials co-
doped with Eu2+ and increasing concentration of 
Dy3+ ions as activator and sensitizer, respectively. 
The Dy3+ co-doping concentration is optimized and 
its effect on structure and TL characteristics is inves-
tigated. Crystalline phase and defect structure are 
investigated by powder XRD, SEM, HRTEM and TL 
characteristics are described by measuring TL emis-
sion intensity with temperature. We have presented 
here the detailed TL studies of UV (λ=365 nm) irra-
diated nanocrystalline SrAl2O4: Eu2+ phosphor with 
increasing concentration of Dy3+ ions. Further, we 
have used Chen’s peak shape method to analyze the 
TL glow curves and hence calculated the trapping 
parameters for NC structures of this phosphor at a 
heating rate of 3oC/s. 
 
2. Experimental 

For preparing nanocrystalline SrAl2O4: Eu, 
Dy powder samples, stoichiometric amounts of stron-
tium nitrate [Sr (NO3)2; Merck, 99.9 + %], aluminum 
nitrate [Al (NO3)3.9H2O; Merck, 99.9 + %] and urea 
[CO(NH2)2; AR] are used as unprocessed materials. 
In addition to it, europium oxide [Eu2O3; Merck, 99.9 
+ %] and dysprosium oxide [Dy2O3; Merck, 99.9 + 
%] taken as co-activators are dissolved in concentrat-
ed nitric acid [HNO3; AR] before transferring them 
to crucible. The appropriate amount of boric acid 
[H3BO3; AR] is used as the flux while the urea is 
used as fuel. Phosphor samples are prepared accord-
ing to the mole ratio Eu2+:Dy3+:Sr2+:Al3+ = 
0.01:0.00:0.99:1, 0.01:0.01:0.98:1, 0.01:0.02:0.97:1, 
0.01:0.03:0.96:1, 0.01:0.04:0.95:1, 0.01:0.05:0.94:1. 

 
An alumina crucible with comparatively 

larger volume is used as a container within which 
chemical reaction takes place. After the solution is 
transferred into the crucible, it is placed into a fur-
nace already maintained a temperature of 600±5oC. 
The reaction blend undergoes thermal dehydration 
and ignites at one stage with liberation of gaseous 
products such as oxides of nitrogen and carbon. The 
combustion propagates throughout the reaction 
mixture. Within 5 min., the furnace reaches the de-

sired temperature and reaction starts giving yellowish 
flame. The mixture froths and bloats forming foam, 
which ruptures with a flame and glows to incandes-
cence.  This continues for next few seconds and as it 
is over, crucible is taken out of the furnace and kept 
in open to allow cooling. Upon cooling, we get fluffy 
form of material (combustion ash), which is then 
crushed for 1 h using agate pestle mortar (diameter-
5") to get material in the powder form. The final 
pigments synthesis by heating the precursor combus-
tion ash at 1200oC in a weak reductive atmosphere 
(95% Ar + 5%H2) for 3h to reduce the Eu3+ ions to 
Eu2+ (Chen et al. 2008; Shafia et al. 2010). 

 
3. Results and discussion 
3.1 XRD analysis 

The typical XRD patterns of different Srx-
Al2O4: Eu2+

0.01, Dy3+
y (x = 0.99, y = 0; x = 0.98, y = 

0.01; x = 0.97, y = 0.02; x = 0.96, y = 0.03; x = 0.95, 
y = 0.04 and x = 0.94, y = 0.05) phosphor samples 
are presented in fig. 1 (a-f). When compared with 
international system for diffraction data-2014 (00-
009-0039) and lattice parameters (a = 8.44, b = 8.82, 
c = 5.16, β = 93.41), the results show that the XRD 
peaks in the diffractogram are mainly due to SrAl2O4 
phase and dopant ions Eu2+ and Dy3+ have no influ-
ence on the crystal structure of the tested samples 
(Nag and Kutty 2003). The peaks corresponding to 
2θ values of 23o, 33o, 34o, 35o and 41o resemble 
(020), (-211), (220), (211) and (031) planes and be-
long to low temperature SrAl2O4 monoclinic α-phase 
(Xiao et al. 2010). However, there are also a few 
other peaks, which may be ascribed to unreacted 
precursor powders (Park et al. 2003). 

 
 The following equation provides the rela-

tionship between the interplanar spacing ‘d’ of dif-
ferent planes (hkl) and corresponding lattice constant 
for monoclinic structure (Brandon and Kaplan 2008): 
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 where ‘h’, ‘k’ and ‘l’ are the Miller Indices and ‘a’, 
‘b’, and ‘c’ represent the lattice constants. ‘β’	 is one 
of the angles between axes (β > 90o). 
 

The particle size ‘D’ is determined using 
well known Scherrer’s formula (Song and Zhang 

2011):     
qb

l
cos
KD =                   (2) 

where ‘K’ is shape factor with a value close to unity, 
‘λ’- the wavelength of X-rays employed, ‘β’ – the 
broadening of the diffraction line measured at half of 
its maximum intensity (radians), it is also known as 
the full width at half maxima (FWHM) and ‘θ’ is the 
Bragg’s angle. 
 



The average particle sizes calculated for 
SrxAl2O4: Eu2+

0.01, Dy3+
y (x = 0.99, y = 0; x = 0.98, y 

= 0.01; x = 0.97, y = 0.02; x = 0.96, y = 0.03; x = 
0.95, y = 0.04 and x = 0.94, y = 0.05) phosphor sam-
ples are presented in table 1, which are in good 
agreement with nanocrystalline nature of prepared 
phosphors. Assessment of XRD data, as  noticed 
from full width at half maxima (FWHM) values, the 
widths of XRD peaks are sufficiently large, which 
signify the samples belonging to nanophase (Lin et 
al. 2006). 
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Fig. 1 (a-f) XRD patterns of nanocrystalline SrAl2O4: 

Eu2+, Dy3+ phosphor samples 
 

Table 1   The average crystallite size of different 
SrAl2O4: Eu2+, Dy3+ phosphors 
 

    Samples                    Average Crystallite  
                                              Size (nm)             
     
    Sr0.99Al2O4: Eu0.01                  86.0328   
     Sr0.98Al2O4: Eu0.01, Dy0.01     100.6871 
  Sr0.97Al2O4: Eu0.01, Dy0.02          95.2057 
     Sr0.96Al2O4: Eu0.01, Dy0.03          95.7787 
     Sr0.95Al2O4: Eu0.01, Dy0.04          97.5996 
     Sr0.94Al2O4: Eu0.01, Dy0.05          71.0787 

 
 

3.2 SEM analysis 
SEM studies were carried out to investigate 

the surface morphology and the particle size of the 
synthesized phosphors. Fig. 2 presents the SEM im-
ages of NC Sr0.97Al2O4: Eu2+

0.01, Dy3+
0.02 phosphor 

samples, which exhibits highest intensity with re-
spect to samples prepared in other compositions. 
This observation is further discussed in terms of TL 
analysis.  The SEM micrograph shows the irregular 
morphology with angularity and corners with varying 
grain sizes. As is well documented (Ayvacıkli et al. 
2011), the phosphor powders are irregular particles 
with different shapes and sizes. In the present case 
also, the surfaces of the foams show a lot of cracks, 
voids and pores formed by the gases escaping during 
combustion reaction. In fact, the large amount of 
escaping gases dissipates heat and thereby averts the 
material from sintering and thus provides conditions 
for formation of nanocrystalline phase.  

 
3.3 EDX analysis 

The EDX study was further carried out to 
verify the elemental composition of the as-prepared 
final products. An EDX spectrum displays peak cor-
responding to the energy levels for which the largest 
part of X-rays were received. Each of these peaks is 
distinctive to an atom, and therefore corresponds to a 
single element. The taller a peak in a spectrum, the 
more concentrated the element is in the spectrum. 
Fig. 3 shows the EDX spectrum of most intense NC 
Sr0.97Al2O4: Eu2+

0:01; Dy3+
0.02 phosphor sample.  The 

results of EDX studies confirm that the products con-
tain strontium (Sr), aluminium (Al), oxygen (O), 
europium (Eu) and dysprosium (Dy). It is observed 
that for each of the respective phosphor concentra-
tion, the distribution of the elements is fairly uni-
form. On the basis of calculations made for NC 
Sr0.97Al2O4: Eu2+

0:01, Dy3+
0.02 phosphor sample, the 

ratios of atomic percent are shown in table 2, indicat-
ing that Eu2+ with Dy3+ ions are completely doped 
into SrAl2O4 host matrix  (Xu et al. 2010). 

 
 
 
 

  



 

 

 
 

 
Fig. 2 SEM micrograph 
of Sr0.97Al2O4: Eu2+

0.01, 
Dy3+

0.02 

Fig. 3 EDX pattern of  
Sr0.97Al2O4: Eu2+

0.01, Dy3+
0.02 

 
Table 2 Atomic percents of elements in Sr0.97Al2O4: 
Eu2+

0.01, Dy3+
0.02 phosphors 

    Elements         Atomic Percentage          
     Sr              12.12   
     Al                          23.92 
  O                                                   61.30 
     Eu                                                  0.67 
     Dy                                                 2.01 
      
3.4 HRTEM Results 

The HRTEM micrographs of nanocrystal-
line SrxAl2O4: Eu2+

0.01, Dy3+
y (x = 0.99, y = 0; x = 

0.98, y = 0.01; x = 0.97, y = 0.02; x = 0.96, y = 0.03; 
x = 0.95, y = 0.04 and x = 0.94, y = 0.05) phosphor 
samples are presented in fig. 4 (a-f). The selected 
area electron diffraction (SAED) pattern correspond-
ing to most intense sample is shown in inset. The 
crystallites are distributed randomly where size of 
smallest particle is found to be around 5.18 nm. 
Since, during the combustion reaction large amount 
of escaping gases dissipates heat and prevents the 
material from sintering, hence this facilitates the 
formation of nanocrystalline phase as observed in 
fig. 4. These results are quite encouraging, which 
support results of XRD studies and confirm the for-
mation of nano-sized crystallites prepared by CST. 

 
 
 
 
 
 
 
 
 
 
 

  

 
 

 
 

(a) Sr0.99Al2O4: Eu0.01 

(c) Sr0.97Al2O4: Eu0.01Dy0.02 

(b) Sr0.98Al2O4: Eu0.01Dy0.01 

 
(d) Sr0.96Al2O4: Eu0.01Dy0.03 

 

 
(e) Sr0.95Al2O4: Eu0.01Dy0.04 

 

 
(f) Sr0.94Al2O4: Eu0.01Dy0.05 

 
  Fig. 4 The HRTEM images of NC SrAl2O4: Eu, Dy 

phosphor samples 
 

4. Analysis of TL glow curves and calculation of 
kinetic parameters 

TL is the thermally stimulated emission of 
light following the absorption of energy from radia-
tions. The radiations cause displacement of electrons 
within the crystal lattice of the substance. Upon heat-
ing, the trapped electrons return to their normal low-
er-energy states, releasing energy in the process. TL 
is an effective tool for diverse applications such as 
dosimetry, age determination, geology or solid state 



defect structure analysis, etc. (Kshatri and Khare 
2014). 

 
Fig. 5 (a-f) shows TL glow curves for dif-

ferent nanocrystalline SrxAl2O4: Eu2+
0.01, Dy3+

y (x = 
0.99, y = 0; x = 0.98, y = 0.01; x = 0.97, y = 0.02; x = 
0.96, y = 0.03; x = 0.95, y = 0.04 and x = 0.94, y = 
0.05) phosphor samples. The general nature of TL 
curves is observed to be similar in different cases 
except for Sr0.97Al2O4: Eu2+

0.01, Dy3+
0.02 phosphor. 

Each curve peaks in a temperature range 94-97oC 
and phosphor Sr0.97Al2O4: Eu2+

0.01, Dy3+
0.02 shows 

maximum TL intensity at 112oC indicating the trap-
depth value to be maximum for this composition. It 
is also observed that varying concentration of Dy3+ 
does not affect the peak position much.  

 
 

 
     Figure 5 TL glow curves of different nanocrystal-

line SrAl2O4: Eu2+, Dy3+ phosphor samples 
 
 

 
 
 
 



 

 

However, the emission intensity is found to 
increase with increasing Dy concentration and for a 
particular molar concentration (y = 0.02), the intensi-
ty gets quenched (Mishra et al. 2012) and decreases 
for further concentrations (y = 0.03, 0.04 and 0.05). 
The probable reason for such quenching may be the 
increase in probability of non-radiative transitions of 
the luminescent molecules from the excited state to 
the ground state in comparison to the probability of 
radiative transitions. Fig. 6 shows the relative TL 
intensity with increasing Dy3+ concentrations for 
different SrAl2O4: Eu2+, Dy3+ phosphor samples 
which depict the concentration quenching phenome-
non of thermoluninescence.  

 
Fig. 6 Variation of integrated TL intensity 

with dopant concentrations 
 
 
 
The determination of kinetic parameters has 

a vigorous area of research and various techniques 
have been developed to derive these parameters from 
the glow curves. In the present investigation, kinetic 
parameters of nanocrystalline SrxAl2O4: Eu2+

0.01, 
Dy3+

y (x = 0.99, y = 0; x = 0.98, y = 0.01; x = 0.97, y 
= 0.02; x = 0.96, y = 0.03; x = 0.95, y = 0.04 and x = 
0.94, y = 0.05) phosphor samples are calculated us-
ing Chen’s peak shape method [29] also known as 
half width method. Fig. 7 (a-f) depicts the graph for 
calculation of kinetic parameters for different 
SrAl2O4: Eu2+, Dy3+ phosphor samples. We, howev-
er, we apply peak shape method to the whole exper-
imental glow curves and evaluate the kinetic parame-
ters i.e. ‘w’ (full width at half maxima of glow 
curve), ‘d’ (the high temperature half width), ‘t’ (the 
low temperature half width) and ‘µ’ (shape factor) 
which are related as (Chen and Kirish 1981): 

 
                                                               
(3) 

 
 

where ‘Tm’ is the peak temperature corresponding to 
the maximum TL intensity and ‘T1’ and ‘T2’ are tem-
peratures corresponding to half of the TL intensity of 
the glow curves at the ascending and descending 
sides of the peaks respectively.	The order of kinetics 
(b) is based on the value of shape factor (µ), that 
ranges between 0.42 and 0.52, the value close to 0.42 
is for the first order and close to 0.52 is for the se-
cond order kinetics (Chen and Kirish 1981). 
  

After determining the kinetic parameters, 
the activation energy (E) that resembles trap-depth 
value for different NC phosphors is calculated by 
Chen’s method (Chen and Kirish 1981) using follow-
ing equation, 

                                             
(4) 
 
 

where ‘h’ stands for ‘t’, ‘w’, ‘d’ and the values of 
‘Ch’ and ‘bh’ are determined for the three methods 
are, 
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and the frequency factor (s) (Furetta 2003) is calcu-
lated using following equation, 
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where ‘β’ is the linear heating rate (β = 3oC/s in the 
present investigation), ‘b’ is order of kinetics and ‘k’ 
is Boltzmann’s constant (8.6×10−5 eVK−1).  
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Fig. 7 The graph for calculation of kinetic 

parameters of nanocrystalline SrAl2O4: Eu2+, Dy3+ 
phosphor samples 

 
The values of kinetic parameters (‘Tm’, ‘µ’, ‘b’, ‘E’ 
and ‘s’) calculated from TL glow curves for different 
SrAl2O4: Eu2+, Dy3+ phosphor samples are shown in 
table 3. The values of shape factor (µ) indicate the 
second order of kinetics (Furetta 2003) for all the TL 
glow curves of different NC phosphor samples. The 
corresponding values of activation energy range be-
tween 0.48 and 0.71 eV for NC phosphors (Tanori et 
al. 2008). The maximum value Lu X., Shu W., Yu 
Q., Fang Q., Xiong X., Roles of doping ions in per-

sistent luminescence of SrAl2O4: 
Eu2+,RE 3+phosphors,  Glass Phys. Chem. 2007, 33: 
62. 

of activation energy (0.71 eV) for most in-
tense NC Sr0.97Al2O4: Eu2+

0.01, Dy3+
0.02 phosphor 

sample supports the requirement of more thermal 
energy to de-trap the electrons from the trap-depth 
resulting in higher TL emission intensity. 

 
The values of the frequency factor are 

smaller than the expected magnitudes of the lattice 
vibration frequency (1012–1014 s-1) (Tanori et al. 
2008). It is noticed that unusually low-frequency 
factors are characteristics of localized transitions in 
which radiative recombination can take place without 
a transition of the holes (or electrons) into the va-
lence (or conduction) bands (McKeever et al. 1995). 
In the present case the charge carrier is thermally 
stimulated into a Eu2+ excited state from which a 
transition into the recombination center is permitted. 
Low-frequency factors are already being reported by 
many authors in a diversity of phosphors materials 
(McKeever 1985). Unswerving and complete infor-
mation on the kinetic parameters of these phosphors 
is still lacking and more investigation is imperative.  
Conclusions 

Combustion synthesis technique proves to 
be a viable method to prepare nanocrystaiiline 
SrAl2O4: Eu2+, Dy3+ powder samples. The results of 
XRD studies confirm the a-phase monoclinic struc-
ture of SrAl2O4 and help in assigning (020), (-211), 
(220), (211) and (031) planes to different peaks. 
Comparison of FWHM values support the formation 
of nanocrystallites. The SEM results reveal that par-
ticles are distributed smoothly, covered large surface 
area.  The EDX results confirm the doping of Eu2+ 
and Dy3+ in the SrAl2O4 host matrix. The TL emis-
sion intensity increases with greater concentration of 
Dy resulting in quenching at still higher concentra-
tions. Different TL peaks fall in the temperature 
range 94-112oC indicating existence of only one trap 
center. The TL glow curves exhibit the second order 
of kinetics for different NC phosphor samples. The 
activation energy calculated for different NC samples 
ranges between 0.48 and 0.71 eV. The activation 
energy is found to be maximum (0.71 eV) for most 
intense Sr0.97Al2O4: Eu2+

0.01, Dy3+
0.02 phosphor sample 

showing the existence of deeper traps.  
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ABSTRACT 

Nanocomposite electrolyte in the system 
Ce0.85La0.125Sr0.025O1.9125/(Li-Na)2CO3 has been synthesized by 
mixing nanosized co-doped ceria powder prepared by citrate-
nitrate gel auto-combustion method with eutectic mixture of 
carbonates. Synthesized powder has been characterized via DTA, 
XRD, SEM, thermal expansion and impedance spectroscopy. 
Complex plane impedance spectra show a complex nature. The 
main feature of impedance spectra is the absence of distinct grain 
boundary arc in contrast to doped ceria where distinct grain and 
grain boundary arcs have been observed. Conductivity increases 
very rapidly around the melting temperature of carbonate due to 
superionic transition at the interfaces formed between the ceria 
and carbonate phases. At the interfaces a space charge layer is 
formed consists of large number of mobile defects than that of the 
bulk. Conductivity of 0.12 S/cm has been observed at 500 οC with 
an activation energy 0.2 eV of conduction. 

Keywords: Co-doped ceria; Nanocomposite; Electrical 
conductivity; LT-SOFC. 

1. INTRODUCTION 
For the last few years research on solid oxide fuel cells (SOFCs) 
has been focused to decrease the operating temperature of SOFCs 
by developing the new electrolyte material of high ionic 
conductivity. Many researches have been made on single phase 
doped and co-doped ceria based solid electrolytes. But these are 
still far from the commercial utilization. Recently ceria/salt based 
composite electrolytes are alternative solution for these problems 
because of its high ionic conductivity at low temperatures (300-
600 οC) [1]. Among various ceria composites, the Ce0.80Sm0.20O1.90 

(SDC) or Ce0.80Gd0.20O1.90 (GDC)-carbonate composites are most 
commonly used materials, which have been demonstrated to have 
the best performance in many LTSOFC applications. The two-
phase ceria composite electrolytes, specifically the ceria-carbonate 
(Li2CO3-Na2CO3) (LNCO) containing one molten phase realized 
the superionic conductivity of 0.1 S-cm-1at 600 ºC [2, 3]. 
Interfacial superionic conduction is the characteristic of the 
composite electrolytes [4]. These composites have multi-ion 
conduction above the melting temperature of the carbonate. Due to 

this, these composites can be used for advanced applications such 
as electrolytic cells, ammonia synthesis, CO2 separation etc [1]. 
In our previous work La3+ and Sr2+ co-doped ceria nano powders 
were prepared by citrate-nitrate auto-combustion method [5]. It 
was observed that the composition Ce0.85La0.125Sr0.025O1.9125 shows 
the highest ionic conductivity of all the compositions (1.50×10-2 
S-cm-1 at 600 οC). In the present work nanocomposite based on 
Ce0.85La0.125Sr0.025O1.9125/LNCO (COLS/LNCO) has been 
synthesized and characterized by means of DTA, XRD, SEM, 
and thermal expansion. Electrical conductivity has been 
investigated by employing impedance spectroscopy technique. 
The objective is to reduce the cost of solid electrolyte by replacing 
La3+ ion by Sr2+ ion. 
 

2. EXPERIMENTAL 

2.1 Synthesis  
a. Nanocrystalline co-doped ceria Ce0.85La0.125Sr0.025O1.9125 powder 

was synthesized using citrate-nitrate auto-combustion method as 
discussed in detail in our previously reported work [5]. This 
powder was mixed with binary mixture of carbonates (molar ratio 
of Li2CO3 and Na2CO3 is 52:48) in the weight ratio 70:30. Mixed 
powder was milled using Fritsch Pulverisette Ball M ill in acetone 
medium for 5 hrs. Milled powder was dried at 60 οC for 24 hrs in 
an electrical oven. Dried powder was calcined at 600 οC for 2 hrs. 
The calcined powder was pressed uniaxially into cylindrical 
pellets (diameter~15 mm, thickness~2 mm) under a load of 5 tons 

using a hydraulic press. Pellet was sintered at 700 οC for 1  hr. 

b. 2.2 Characterization 
Thermal behavior of the composite was studied using a 
SETARAM TGA/DTA in the temperature range 100-800 οC in 
Ar atmosphere. Powder X-ray diffraction technique was used to 
determine the phases and crystal structure using Rigaku X-ray 
diffractometer employing CuKα radiation with a Ni filter. Average 
crystallite size, D was determined using Scherrer’s formula: 
                                                                   (1)   
                                                                                   
where, , is the full width at half maxima (FWHM) 
excluding instrumental broadening, λ is the wave length of X-rays 
and θ is Bragg angle. β is taken for the strongest Bragg’s peak 
corresponding to (111) reflection for all the samples. Micrograph 
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of chemically etched sample was recorded with scanning electron 
microscope of INSPECT 50 FEI. Bar of dimensions 50 mm ×10 
mm ×4 mm were prepared for measurement of thermal expansion. 

The bar was sintered at 700 οC for 1  hr. Thermal expansion was 

measured using dilatometer in the temperature range 30-650 οC 
employing a heating rate of 10 οC/min in air. 

Ag-paste was brushed on both the surfaces of a polished pellet 
followed by annealing at 700 οC (for 15 min) to make the electrical 
contacts. Impedance measurements were made using Novocontrol 
Alpha-A High Performance Frequency Analyzer in air in the 
temperature range 200-650 οC and frequency range 1Hz - 1MHz. 
Impedance data were collected using Windata program and were 
fitted using Zview software. 

3. RESULTS AND DISCUSSION 

3.1 Differential Thermal Analysis 
DTA curve of the composite is shown in Fig.1. Two endothermic 
peaks have been observed in the DTA curve. One in the range 70-
110 °C corresponds to evaporation of moisture absorbed in the 
sample. Other peak observed at 486 °C is ascribed to melting of 
the carbonate binary mixture. No chemical changes occur beyond 
500 °C. Based on DTA results composite powder was calcined at 
600 °C for 2 hrs. 

Fig. 1 DTA plot of COLS/LNCO composite 

 
3.2 X-Ray Diffration 
Figure.2 shows the powder X-ray diffraction pattern of the 
sintered COLS/LNCO powder. Diffraction peaks are well 
matching with the JCPDS file no. 43-1002 of cubic fluorite 
structure of ceria with space group Fm3m. Therefore, it can be 
concluded that there is no reaction between the ceria phase and 
carbonates. In the composite, carbonates exist as an amorphous 
phase. Density of the sintered sample has been found to be 85% 

of theoretical value. Average crystallite size determined from 
Scherrer’s formula is 23 nm. 
 

Fig. 2 XRD pattern of COLS/LNCO composite 
 
3.3 Microstructure 
Figure.3 shows SEM micrograph of the composite pellet. It can be 
seen from micrograph that the COLS particles are covered with 
molten carbonates. Therefore, morphology of the composite 
became amorphous.  

 
    Fig. 3 SEM micrograph of COLS/LNCO composite 

 
Due to low sintering temperature, microstructure is very loose but 
when temperature reaches melting temperature of carbonate 
molten carbonate fills in the interspaces and forms a dense 
structure.  
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3.4 Thermal Expansion 
Thermal expansion curve of composition COLS/LNCO is shown 
in Fig. 4. It can be noted that the curve is linear throughout. 
Coefficient of thermal expansion is determined using following 
relation: 

                                         (2) 
Coefficient of thermal expansion (CTE) has been found to be 
14.2×10-6/K. 
 

 
Fig. 4 Thermal expansion curve of COLS/LNCO composite  

 
3.4 Electrical Conductivity 
Complex plane impedance spectra of the composite are shown in 
Fig. 5. At 200 ºC, two depressed arcs have been observed along 
with a spike at low temperature. High frequency arc corresponds 
to contribution of the grains and intermediate frequency arc 
ascribed to the grain boundaries contribution to the total 
resistance. A spike in the low frequency region corresponds to the 
electrode process. As temperature increases, relaxation frequency 
of various polarization processes increases leading to shifting of 
the arcs toward higher frequency.  
 
The grains and grain boundaries arcs disappear above 350 ºC. At 
higher temperature only arc due to electrode polarization is 
observed. The arc due to electrode response is large because of the 
barrier between the ionic conduction in the electrolyte and 
electronic conduction in the electrode [2]. At 600 ºC, electrode arc 
is associated with a tail which is ascribed to the mass transfer 
process [2]. It has been clear from this distinct phenomenon that 
the conduction mechanism in the composite electrolytes is 
different from the ceria based singly phase electrolyte. Below 250 
ºC, the equivalent circuit consisting of (R1-CPE1)Grains and (R2- 

 
Fig. 5 Complex plane impedance plots of   composition 

COLS/LNCO at different temperatures 
 

 
CPE2)Grain boundaries connected in series is used to fit the 
impedance data. Above 250 ºC equivalent circuit consists of 
(R1)G and (R2-CPE2)Grain boundary  connected in series. At a 
temperature above 350 ºC, the total resistance is determined 
from the intercept on the real axis (Z’) on the high frequency 
side of electrode arc. Conductivity, σ, is calculated using the 
following formula: 

                                                                 (3) 

   where L, S and R are the thickness, surface area and total 
resistance of the electrolyte.  

 
Arrhenius plot for total ionic conductivity is shown in Fig. 6. It can 
be observed that a sharp increase in the conductivity has been 
observed at 325 ºC in the Arrhenius plot of LSCO/LNCO. 
Conductivity of composite electrolyte is higher than that of LSCO 
in the higher temperature range > 325 ºC while lower at 
temperature < 325 ºC. This transition temperature is related to 
softening of carbonates. But this temperature is lower than that of 

Mass transfer 
process 
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melting temperature due to interaction between LSCO particles and 
LNCO. This results in threshold percolation to form a highly 
conducting continuous path at the interfaces [6]. Due to this non 
frozen liquid on the surface of ceria particles is formed which 
contributes to the conduction below the melting temperature. 
Conductivity of LSCO/LNCO composite reaches to 0.12 S-cm-1 at 
500 ºC while LSCO and LNCO have conductivity 3.9 ×10-3 S-cm-1 
[5] and 4.73×10-2 S-cm-1. Therefore, it implies that there is a new 
conduction mechanism in the composite rather the bulk conduction 
observed in LSCO. This leads to higher conductivity in the 
composite. 
Conduction mechanism in the composite can be understood by 
solid state chemistry.  
 

Fig. 6 Arrhenius plots for total ionic conductivity of all the 
compositions 

 
Composite has large interface region between two constituent 
phases than that of single phase ceria electrolyte. At higher 
temperature, concentration of ionic defects at the interfaces and 
constituent phases increases due to melting from sublattice to the 
bulk [6]. After melting of carbonates M + (Li+, Na+) and CO3

2- 
ions in the carbonates are highly mobile together with O2- ions, 
resulting in higher conductivity than the co-doped ceria. After 
melting, carbonates fill in the interspaces. This generates more 
interfaces for ion transport. Amorphous layer on the LSCO 
particles increased disorder on the LSCO surface at rising 
temperature. This may make LSCO surface active to cause Li+-
O2-/Na+-O2- interactions which facilitate O2- ions conduction 
through the interfaces [7]. Activation energy of conduction is 
determined by fitting the conductivity data to Arrhenius equation 
as given below: 
 

                                                          (4) 

 

 
where σ0 is the pre exponential factor, k is the Boltzmann constant  
and T is the absolute temperature. Activation energy of 
conduction for composite is found to be 0.2 eV. This low value of 
activation energy indicates the interfacial conduction of O2-. This 
shows that LSCO/LNCO composite is a potential electrolyte for 
LT-SOFCs which will be cheaper than LSCO. Compatibility with 
other cell component needs to be checked. 
 
3. Conclusion 
Nanocomposite LSCO/LNCO has been prepared by mixing  
Ce0.85La0.125Sr0.025O1.9125  nanosized powder prepared by citrate 
nitrate auto-combustion method with (Li-Na)2CO3 and sintered at 

700 ºC for 1  hr. Single phase formation has been observed in the 

composite. Micrograph show continuous distribution of both the 
phases with LSCO grains surrounded by amorphous carbonate 
phase. A sharp increase in the conductivity occurs at 325 ºC. This 
is attributed to superionic conduction at the interfaces. 
Composite, LSCO/LNCO shows the maximum conductivity of 
0.12 S/cm at 500 ºC. Activation energy of conduction in 
LSCO/LNCO composite is found to be 0.20 eV. This may make 
this composite useful for application in LT-SOFCs (500 ºC). 
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Abstract: The results of the effect of physicochemical 
variables such as pH, temperature, stirring time, dwell 
time and heat treatment on the synthesis and 
crystallinity of calcium phosphate using Cetyl 
Trimethyl Ammonium Bromide (CTAB) as a cationic 
template is presented with the in order to regulate the 
nucleation and growth of crystals. The results of the 
structural study performed calcium phosphate are also 
shown by X-ray diffraction (XRD), energy dispersive 
spectroscopy (EDS), infrared spectroscopy and 
scanning. 

 
 
Keywords:  nanocrystalline calcium phosphate 
,physicochemical parameters, synthetic nanostructured 
ceramics, infrared spectroscopy, x-ray diffraction, 
biomedical applications.  
 
 
INTRODUCTION 
Thanks to nanotechnology  new materials are being 
fabricated with special properties used in a variety of 
applications, such as the materials used as implants or 
bone substitute in the human body, these must be 
adapted to the changes that occur in the bone as it 
reconstructs constantly [1,2]. The main bone 
component is the calcium phosphate denominated as 
hydroxyapatite. 
 
EXPERIMENTAL METODOLOGY 
Calcium phosphate has been successfully synthesized  
using Cetyl Trimethyl  Ammonium Bromide (CTAB) 
as a cationic template to obtain solution  A. It is 
presented to regulate the nucleation and growth of 
crystals. Equal parts of CaCl2, NH4NO3 and Na3PO4 
were mixed and polymer polyethylene glycol 400 
(PEG 400) were added to incorporate all reagents into 
one [3,4]. Solution B was obtained by continuously 
stirring deionized water and the CTAB for 30 minutes 
until everything was dissolved. Then, ammonium 
hydroxide NH3OH was added and it was again stirred 
for 30 minutes. Finally, solution A was added by slow 
dripping to solution B while stirring constantly. 
NH3OH was added to the mixture of solution A and B 
until a pH of 4.5, 9.0  and 9.5 was obtained. After this, 
the solution was heated to temperature of 80 ° C for 
one hour. 

RESULTS 
Experimental parameters are shown in Table 1. 
Structural behavior was determined by X-ray 
diffraction. In Figure 1, the diffraction patterns of 
calcium phosphate are shown, where the width and 
height of the peaks reveal that the calcium phosphate 
prepared has a small size and a good quality crystal. 
Infrared spectra is shown in Figure 2, where  bands of  
groups  OH1-, PO43- , P-O, and weak  C-H are 
identified. The addition of CTAB, PEG 400, NH3OH 
and ethanoic acid are crucial for the formation of the 
Nano rods[5,6]. EDS patterns shown Ca/P ratio of 
about 1.657, which is within the generally accepted 
range between 1.5-1.69 [7]. Morphology of the 
samples A, B and C is shown in Figure 3, 4 and 5 
respectively. 
 
CONCLUSION 
Calcium phosphate was obtained with a Ca/P ratio of 
1.657, Using CTAB as a cationic template to control 
the crystal size and PEG as a non-ionic  surfactant. 
 
 

Table 1. Experimental parameters 

 
 

 
Fig.1 XRD diffraction patterns of samples A, B and C. 
 

Sample Drying 
Temperature (°C) 

pH Wash 
Time (Hr) 

A 350 4.5 25 
B 350 9.0 25 
C 80 9.5 12 



 

 

 
Fig . 2.  FT- IR spectrum of samples A, B and C. 
 

 
Fig. 3. Morphology of sample A. 
 

 
Fig. 4.  Morphology of sample B. 

 
 
 

 
Fig. 5.  Morphology of sample C. 
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Abstract: In this paper the nanostructural 
aspects of plastic deformation of metals, in 
particular the conditions leading to the 
replacement of homogeneous multi-system slip 
with a stratified rigid (dislocation less) shear 
strain in trans-granular shear bands, are 
analyzed. The main focus concerns the 
description of mechanical properties of the 
zones supersaturated with point defects which 
are generated as a result of the change of the 
deformation path and which determine the 
superplastic flow of metals. The paper gives 
scientific foundations for the development of 
new, unconventional plastic deformation 
technologies for metals, particularly in the area 
of severe plastic deformation processes - SPD 
(Estrin et al., 2013). 
 
Keywords: severe plastic deformation, cyclic 
change of deformation path, point defects 
generation, plastic flow viscosity, 
superplasticity, KOBO method. 
 
Nanostructural phenomena 
 

Low temperature plastic deformation of 
metallic materials is a result of dislocation slip. 
For small plastic strain, the deformation 
process has been well described by the Orowan 
relation in which plastic strain ε - through the 
orientation factor M - depends on the length of 
the Burger’s vector b, the density of slip 
dislocations ςm and their mean free path x, in 
accordance with the following formula: ε = 
M·b·ςm·x. However, in case of advanced 
deformation (SPD), the dislocation slip, 
although indispensable, is merely one of many 
elements of a complex deformation mechanism 
leading to localized plastic flow in shear bands. 

As is commonly known, shear bands are a 
result of the change in the deformation path, 
either self-induced, or forced by external 
change in the loading scheme, occurring when 
secondary slip system (or systems), operating 
in the conditions of “alien” dislocation 
distribution (initially formed dislocation forest) 
is activated (Basinski et al., 1965). The 
crossing of slip dislocations and the forest 

dislocations resulting in local anchoring of the 
slip dislocations (the creation of jogs) and 
simultaneous folding of the free segments, 
leads to the formation of dipoles. Dipoles, 
which in fact are rows of point defects, are 
immediately disintegrated due to their low 
migration energy. In case of interstitial (own) 
atoms it is particularly low and equals only 
0.06 – 0.15 eV (Damsk et al., 1963, Terentyev 
et al., 2004, Sato et al., 2007). This leads to the 
formation of zones supersaturated with point 
defects that have weak bonds with the 
surrounding areas (Korbel et al., 2015). 

As suggested in paper(Korbel et al., 2011), 
metal undergoing a deformation process with a 
particular about loading scheme can lower its 
viscosity coefficient η even by 13 orders of 
magnitude to the value of 106 [Pa·s]. In this 
cause, the viscosity of plastic flow is 
determined by the presence of generated point 
defect exceeding the equilibrium level with an 
estimated concentration of 10-8. Therefore, the 
strain bore by the shear bands can be treated as 
localized rigid shear of metal, which remains a 
solid but behaves like a Newtonian fluid 
(superplasticity). On the other hand, terminal 
stability of point defects exceeding the 
equilibrium level is limited by their 
annihilation or the formation of so called: 
„clusters”– lower energy configurations. 
Hence, in order to maintain a low value of the 
viscosity coefficient η, the change in 
deformation path should be cyclically recurred 
during the whole plastic deformation process. 
The KOBO method of metal forming (Korbel 
et al., 2013), in which the main deformation 
scheme is complimented by cyclic 
deformation, meets the aforementioned 
criterion. 

It is worth to point out, that nanometric (~ 
2 nm) point defects clusters of high density, 
typical for irradiation processes, have been 
observed in many deformed metals (e.g. 
Matsukawa et al., 2003), and a phenomenon of 
the dislocation-free plastic deformation is 
linked to the presence of „vacancy-type point 
defect clusters”. 



Experimental  
 

Schemes of two KOBO deformation 
methods, as well as the obtained products, are 
presented below (figs 1 -3). 
 

 
 

 
 

Fig.1. Scheme of the KOBO extrusion process 
(Korbel et al., 2011) and wire (structure and 
view) produced from magnesium alloy MgLi4 
at room temperature and with extrusion rate λ 
= 10 000, designed to be used as surgical 
threads. 
 

             
 

 
 

Fig.2. Scheme of a complex rolling by the 
KOBO method ( Bochniak et al., 2015) 
and strip of aluminum alloy 7075 
(structure and view), obtained as the result 
of this process. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.3. Mechanical properties and structure of 
wire produced from machining chips of 
magnesium alloy AZ91, by KOBO extrusion 
(as in Fig. 1) at room temperature. 

 
To sum up, knowledge on the phenomena 

accompanying plastic deformation of metals 
allows for better exploitation of their potential 
mechanical properties.  
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Abstract: This work presents study on the facile method 
for preparation of copolymer of styrene and methyl-
methacrylate containing reduced graphene oxide/silver 
nanoparticles (PS-PMMA/RGO/AgNPs) nanocomposites 
using two different preparation techniques (i) a microwave 
irradiation (MWI) to obtain R-(GO-(PS-PMMA))/AgNPs 
nanocomposites and (ii) in situ bulk polymerization meth-
od to obtain RGO/AgNPs-(PS-PMMA) nanocomposites. 
The nanocomposites were characterized by FTIR, XPS, 
and Raman spectroscopy and XRD, SEM, HRTEM, DSC 
and TGA analysis techniques.  These results showed that 
the MWI produced nanocomposites with enhanced mor-
phological, structural and thermal properties as compared 
with nanocomposites by insitu method. The antibacterial 
activity of RGO/AgNPs-(PS-PMMA) and R-(GO-(PS-
PMMA))/AgNPs nanocomposites against E.coli HB 101 K-
12, shows an inhibition zone of 3 mm and 27 mm respec-
tively. This result indicates that the nanocomposites pre-
pared by MWI shows strong activity. Also the conductivity 
results shows that the nanocomposites prepared using MWI 
shows better conductivity than the insitu prepared nano-
composites 
 
Keywords:  Graphene; Graphene oxide; Silver nanoparti-
cles; MWI; PS-PMMA. 

Figure 1: The HRTEM images of (a) AgNPs, (b) 
RGO/AgNPs, (c, e) GO/AgNPs-(PS-PMMA), and (d, 
f) R-(GO-(PS-PMMA))/AgNPs nanocomposites 
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Abstract:  

Magnesium-doped zinc oxide (Zn0.92Mg0.08O) ZMO nanoparticles of 23 nm particle 

size have been synthesized by auto-combustion method. The variation in particle size of these 

nanoparticles has been performed by their further calcination at 800 and 1000 oC for 2h and 

the corresponding calcined particles are designated as ZMO-1 and ZMO-2, respectively. The 

nanoparticles have been characterized by Powder-XRD, SEM, EDX and 

TEM. The effect of particle size on the antiwear lubrication behavior of paraffin base oil has 

been investigated on Four-ball lubricant tester. The tribological tests of these nanoparticles as 

antiwear additives have been studied at an optimized concentration (0.5%w/v) by varying 

load for 30 min test duration and by varying the test durations at 392N load. Various 

tribological parameters such as mean wear scar diameter (MWD), friction coefficient (µ), 

mean wear volume (MWV), running-in and steady-state wear rates show that these 

nanoparticles act as efficient antiwear additives and possess high load carrying ability. From 

these tribological tests it has been observed that the lubrication behavior of studied 

nanoparticles is strongly size-dependent. The best tribological behavior is shown by 

nanoparticles of the smallest size, ZMO. Being sulfur, halogen and phosphorous free, ZMOs 

nanoparticles have potential to be used as low SAPS lubricant additives. The SEM and AFM 

analysis of the worn surfaces lubricated with ZMO nanoparticles at 392N applied load for 60 

min test duration show drastic decrease in surface roughness. The values of surface roughness 

of different additives is in good agreement with their observed tribological behavior. 



Keywords:  Four-ball tester, Antiwear lubricant additives, Zn0.92Mg0.08O nanoparticles, 

Material characterization, Surface analysis: AFM, SEM. 

1. Introduction 

Lubricants play an important role to reduce friction and wear 

and increasing the life of contact interfaces. According to literature survey, a lot of organic 

compounds have been used as antiwear and extreme pressure lubrication additives. These 

additives molecule basically contain active elements such as phosphorous, sulfur, halogens, 

nitrogen and oxygen as well as polar groups for strong adsorption.1 Additives with these 

active elements get adsorbed on the contacting metal surface and form a tribochemical film 

under lubricating conditions. This enhances machine efficiency by reducing wear and 

friction. Besides this, tribological performance of zinc, molybdenum and lanthanum 

complexes of dithiohydrazodicarbonamides, dialkyldithiophosphates, dithiocarbamates, 

tricresylphosphates, etc. have also been investigated.2 Modern engine oils contain a large 

number of additives but the most influential  compounds on the tribological performance of 

the lubricants are antiwear zinc dialkyldithiophosphates (ZDDPs). ZDDPs have been used in 

engine oils as multifunctional additives for more than 70 years and are probably the most 

successful antiwear additives ever discovered. However, the excessive use of ZDDPs has 

been limited due to their adverse impact on environment caused by poisoning of the catalytic 

converters since these contain high amount of Sulfated Ash, Sulfur and Phosphorous 

(SAPS).3 Besides this, ZDDPs are also health hazardous and responsible for eye irritation, 

allergic contact dermatitis and mutagenicity.4 Several norms are available which strictly limit 

the SAPS (Sulfated Ash, Phosphorous and Sulfur) contents of additives. According to ILSAC 

GF-5 the acceptable limits of phosphorous and sulfur is 0.08% and 0.5% respectively.5 

Therefore, a lot of efforts have been made to develop new antiwear additives which have low 

SAPS content.  



In order to meet the aforesaid objectives, several substituted Schiff bases and 

thiosemicarbazones as antiwear additives were explored by Rastogi et al. Their synergistic 

action with organoborate show better tribological properties as compared to ZDDP. Besides 

this, ß-lactum antibiotics and stearic acid-modified zinc doped calcium copper titanate 

nanoparticles have been recently reported as efficient low/zero SAPS antiwear additives in 

paraffin base oil.6,7 With  continuous efforts in the field of development of nanoscience and 

nanotechnology, nanoparticles have attracted much attention due to their unique properties 

and applications in electronics, photonics, magnetism and tribology.8 In tribology, several 

types of inorganic nanoparticles such as fullerene-like (IF) supramolecules of metal 

dichalcogenides MX2 (M = Mo, W, etc.; X = S, Se) CaO, CuO, ZnO, TiO2, CeO2, lanthanum 

borate, etc.9,10 The blends of these particles with lubricating oils improve the extreme 

pressure, antiwear and friction reducing properties of the lubricating base oil. A literature 

survey shows that various metallic nanoparticles have been used as lubricant additives for 

different purposes but very few reports are available on the mechanism of their action. 

The objective of the current study is, therefore, to synthesize Magnesium doped zinc 

oxide nanoparticles (Zn0.92Mg0.08O; ZMO) of different size and explore the effect of particle 

size on the tribological behavior of paraffin base oil under boundary conditions. To 

accomplish this objective, various techniques have been employed to study the particle size, 

shape (morphology), chemical composition, tribological properties (friction and wear) and 

surface morphology of worn track (SEM and AFM) during present investigation. 

2. Experimental section 

2.1. Synthesis and characterization 

Aqueous solutions of metal nitrates were mixed with an aqueous solution of citric 

acid maintaining at constant citrate to nitrate ratio of 0.3. The mixed solution was evaporated 

with continuous stirring at 200±5 °C until it gelled and finally burnt. Within a few seconds, 



the combustion reaction completed giving blackish porous ash filling the container. The ash 

was calcined at 600 °C in air for 4 h. Thus prepared magnesium doped zinc oxide 

nanoparticles (Zn0.92Mg0.08O) named as ZMO, were further calcined at 800°C and 1000°C 

and designated as ZMO-1 and ZMO-2 respectively. The phase, composition and morphology 

of synthesized ZMOs nanoparticles have been characterized by Powder-XRD, SEM, EDX 

and TEM. 

X‐Ray diffraction data were indexed on the basis of a cubic unit cell similar to 

undoped ZnO (JCPDS 36‐1451), Fig.1, which confirms the formation of single phase. The 

average crystallite size of the ZMOs nanoparticles was estimated as 23, 34 and 39 nm 

prepared at 600, 800 and 1000 °C, respectively using the Debye Scherrer formula: 

D = k λ/ β cosθ 

Where, λ is the wavelength of the X‐ray, k is a constant taken as 0.89, θ is the 

diffraction angle and β is the full width at half maxima (FWHM). The crystallite size derived 

from the XRD data. It is clearly observed from the XRD data that the average crystalline size 

increased with increasing temperature. The increased crystallite size with increasing 

temperature is mainly due to over grown grains resulting from the destruction of the grain 

boundaries at higher temperature. 

A Transmission Electron Microscope (TEM) was used to investigate the size of ZMO 

nanoparticles. The TEM observation reveals that the ZMO nanoparticles possess almost a 

spherical shape (Fig.2). Further, it can be seen from TEM-images that the average particle 

sizes of ZMO nanoparticles are 22 nm which supports the XRD-data. 

The EDX (energy dispersive X-ray) spectrum of the Mg-doped-ZnO nanoparticles 

(ZMO), Fig.3, comprises of Zn, O and Mg. Elemental analysis reveals the atomic percentages 

of Zn, O and Mg as 52.4%, 46.2% and 1.5% respectively. 

2.2. Tribological Characterization 



All the tribological testing was performed according to ASTM D4172 standard using 

neutral paraffin oil on four ball lubricant testing machine. Paraffin oil blends of ZMOs 

nanoparticles having concentration 0.00, 0.25, 0.5 and 1.0 % (w/v) were made by stirring for 

two hours on magnetic stirrer. The blends were further sonicated for one hour. The entire 

tests were carried out at an optimized concentration i.e., 0.5% w/v. 

3. Results and Discussion 

 The lubrication properties of these different size ZMOs nanoparticles in paraffin oil 

have been evaluated on four ball tester machine. Figure 4 demonstrates the optimization 

result for the ZMO nanoparticles with different additive concentrations at 392N load; 

1200rpm and for 60 min test duration. In absence of additive in the base oil, the mean wear 

scar diameter was found to be very large but in presence of ZMO nanoparticles it was fairly 

reduced at each concentration. As the concentration of ZMO nanoparticles in the base oil 

increases the reduction in the value of MWD also increases and it was found to be lowest at 

1.0 % w/v. However, there is marginal increase in reduction of MWD at 1.0 % than that of 

0.5% w/v. Therefore, 0.5% w/v was taken as optimized concentration and all the tribological 

tests were performed at 0.5% w/v concentration of ZMOs nanoparticles. 

 Figure 5 shows the changes in mean wear scar diameter (MWD) and average 

coefficient of friction in presence and absence of ZMOs nanoparticles in paraffin oil. The 

value of mean wear diameter (MWD) is much large in case of paraffin oil alone but in 

presence of different ZMOs nanoparticles it fairly reduces. In general, on addition of ZMOs 

nanoparticles to the paraffin oil both the friction coefficient and the MWD were significantly 

reduced. From the Fig.5, it can be clearly seen that the value of MWD and coefficient of 

friction significantly decreases for, ZMO(23nm), ZMO-1(34nm) and ZMO-2(39nm) but in 

case of ZMO-2a small increase in coefficient of friction (COF) is observed. The ZMO-2 

having 39nm particle size, shows the increasing behavior in coefficient of friction values with 



time (Fig.6). The smallest MWD and lowest coefficient of friction were found in case of 

surface lubricated with blend of ZMO nanoparticles (23nm) in base oil. This reveals that 

ZMO nanoparticles, used as additives, played a positive role in remarkably improving the 

tribological properties of paraffin oil. 

 Figure 6 shows the variation of coefficient of friction with sliding time at 392N 

applied load. The blends of ZMOs nanoparticles in paraffin oil show lower coefficient of 

friction values than the paraffin oil except ZMO-2. In general, coefficient of friction initially 

increases with time in all cases. After some time duration, the value of coefficient of friction 

reduces and it remains stabilized in case of ZMO and ZMO-1. However, the unusual trend of 

ZMO-2 may be due to its larger particles size and/or agglomeration. It was noted that ZMO-2 

dispersed in paraffin oil tends to settle down after couple of hours, which reveals its poor 

dispersion stability. Under tribological conditions, the high pressure and temperature 

probably facilitate the agglomeration of ZMO-2 nanoparticles, resulting in high coefficient of 

friction values. This phenomenon is found to increase with the contact time. 

The antiwear mechanism of the investigated additives may 

follow three different processes8: (i) the nanoparticles may melt, get welded on the shearing 

surfaces and react with sliding surfaces to form a tribofilm, (ii) or these may act as a third 

body on shearing surfaces i.e. like nano-bearings and (iii) or these may get tribosintered on 

the surfaces. From all the three possible mechanisms, these ZMOs nanoparticles may follow 

either nanobearings and/or tribosinterization mechanism at the steel-steel interface under 

operating conditions, minimizing metal-metal contact and thus friction and wear are reduced. 

Therefore, observed tribological behavior of ZMOs nanoparticles seems to be strongly size 

dependent, as given below.  

ZMO > ZMO-1 > ZMO-2 > Paraffin oil 



For determining wear rate, mean wear volume was calculated using Archard’s equation 

based on elastic recovery.11 The value of running-in and steady-state wear rate has been 

determined using linear regression model and their values are mentioned in Table 1. The 

lowest running-in and steady-state wear rate has been found in case of ZMO followed by 

ZMO-1 and ZMO-2. 

3.1. Surface Characterization 

 The topography of the wear track has been studied by scanning electron microscopy 

(SEM) and Atomic Force Microscopy (AFM). Here for comparison of SEM images, ZMO 

nanoparticles is chosen which is better from all nanoparticles and paraffin oil. Figure 7 shows 

the SEM images of worn surface of steel balls under the lubrication of paraffin oil alone and 

ZMO nanoparticles at a load of 392 N for 60 min time duration. The MWD of steel ball 

lubricated with ZMO nanoparticles is notably smaller than the steel ball lubricated with base 

oil alone. The worn area lubricated with paraffin oil shows very deep scratches and groves 

illustrating metal-to-metal contact because of poor lubrication. The presence of ZMO in 

paraffin oil, improved the anti-wear property by reducing MWD compared to the surface 

lubricated with paraffin. The presence of shallow scratches and grooves on worn area 

indicates the role of ZMO nanoparticles as antiwear additives. The extent of surface 

smoothening in case of surface lubricated with ZMO nanoparticles is found to be much 

increased which filled the surface irregularities. Therefore, the new additives possess 

significant antiwear properties. 

  On comparing the plots in Fig.8, it has been found that the area as well as line 

roughness are extremely large in case of paraffin oil whereas these have magnificently 

reduced in presence ZMOs additives. A large differences in the average peak-valley height 

(2.63µm) is observed for the surface lubricated with paraffin oil alone whereas very small 

surface undulations are found in case of ZMOs (300-680 nm), Fig.8. Beside this, the value of 



area roughness as well as line roughness has been found to be maximum for the base oil, 

however, these values are much lower in presence of ZMOs nanoparticles. Thus, the AFM-

images also support the observed results of tribological tests. 

4. Conclusion 

 Magnesium doped zinc oxide (Zn0.92Mg0.08O; ZMO) nanoparticles was synthesized by 

auto-combustion method and variation in particle size were made by increasing temperature. 

Formation of single phase was confirmed from the powder-XRD data of the different sized 

ZMOs nanoparticles. The average crystalline size of these nanoparticles was found to be 23, 

35 and 39 nm for ZMO, ZMO-1 and ZMO-2, respectively. These blends effectively enhance 

the antiwear properties in base oil in order of decreasing particles size. ZMO nanoparticles as 

additives in paraffin oil exhibited excellent friction-reduction and anti-wear behavior. The 

running-in and steady-state wear rates of ZMOs nanoparticles have been found to be much 

lower than paraffin base oil. On the basis of observed tribological parameters, SEM and AFM 

results, it was inferred that addition of ZMOs nanoparticles significantly improved 

tribological characteristics of the paraffin oil by acting as nanobearing and/or tribosintering. 

Surface analysis by SEM and AFM also supports the observed tribological behavior of ZMOs 

nanoparticles. 
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Fig.7. SEM micrographs of the worn steel surface lubricated with (a) Paraffin oil and  (b) ZMO nanoparticles (0.5% w/v) 
in paraffin oil for 60 min test duration at 392N applied load 
 

 

Fig.8. Surface Roughness parameters obtained from digital 
processing software of Nanosurf basic Scan 2 for different 
additives at 392N load for 60 min test duration 

Table 1. Wear rates of paraffin oil in absence and 
presence of ZMOs nanoparticles as antiwear additives at 
392N applied load for 90 min test duration 

 

S.N. Additives 
Wear Rate (10-4x mm3/h) 

Running-in Steady-state 

1. ZMO            39.6 06.88 

2. ZMO-1 40.8 15.56 

3. ZMO-2 54.58 21.16 

4. Paraffin oil 69.99 38.88 
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ABSTRACT 

A kalsilite glass-ceramic composites have been prepared by 
mechanochemical synthesis process for dental veneering 
application. The aim of the present study is to prepare bioactive 
kalsilite composite material for application in tissue attachment 
and sealing of the marginal gap between fixed prosthesis and tooth. 
Mechanochemical synthesis is used for the preparation of 
microfine kalsilite glass ceramic. Low temperature frit (LTF) and 
bioglass have been prepared using traditional quench method. The 
kalsilite composites aims to form a bioactive surface with the 
periodontal tissue attachment. Thermal, microstructural and 
bioactive properties of the composite material have been 
examined. The feasibility of the kalsilite to be coating on the base 
commercial opaque as well as the bioactive behavior of the coated 
specimen have been confirmed.     
Keywords 
Mechanochemical synthesis; Composite; Glass ceramics; Coating; 
Simulated body fluid; Dental ceramic  

 

1. INTRODUCTION 
Ceramic-metal restorations is a beauty of porcelain and 

strength of a metal substructure. Metal/ceramic alloys are being 
challenged by manufacturers of frequent low cast alloys which 
exhibit superior physical properties for their products [1-3]. 
However, during the past few years, the technologic parameters of 
dental ceramic alloys have been changed. Bioactive dental materials 
has been developed over the last decades [4]. They have abilities 
to develop an efficient attachment between the fixed soft 
periodontal tissue and prosthetic restorations [5]. Ceramic 
materials are regularly used in dental restoration which have 
specific properties such as similarity with natural tooth structure, 
wear resistance, high mechanical strength and durability in the oral 
environment. The main problem that occur with the patient’s that 
the secondary caries and cement dissolution, resulting in the 
marginal gap between the existing tooth and restoration [6-7]. This 
causes a bacterial attack leading to pulp irritation or necrosis and 
finally remove the prostheses [8]. Alteration in this marginal gap 
leads to increase in the cell attachment and proliferation without 
affecting the physico-chemical and mechanical properties [9]. It 
can decrease or eliminate cement dissolution and prevent the 
bacterial adhesion on the cement surface [10]. 

The present work has been carried out to introduce a successful 
process for the fabrication of bioactive kalsilite glass ceramic 
composite materials with required characteristics for dental 
applications. Especially for porcelain fused to metal system 
(PFM) used for crown, bridges etc. In this work, bioactive glass 
and kalsilite based porcelain were prepared using a traditional 
melt-quenching method and mechanochemical route respectively 
[2]. This new composite material expected to has good thermal, 
bioactive and mechanical properties. 

2. EXPERIMENTAL PROCEDURE 
2.1 Preparation of kalsilite, bioglass and low 
temperature frit (LTF) 

K2CO3, Al2O3, and SiO2 were weighed in a stoichiometric ratio 
of kalsilite (1:1:1). The mixture was pulverized for 6 h in a high-
energy planetary ball mill and fired at 1000 °C as reported in our 
previous work. The composition of bioglass were taken in a 
proportion of 45 wt. % SiO2, 24.5 wt. % CaO, 24.5 wt. % Na2O 
and 6 wt. % P2O5. These materials were mixed in an agate mortar 
for homogeneous mixing. Mixture was melt in a platinum crucible 
at 1400 °C for 1 h. The molten glass was quenched in water and 
dried at 110 °C for 2 hours in an electric oven. Dried powder was 
then pulverized to pass a 350 BSS mesh [3]. LTF was also 
prepared in the same manner. 

 
2.2 Preparation of kalsilite composites   
Composites were prepared by mixing 40 wt. % kalsilite, 45 wt. % 
bioglass and 15 wt. % LTF. Composition of COP-1 and COP-2 
(as given in Table.1) were choose on the basis of different 
optimizations, which include glossiness of the surface, thermal 
expansion and translucency. Batch was ground in a planetary ball 
mill for 5 minutes to get a homogenous mixture. This ground 
material was further pelletized using a uniaxial hydraulic press by 
applying a load of 200 MPa. These pellets were heat treated at 
960 °C with a heating rate of 80 °C/min using a VITA 
VACUMAT 40T according to a standard dental veneering firing 
cycle pre-programmed by VITA under vacuum. Vacuum was 
introduced at 500 °C and released at 960 °C.  
The bonding of CMP-1 and CMP-2 coating materials was 
analysed on a substrate made of opaque, (from VITA VMK 95 
1M2 opaque Product no. B330212, VITA Zahnfabrik, Bad 
sackingen, Germany). The substrate powder was pelletized in a 
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similar manner by heating at 960 °C. Veneer material were 
prepared by mixing of both composites (CMP-1 and CMP-2) in a 
modeling liquid with powder to liquid ratio of 0.3 to make a thick 
slurry. It was then spread manually using a spatula on the 
substrates. These specimens were fired up  to 960 °C using VITA 
VACUMAT 40T.   
 
2.3 Characterizations 
2.3.1 Phase identification and microstructural 
analysis 
X-ray diffraction of the composite (before and after heat 
treatment) was carried out using a portable XRD (Rigaku, Japan) 
employing Cu Kα radiation with Ni filter operating at 30 mA and 
40 kV. Diffraction peaks were analyzed using standard JCPDS file 
(PDF-2 database 2003). Micrographs of the fractured sample were 
recorded using scanning electron microscope (SEM) (INSPECT 50 
FEI). 
 
2.3.2 Coefficient of thermal expansion (CTE) 
CTE and the glass transition temperature (Tg) of the composite 
material were examined using a dilatometer (supplied by VB 
Ceramic Consultants, India). For CTE measurements, material was 
compacted into a rectangular bar (50×10×10 mm) using a uniaxial 
hydraulic press by applying a load of 200 MPa followed by heat 
treated up to 950 °C with heating rate 80 °C/min (according to 
manufacturer’s instructions).  
 
2.3.4 Preparation of SBF 
SBF solution was prepared by dissolving analytical reagent grade 
NaCl, KCl, NaHCO3, MgCl2.6H2O, CaCl2 and KH2PO4 in 
double distilled water and buffered at pH 7.25 with 
trishydroxylmethyl aminomethane (TRIS) and 1N HCl at 35-37 
°C. Its composition is given in Table 1 and it  compared with the 
ionic concentration of human blood plasma [11]. 
 
2.3.5 Bioactivity test 
The formulated composites has been veneered on the surface of 
the substrate to study its bioactivity  and surface morphology. 
Furthermore the hydroxyapatite forming ability and adherence to 
the interface were also studied. The hydroxy apatite forming 
ability of the coated specimens ware observed through immersion 
in simulated body fluid (SBF). For these testing, three specimens 
of dimensions 10 mm diameter and 2 mm thickness were prepared 
and immersed in SBF (40 ml) for 7 and 21 days. At the end of all 
selected time period, samples were separate from the SBF 
solution, rinsed with distilled water and dried for further analysis. 
SBF treated samples were examined by SEM and FTIR to 
evaluate the possible formation of a hydroxyapatite (HAp) layer 
on the material surface, as a marker of bioactive behavior. 
 
3.0 RESULTS AND DISCUSSION  
3.1 Phase analysis  
Figs. 1 and 2 shows the XRD pattern of both kalsilite composites 
before and after firing. Before firing kalsilite was detected to be 

only a crystalline phase along with the some amorphous phase. 
Furthermore Na2O. SiO2 phase has been found as a crystalline 
phase in both CMP-1 and CMP-2 after firing along with kalsilite 
as a major phase. This may form due to presence of some free 
Na2O and SiO2 components in the matrix.  
 

 
Fig. 1. XRD patterns of kalsilite composite before and after 
heat treatment 

 
Fig. 2. XRD patterns of kalsilite MgF2 composite before and 

after heat treatment 
 

3.2 Coefficient of Thermal Expansion (CTE) 
Thermal expansion is the furthermost important essentials for 
veneering glass-ceramic fused to metal restorations. When a dental 
ceramic is used on a substrate, then CTE must be exact to confirm 
good attachment of the dental prosthesis. There is a possibility of 
formation of the cracks if a mismatch among the CTE of the 
ceramic coating and the substrate exist. Fig. 3 shows the result of 
CTE curves of kalsilite composites. Values of CTE and glass 
transition (Tg) of the composites have been found to be 
15.9×10−6 /°C and 535 °C for CMP-1, 15.6×10−6 /°C and 545 
°C for CMP-2. 



 

 
Fig. 3. CTE curves of kalsilite composites MCL-1 

 
A high CTE of ceramic is required to assure a good bonding with 
the substrates. The existence of kalsilite phase in composite 
material causes an increase in the CTE value. Kalsilite has a high 
CTE value which improve the whole CTE of the dental ceramic 
and consequently thermally compatible with the substrates. 
 
3.3 Interface layer 
Fig. 4 and 5 shows the surface morphology of interface layer 
between the composite and the substrate (composite coated on 
commercial vita opaque substrate). This morphology is a 
confirmation of qualitatively good bonding between the composite 
and substrate. There are no cracks or peeling off or gap present in 
the interface region. This confirms that the CTE of composite and 
substrate are well coordinated.  
 
3.4 Bioactivity in SBF 
Kalsilite composite samples immersed in SBF solution has been 
analyzed with SEM and FTIR. Immersed in SBF led to formation 
of a HAp layer on the surface of the samples. Fig. 6 and 7 shows 
the development of HAp layer on the surface of the samples after 
immersing in SBF solution for 7 days. In FTIR (Figs. 8 & 9), 
strong peaks corresponding to stretching vibrations of PO4

-3 bond 
have been appeared in the range of 1150–900 and 650–500 cm-1. 
This is the indication of the formation of hap layer on the surface 
of the sample after immersion in SBF for 7 days at 37 °C. The low 
intense peaks have been observed in the range 1500–1400 cm-1 
which indicates the presence of CO3

-2 molecules in the sample. 
There is also a peak at 450 cm−1 allocated to the bending vibration 
mode of Si-O bond. The results of SEM is also in conformity with 
the results of FTIR. The thickness of hydroxyapatite layer 
increases with increasing the immersion time.  
 
 
 

 
 

Composites Kalsilite Kalsilite 
MgF2 

Bioglass LTF 

CMP-1 40 - 45 15 
CMP-2 - 40 45 15 

 
Table-1 Batch composition of composites 

 

 
 
Fig. 4. SEM image of the fracture surface of CMP-1 interface 
of coated on subtract. 
 

 
 
Fig. 5. SEM image of the fracture surface of CMP-2 interface 
of coated on subtract. 
 
 
 

 



 
Fig. 6. SEM pictures of the CMP-1 (A) before and (B) after immersion for 7 days in SBF solution, presenting hydroxy apatite 
formation. 

 
Fig. 7. SEM pictures of the CMP-2 (A) before and (B) after immersion for 7 days in SBF solution, presenti ng hydroxy apatite 
formation. 
 

      
Fig. 8. FTIR Absorbance bands of the CMP-1 before and after 

immersion in SBF solution for 0 and 7 days. 

 
Fig. 9. FTIR Absorbance bands of the CMP-2 before and after        
immersion in SBF solution for 0 and 7 days. 
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Abstract 
 
Controlled electrical breakdown is used in order to produce efficient nanopore sensors. This phenomenon can 
be used to precisely fabricate these nanopore-sensors through membranes of polydimethylsiloxane micro-
arrays. This can be carried out when localizing the electrical potential through a suitable microfluidic channel. 
Organic molecules such as DNA and different protein-molecules can be easily and precisely detected using 
this procedure: Controlled electrical breakdown technique.  
 
Introduction 
 
Detecting the presence of a single organic molecule 
has attracted the interest of researchers with recent 
techniques based on the production of nano-pores. It 
is widely used nowadays to get precise results [1, 2]. 
This is achieved when applying external electric 
field on an ultra-thin aperture (nano-scale) which 
lies on an insulating membrane. This membrane is 
submerged in an ionic electrolyte [3]. Organic 
molecules such as DNA and proteins can be 
electrophoretically forced to move towards certain 
nanopores (NPs) [4- 6]. The driven motion results in 
net variation in the electrical conduction which leads 
to exact data concerning the driven molecule; in 
particular charges deposited on it, its length, size, 
shape etc. In addition, some studies have shown that 
this technique is applicable to DNA-sequencing [7], 
protein unfolding [8] and detection [9]. Good 
mixing of protein aqueous pores in lipid bi-layer-
membranes can form active nano-pores [10]. 
However, because lipid the bi-layer-membranes 
have very weak mechanical properties, the applied 
voltages to the pores are limited and thus the 
application of this method is limited. But solid state 
nano-pores are more robust within wider ranges of 
application conditions: Temperature, electric field, 
pH, etc [11, 12]. Solid state nano-pores have more 
tendencies to combine with molecular electronic 
devices inside a strong lab-on-ship device [13]. 
Zhao et al [13] have presented multiple scenarios to 
embedding nano pores through different 
microfluidic systems. In general, using high energy 
electron (or ion) beams through ultra-thin nano 
dielectric membrane gives good NPs [14]. In 
addition, focused ion beam or tunneling electron 
microscope leads to different integration-problems 
because a nanopore should be fabricated before 
integrated in micro channel (MC). This makes a real 
need to a strictly correct the line-of-sight aligned 

through the whole device. In general, the typical 
procedures for nano-devices techniques base on the 
creation of NPs through wet environment are 
difficult with high vacuum techniques. Different 
authors have recently shown another possible 
solution for this technique: controlled electrical 
breakdown [15, 16]. Sufficiently high electric field 
is applied to an insulating membrane through 1 M 
KCl leads to immediate fabrication of single 
nanopore with about one nanometer diameter [17, 
18]. The presented technique is normal based on 
integration of nanopore sensors through complicated 
micro-devices and may be up to lab-on-chip devices. 
We propose, in this study, a nano-device containing 
five times one array of solid state NPs and when 
handling the electric breakdown in each 
polydimethylsiloxane MC independently, leading to 
certain localization of electric field on certain 
domains of a single SiNx- membrane. Along the 
extent of all MCs the whole membrane is extend in 
the presence of a solution, then another one which 
has only a tinny domain of the membrane is open. 
The noise features within the device is characterized 
to validate the incorporation of NPs to the micro-
device in order to detect the translocation of the 
organic molecules. 
 
Method and Experimental Procedure 
 
On 3 mm-frame size commercial Si-wafer, 20 nm-
thick thick SiNx-membrane has been installed 
between arrays of PDMS-MCs. The present devices 
have used geometries having at least 5-MCs 
installed on one side of the membrane; however, the 
proposed device gives the possibility to have 
another single-common MC access the other side as 
shown in figures 1: (a, b, c, d). Figures 1-a and 1-b 
show arrangement of 5- MCs having a broad two 
hundreds micrometers wide and fifty  micro-meters 
height placed on the membrane to about fifteen 
micrometer width.   



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1: (a) and (c) 5channels device Micro-via layer is 
added to the micro-channels which fix the electric field 
and charge in the solution to a well definite domains on 
the membrane (scale is not conserved). Symmetrical 
electric field can be produced in the micro channels when 
adding another similar electrode which is illustrated by 
dashed-line in fig 1-c. (b) and (d) 5 micro channels 
constructed on a SiNx membrane which is isolated by an 
insulator layer; the bleck dashed line represents the 
direction of the cross sectional views in (a) and (c). 
 
The separation distance between channels is twenty 
fife micrometers. The other device shows has been 
designed in order to control nano pore creation by 
controlled electric breakdown through every 
microfluidic channel. By this configuration the area 
has been kept minimum in which allows more 
reduction of electrical noise through the ionic 
solution. In the other device, a 200µm-layer of 
PDMS, two hundred micro meter thick layer of 
PDMS is combined with an arrangement of 
apertures with length 40 µm < L < 120	µm has been 
utilized in order to create suitable microfluidic vias 
that connects the micro-channels to a fix and well	
known domain at middle of the membrane which is 
illustrated in figures 1-c and 1-d. The PDMS layer 
is, then, linked to the arrangement of 5-
microchannels, in addition to the principal channel. 
About three mm-thick layers of PDMS with 250 
micrometer x 100 micrometer high fluidic channel is 
oxygen-plasma bonded to a glass-wafer, in all 
devices. Also, 2 mm aperture has been punched 
within the principal bottom micro-channel to permit 
fluidic entrance. To smooth and to compensate for 
the Si-thickness, a 100 micro meter thick PDMS 
layer has been spin-coated near the chip. On a hot 
plate, the PDMS layer has been crud at eighty 
Centigrade foe about on half hour. Different holes 

have been punched to ensure silver/silver-chloride 
electrodes to permit electrical and fluidic rapid 
movements within the channels.  The electrical 
conductance of the MC lies in the range 10-5 
(ohms)-1 in M KCl solution when placing the 
electrodes about 5-mm from the center of the 
membrane. In order to reduce the MC 
hydrophobicity, the whole device has been faced to 
oxygen plasma at 70 watts for about 300 seconds 
[19]. Figures 1-a and 1-b illustrate a discipline of 5-
MCs, two hundred micrometer wide times fifty 
micrometer height acuminate at the membrane till 
about fifteen micrometers. These MCs are 
completely independent and they are disconnected 
by about twenty five micrometer apart. In another 
device-configuration, the microfluidic channels have 
been planned in order to control the nanopore 
formation by the electrical breakdown in the middle 
of the membrane. By this configuration, the noise 
has been minimized by reducing the area of 
membrane exposed to the electrolyte. Here, a layer 
of polydimethylsiloxane has been used in order to 
produce to form micro fluidic vias which can 
connect the different MCs as it is illustrated in 
figure 1-c and 1-d. The configuration of 5-MCs has 
been then bonded to the polydimethylsiloxane layer.      
 
Polyethylene has been used to link the MCs to 
sample; then pressure has been used to initiate the 
flow.  Under a suitable applied voltage of about 0.2 
volts < V < 1 volt, the validity of device has been 
tested and effective sealing between MCs is more 
than ten Giga ohms. This has been achieved when 
measuring ionic current between MCs with one 
mole potassium chloride solution. 
 
Results and discussion 
Applying controlled external electric field to each of 
the channels found on the membrane allows the 
formation of controlled breakdown that creates 
individual NPs. For example, 10 volts up to 14 have 
been applied to MCs creates NPs in some seconds or 
one minute. Leakage electrical current has been 
formed through the SiNx-membrane-membrane-
membrane due to the application of that external 
potential and the creation of nanopore is found, 
during 0.1 second, when an abrupt increase of this 
leakage current occurs. To get the desired nanopore 
size, one can vary and control both the applied 
electric potential and the response time. Following 
the electric breakdown, the creation of nanopore is 
repeated several times on a single membrane but 
found at channels. To verify the validity of the 
device, sensitive experimental characterization data 
have been carried out compared with a suitable low 



noise amplifier : Axopatch 200B (Molecular 
devices). In addition, to get more fine NPs, one has 
applied an ac-electric signal with amplitude 5 volts 
across the membrane which has minimized the 
electrical noise and re-install nanopore to be ready 
for another use. The electrical resistance of 
nanopore is so sensitive to the pore diameter which 
depends on the initial value of the breakdown. This 
resistance has been estimated in electrolyte by 
measuring the ionic current within the nanopore 
when sweeping the external voltage between 
negative 0.2 volts and positive 0.2 volts. Following 
the work of Kowalczyk et al [20], we consider the 
nanopore to be as a cylinder of effective diameter d 
which could be estimated from its conductance 
considering the following [20] 
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Fig (2) I- V: Current- voltage characteristics is illustrated 
which lead to estimation of nanopore radius when 
application a model of electrical conduction through a 
single device containing 5-micro channels. Symbols 
represent experimental data for different nanopore radius: 
10nm, 7.5nm, 5.5nm, 4.5nm; while lines are for best 
fitting value after equations (2-a, -b, -c, -d). 
 
Here, s is the electrical conductivity of the solution 
(electrolyte) and L is the active-length of the 
nanopore-bulk which is considered to be equivalent 
to the thickness of the SiNx-membrane. Fig (2) 
shows the current – voltage characteristics in 1 M 
KCl solution which claims an ohmic behavior with 
pH value around 7.5. The corresponding electrical 
conductivity is ~ 10 W-1 cm-1 for the examined five 
NPs. The size of these NPs lies in the range between 
3 nm and 10 nm (within the five examined 

channels). The experimental data shown in figure 
(2) lead to an empirical equation that gives the best 
fit to experimental results in Fig (1) as following: 
 
For 10.0 nm nanopore: VI 115.0569.0 +=   (2-a) 
For 7.50 nm nanopore: VI 0516.019.0 +-= (2-b) 
For 5.50 nm nanopore: VI 0363.012.0 +-= (2-c) 
For 4.50 nm nanopore: VI 01746.010.0 += (2-d) 
 
The strict linear behavior of I- V curves reflects the 
ohmic behavior of the electrical conduction within 
the nanopore. These four empirical relations give an 
electrical conductance G (W-1) as a function of the 
nanopore diameter (d) as following:  
G (W-1) = 0.12 + 0.035 d (3)  
Briggs et al [21] have shown that the estimated 
nanopore diameter has an accuracy error about 0.5 
nm due to the surface charge which is ignored in 
equation (1); while the accuracy of both solution 
electrical conduction and membrane thickness is ~ 
0.3 nm. It is worth mention that the high dielectric 
values of the device controls the electrical noise 
arising at higher frequencies while noises arising at 
lower frequencies are typically of the type-1/f [22, 
23]. So, it is important to minimize the area 
disclosed to the electrolyte to reduce noise in high 
frequency range. This ameliorates, also, the ratio 
signal/noise ratio at high bandwidth [24, 25]. 
Figures 1a and 1b show a comparison between the 
five channel devices with and without micro paths. 
It is worth noting that when inserting nano-pores 
using the above mentioned technique, one should 
take into account the architecture of the microfluidic 
design as the electrical characteristics are very 
sensitive to the design. Also, protein samples have 
been detected and even captured by nano pores 
integrated in microfluidic channels which have no 
micro-via. The net efficiency of the process has 
been notably decrease when using micro channels 
with no output path. More than thousand bio 
molecular activities can be detected by the present 
device. Faradic effects play, also, some role in the 
electrical conduction through the membrane. This 
has been noticed when replacing the electrodes we 
did not have the same experimental data. This is due 
to asymmetry in the electric potential at the 
membrane which affects the field in the micro 
fluidic channel. One can, also think about some 
additional charges lies at the edge of the membrane; 
because an area which is stress in excess on bonding 
against layer of polydimethylsiloxane (not far from 
the silicon support region). The electric charges lay 
in this area prevent the translocation of polymers 
rich in electric charges and on the same time permits 



the cross of polypeptides which are poorer in 
electric charges. Nanopore should be fabricated in 
such a way that it should be in the membrane-center 
in order to be far from edges. This increases the 
device efficiency and allows more symmetrical 
electric field at the center of device. By this 
technique, DNA molecule precisely can be detected 
in a pH 10-solution. Moreover, the asymmetry of the 
electric field can be highly decreased when using 
pairs of electrodes biased from the same external 
electric source, in the top independent channels 
which lay on either side of the membrane. By this 
scenario, five out of six devices tested in pH 8 can 
detect minimum one thousand activities of bio 
molecular translocation incidents.  
 
Conclusions 
Controlled electrical breakdown has been 
successfully used to fabricate solid-state NPs are 
using many-sided scenarios with different 
microfluidic mediums. The main feature of our work 
is the integration of NPs into lab-on-ship 
micro/nano-system which highly stretched the 
fabrication/assembly techniques. Different 
microfluidic paths with different microfluidic 
channels increases the sensibility and efficiency of 
device also, it decreases the electrical noise when 
using high-bandwidth. In addition, the diversity of 
uses increases when sharing a common micro 
channel with a system of discipline of NPs; in 
particular when a priceless protein is drove to the 
common channel with different NPs (with different 
size and / or different functions i.e. either in parallel 
or in series). This architecture allows detecting 
several samples on the sample time using the 
different micro channels 
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Abstract: Well-crystallized ZnO nanorods of con-
trolled lengths were synthesized by chemical route 
method without surface modification. The morphol-
ogy and structure of the nanorods were characterized 
by transmission electron microscopy, and X-ray dif-
fraction. It was observed that the ZnO nanorods are 
hexagonal-shaped with diameters in the range of 12-
14 nm and length of 100-200 nm based on synthesis 
of nanorods and growth time. The UV-Vis spectros-
copy have been performed at room temperature. The 
absorption spectrum reveald that the nanorods in 
different lengtht have a sharp absorption edge at 
about 365 nm. 
  
Keywords: ZnO nanorods, XRD, UV-Vis spectros-
copy.  
 
1. Introduction  
       Zinc oxide (ZnO) is n-type semiconductor mate-
rials and has a direct wide band gap of 3.37 eV at 
room temperature with high exciton binding energy 
(60 meV)[1,2]. ZnO is a well-known luminescent 
material which can be applied in optoelectronic de-
vices such as, light emitting diodes, lasers, sen-
sors[3], and photovoltaic devices[4]. In addition, 
ZnO exhibits two emission bands in the UV and visi-
ble range at room temperature[5].  The relative inten-
sity of these bands depends on the fabrication pro-
cesse of ZnO   which affects the size of nanoparti-
cles[6] or nanorods.  
 
In this work, high-quality ZnO nanorods were as-
sembled from colloidal nanoparticles. Various 
lengths of ZnO nanorods were obtained based on 
growth time, which   plays an important role in the 
formation process. 
 
2. Experimental  

       ZnO nanorods at different growth time and with 
average lengths of 100-200 nm were synthesized in 
different steps. First, colloidal solution of ZnO was 
prepared to produce nanoparticles with an average 
diameter of 3 nm using Spanhel and Anderson meth-
od [7]. In the second step, Hoyer’s method [8] was 
used with some modifications. The solution contain-
ing the 3 nm nanoparticles was heated to 60 oC and 
mixed with deionized water for different time periods 
of 2, 6,18, and 48 hours. 

 

Figure 1: TEM images of ZnO nanorods in different 
lengths. (a) time growth for 2hr, (b) time  growth for 
48 hr and the inset shows electron diffraction pattern 
evidencing well crystallized nanorods. 

During this procedure, a white powder was formed 
and precipitated, and then the solution was centri-
fuged and washed with an ethanol–water mixture 
(19:1)  four times to remove physisorbed ionic com-
pounds. The shape and length of ZnO nanorods were 
analyzed using transmission electron microscope 
(TEM). Powder X-ray diffraction (XRD) patterns 
were obtained at room temperature using Shimadzu 
6100 XRD and CuΚα radiation (λ= 0.15406nm). 
Absorption spectra of ZnO nanorods were obtained 
using Jasco UV–Visible spectrophotometer. 
 



 

Figure 2: XRD pattern for ZnO nanorods. 
 
3. Result and Discussion  
       A transmission electron microscopy (TEM) im-
age for ZnO nanorods with growth time   of 2 hours 
is displayed in Figure 1(a). In this image, the aver-
age diameter is about 12 nm and  length around 50 
nm.TEM images of ZnO nanorods  with growth time 
of 48 hours shows Zno nanorodes of average  diame-
ters 12 to 14 nm and  length 150 to 200 nm are pre-
sented in Figure 1(b). The inset of Figure 1(b) shows 
electron diffraction pattern evidencing well crystal-
lized nanorods. 
      Figure 2 demonstrates the XRD pattern of the 
ZnO nanorods of various growth times (2, 6, 18 and 
48 hours). The diffraction peaks and the observed 
pattern can be attributed to the presence of hexago-
nal wurtzite crystallites according to the standard 
JCPDS (No. 036-1451) with lattice constants of a = 
3.251Å and c = 5.208 Å. No excess peaks observed, 
which indicates that no complex products were 
formed.       
       Figure 3 shows the room-temperature UV–
Visible absorption spectra of   ZnO nanorods  of 
various  average lengths 50 to 200 nm. The ZnO 
nanorods exhibits a sharp absorption edge spectrum 
peaked at about 365 nm. 
 
4. Conclusion 
        The effect of synthesis parameters on the struc-
ture and morphology of ZnO nanorods growth at 
different periods of time were studied. Various 
lengths of ZnO nanorods have been obtained based 
on the growth time. This parameter plays an im-
portant role in the formation process. 
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Figure 3: UV-Visible absorption spectra for different time-
growth of nanorods. 
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Abstract: In this paper, we are studying the impact 
of aluminum doping in the optical and structural 
characteristics of ceria nanoparticles. Aluminum-
doped ceria nanoparticles, synthesized by chemical 
perciptation, show reduced optical direct bandgap up 
to 3.10 eV, larger fluorescence intensity, smaller 
grain size up to 5.25 nm, with increasing the doping 
concentration of aluminum. The shown results con-
firm that the aluminum dopant improves the conver-
sion process from Ce+4  ionization states to Ce+3 
states with more oxygen vacancies. This nanostruc-
tures show promising sensitivity to dissolved oxygen 
based on optical fluorescence quenching technique. 
 
Keywords:  ceria nanoparticles, fluorescence quench-
ing, oxygen vacancies, aluminum dopant, oxygen 
sensing. 
 
Introduction:  
In last few years, cerium oxide (ceria) nanoparticles 
have been extensively studied because of its high 
oxygen storage capabilities and the large diffusivity 
of oxygen vacancies. That makes ceria nanoparticles 
helpful for gas sensors and oxygen pumps [1, 2]. 
Doping ceria nanoparticles with some tri-valent ele-
ments is a promising technique to improve the ionic 
conductivity of ceria [3]. Aluminum dopant has been 
shown its promising potential to improve the catalyt-
ic activity of ceria [4]. This work represents optical 
study of ceria nanoparticles doped with aluminum. 
The study includes the study of optical absorbance 
dispersion, corresponding direct bandgap, and visible 
fluorescence intensity under near UV excitation. 
Then, the synthesized aluminum-doped ceria nano-
particles have been used to detect the dissolved oxy-
gen (DO) based on fluorescence intensity quenching 
with increasing the DO concentration. That could be 
helpful in applying the synthesized nanoparticles in 
DO sensor for environmental monitoring. 
 
Experimental work: 
Aluminum-doped ceria nanoparticles are prepared 
using a chemical precipitation technique [5]. Initial-
ly, (0.475g, 0.45g, and 0.425g) of cerium (III) chlo-
ride (heptahydrate, 99.9%, Aldrich chemicals) have 
been mixed with (0.025g, 0.05g, and 0.075g) of alu-
minum (III) chloride (heptahydrate, 99%, Aldrich 
chemicals), respectively. The mentioned concentra-
tions present the doping percentages of aluminum in 

the host ceria with 5, 10, and 15 wt.%  respectively. 
Then, the precursors are stirred in 40 mL de-ionized 
water.  The solution is stirred at rate of 500 rpm for 
24 hours through two stages. In the first step, the 
solution heated to 50oC in normal atmosphere while 
stirring; 1.6 mL of ammonia is then added after one 
minute to ensure that the solution becomes homoge-
nous. The synthesized nanoparticles are imaged us-
ing TEM, Phillips EM420.  
Regarding the optical characterization, the solution 
of the synthesized nanoparticles has been analyzed in 
UV-Vis Shimadzu spectroscopy to measure the ab-
sorbance spectrum and then the direct bandgap is 
calculated. The fluorescence intensity of the synthe-
sized nanoparticles solution is analyzed using the 
same fluorescence setup designed by the authors in 
ref [6]. The excitation wavelength would be 430 nm  
and the fluorescent emission is detected over the vis-
ible range. Then, the same setup is used to detect 
optically the dissolved oxygen, which is added to the 
solution of the synthesized nanoparticles. The 
quenching of fluorescence intensity peak is detected 
with variation of DO concentration 
 
Results & Discussion: 
The optical absorbance spectrum of the synthesized 
nanoparticles is shown in figure 1a. The correspond-
ing direct bandgap (Eg) is calculated using equation 
(1), as shown in Fig. 1b. 

                               (1)                                                                                                                                                                                                             
where A* is a material-dependednt constant based on 
effective masses of carriers and refractive index. The 
direct bangap has been reduced with increasing the 
doping concentration as shown in Fig. 1b, and it 
reaches to 3.10 eV at doping concentration of alumi-
num up to 15 wt.%. Compared to undoped ceria na-
noparticles with bandgap of 3.27 eV “dotted line on 
E-axis”, the shown results give an evidence that the 
aluminum dopant improves the conversion process 
from Ce+4  ionization states to Ce+3 states with shift-
ing the direct bandgap close to 3 eV [5, 7].  
Fig. 2 shows the increase of visible fluorescent emis-
sion peak with increasing the doping concentrations 
“dotted line referes to the visible fluorescence inten-
sity peak of undoped ceria nanoparticles”. That is 
another evidence that the doping could improve the 
formation of the tri states of cerium ionization states 
which could be responsible for the fluorescence 



 

 

emission [7,8]. Fig. 3 shows TEM image of the syn-
thesized nanoparticles with mean grain size up to 
5.25 nm.  

 
Fig.1: a) Absoebance dispesion and, b) direct 
bandgap calculations of the aluminum doped ceria 
nanoparticles 
 
Regarding oxygen sensing application, Fig. 4 shows 
the quenching of visible fluoresce intensity peak with 
increasing the concentration of dissolved oxygen. 
This graph could be helpful in sensing the DO con-
centration depending on the variation of fluorescence 
intensity peak. 
 

 
Fig.2: Visible fluorescence emission of the aluminum 
doped ceria nanoparticles under excitation of 430 
nm. 

 
 
Fig.3: TEM image of 
aluminum doped ceria 
nanoparticles (with Al 
15 wt.%) 
 
 

 
Fig.4: Quenching of intensity with variation of DO 
concentration (Al 5%) 
 
Conclusion: 
Aluminum-doped ceria nanoparticles, synthesized by 
chemical perciptation, show reduced optical direct 
bandgap, larger fluorescence intensity, smaller grain 
size, with increasing the doping concentration of 
aluminum. The shown results confirm that the alu-
minum dopant improves the increase of Ce3+ states 
with more oxygen vacancies. These nanoparticles 
show fluorescence intensity change according to var-
iable dissolved oxygen concentration based on opti-
cal fluorescence quenching technique. 
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Abstract 

This study aims to investigate the effect of the content of wood flour on flammability, Impact 
strength, and physical properties of wood flour/polypropylene composite. For this purpose, the 
content of wood flour was considered taken at 40, 50, and 60%, with the size of the remaining 
flour on sieves being of mesh 60, and the MAPP content being 2 wt %, respectively. Properties 
of flammability, impact strength, and water absorption and thickness swelling were measured 
according to relevant ASTM standards. The obtained results showed that increasing the wood 
flour content to 60 wt.%, the impact strength decreased. The water absorption and thickness 
swelling of composites was lowered with the decrease in wood flour content. With increasing the 
wood flour content to 60 wt.%, the limiting oxygen index increased. 

Keywords: flammability, Impact strength, water absoption, and thickness swelling 

1. Introduction 

Many research organizations and institutes have or are currently conducting research on wood-
plastic composites that will provide more durable and cost-competitive products by using waste 
materials. The reutilization of waste materials in the production of wood-plastic composites 
(WPCs) can have advantages to the economy, environment, and technology. Polypropylene 
(C3H6) (PP) is a thermoplastic with a semi-crystalline polymer structure, and it is used in a wide 
assortment of applications. PP has an excellent resistance to stress and a low specific gravity. PP 
is readily able to be mechanically recycled several times using conventional equipment. Attempts 
have been made to reuse these waste plastics in order to reduce the environmental impact and 
consumption of the virgin plastics (Hannequart 2004). Past studies have demonstrated that the 
recycled plastics possess similar mechanical properties but are much cheaper than their virgin 
counterparts (Panthapulakkal et al. 1991). Water absorption and thickness swelling are the most 
important problems in the production wpcs and exposed to environmental conditions thus, 
determining their end use applications (Arbelaiz et al., 2005). Water absorption can deteriorate 
both mechanical properties and dimensional stability in such composites. Therefore, hygroscopic 
characteristics have to be taken into account as limiting parameters in the design of WPCs with 
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regard to their final applications (Adhikary et al., 2008). 

Limited oxygen index (LOI), one of the most important ways to evaluate flammability of 
materials. This method applies to substances that are capable of burning in oxygen (Hindersinn 
1990). Although the use of halogenated compounds as flame retardant agents are gradually 
diminishing due to environmental problems yet these are still in use owing to various advantages 
like low cost, miscibility and low reduction in physical/mechanical properties of the flame 
retardant system. The advantage of using reactive flame retardant monomer compared to other 
flame retardant additives is that they can be used at relatively lower concentration. Since they are 
incorporated in the polymer structure, they can improve the compatibility with the polymer as 
well as reduce the migration of flame retardant agent to the surface. The addition of a relatively 
low amount of silicon-based compounds (silicones, silicas, organosilanes, silsequioxanes and 
silicates) to polymers has been reported to substantially improve their flame retardancy 
(Hamdani et al., 2009). The purpose of this research was to studying the effect of wood flour 
content on Impact, Physical and flammability properties of wood flour/Polypropylene composite 

2. MATERIALS AND METHOD 

2.1. Wood Flour 

Commercial wood flour of populous (60 mesh-sized, Aria cellulose Co.) was used as a filler. 

2.2. Polymer matrix 

Polypropylene, V30S (density=0.92g/cm3, MFI=18 g/10min) was supplied by Arak 
Petrochemical Co. (Iran). 

2.3. Coupling Agent: 

Maleic anhydride grafted polypropylene (PP-g-MA) provided by Solvay with trade name of 
Priex PGM3010 was used as coupling agent. 

2.4. Sample Preparation 

Before sample preparation, sawdust fir flour was dried at (70±5) ˚C for 24 h. Then PP, wood 
flour, and MAPP were weighed and bagged according to formulations given in Table 1 and then 
mixed in a co-rotating twin-screw extruder (Collin) at the Iran Polymer and Petrochemical 
Research Institute. Wood flour, granules of Polypropylene, were properly mixed with the 
coupling agent and then poured into the funnel of the extruder. The compounded materials were 
then ground using a pilot scale grinder (WIESER, WGLS 200/200 model). The resulting 
granules were dried at 105 °C for 24 h. 

To make the final samples with the injection-molding machine, the produced ocomposite mixture 
must first be transformed into granules. This was done in a pilot crusher. The yielded granules 
were dried in a laboratory oven and prepared for the injection. Test samples were made in a 
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single-screw extruder equipped with a pressure molding system.  

2.5. Measurements 

After molding, samples of notched impact strength was tested according to ASTM 256 standards, 
respectively. Water absorption tests were carried out according to ASTM D-7031-04. Three 
specimens of each formulation were selected and dried in an oven for 24 h at 102±3ºC. The 
weight and thickness of dried specimens were measured to a precision of 0.001 g and 0.001 mm, 
respectively. The specimens were then placed in distilled water and kept at room temperature. 
For each measurement, specimens were removed from the water and the surface water was 
wiped off using blotting paper. Weight and thicknesses of the specimens were measured after 2 
and 24 hours immersion. The values of the water absorption in percentage were calculated using 
the following equation 1. 

                                               (1) 

Where WA (t) is the water absorption at time t, Wo is the oven dried weight, and W (t) is the 
weight of specimen at a given immersion time t. 

The values of the thickness swelling in percentage were calculated using equation. 2. 

                                                    (2) 

Where TS (t) is the thickness swelling at time t, To is the initial thickness of specimens, and T (t) 
is the thickness at time t. 

2.6. Limited Oxygen Index  

The limiting oxygen index (LOI) was derived according to ASTM D-2863. The wood fiber 
reinforced composites were subjected to burning tests as standard size by preparing specimens of 
each composition with the dimensions of 15 mm long, 5 mm wide and 1.2 mm thick. ASTM 
D2863 is a method to determine the minimum concentration of oxygen in an oxygen / nitrogen 
mixture that will support a flaming burn in a testing specimen. During the test, a certain 
volumetric concentration of specimen in a tube is ignited with a hydrogen flame on top of the 
sample by gradually varying the oxygen and nitrogen gas concentration at fixed rates. 

2.7. Statistical Analysis 

The statistical analysis was conducted using SPSS programming (Version 11.5) method in 
conjunction with the analysis of variance (ANOVA) techniques. Duncan multiply range test 
(DMRT) was used to test the statistical significance at α = 0.05 level. 
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3. Result and Discussion 

3.1. Impact Strength.  

The Duncan table divided the mean values obtained from measuring the notched impact strength 
of natural fiber-plastic composites at three different levels of the wood flour (40, 50, and 60 
wt.%) into two distinct groups. The impact strength of the sample containing 60 wt.% wood flour 
was lower than those at other wood percentages (Figure. 1). The presence of 
lignocellulosic materials creates areas of stress concentration and crack initiation. The impact 
strength will decrease with further addition of filler materials. On the other hand, the presence 
of wood flour increases the energy absorbed by wood flour-PP composites. As a result, the 
addition of lignocellulosic filler leads to higher stress concentration areas and initiate the growth 
of cracks (Tajvidi, 2003). This is also in accordance with the findings in (Farsi, 2012). 

 

3.2. Physical Properties 

Figures 2 and 3 shows the short-term values of the water absorption and thickness swelling for 
the composites. Generally, the water absorption and thickness swelling increased with the wood 
flour content. The wood flour content induced significant water absorption and thickness 
swelling. These results are similar to those reported by (Pecina et al. 1998) for wood/plastic 
(polypropylene) composites as well as by (Carvajal et al. 1985), and (Talavera et al. 2007).  

3.3. Limited Oxygen Index 

The results showed that wood flour increases the limiting oxygen index of the sample increases. 
The sample, the more oxygen is needed for combustion and process the sample burns slower and 
more time with previous results correspond to (Denault,  2008;   Stark et al., 2010). 

Composites are usually pores and pores and volatiles, usually by combining or building are 
created during the process. The open pores are connected and form a barrel or have a cavity. 
Oxygen passes through these holes usually increases the combustion process. The cellulose 
fibers are further enhanced oxidation resistance is more porous structure and the decrease of 
oxygen and prevent oxidation decreases. Increased oxygen index means that more oxygen is 
needed to burn the sample and the conditions for its combustion is more difficult. Limited 
oxygen index (LOI), a widely used method as a simple and precise method for the determination 
of fire self-extinguishment, was adopted to evaluate the flame retardant properties of wood–
fiber/PP/APP/silica composites.  

4. Conclusion 

The most important results obtained from this investigation can be summarized as follows. 

1. On increasing the wood flour content to 60 wt.%, the impact strength decreased. 
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2. The water absorption and thickness swelling of composites was lowered with the 
decrease in wood flour content.  

3. With increasing the wood flour content to 60 wt.%, the limiting oxygen index increased. 
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Sample 
Code 

PP Content 
(wt%) 

Wood flour Content (wt%) PP-g-MA Content 
(wt%) 

1 60 40 2 
2 50 50 2 
3 40 60 2 

 

 
Figure. 1. Effect of the content of wood flour on the impact strength 

 
Figure. 2. Effect of the content of wood flour on the water absorption 

 
Figure. 3. Effect of the content of wood flour on the thickness swelling 
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Figure. 4. Effect of the content of wood flour on the limiting oxygen index  
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Abstract 
We present an experimental and theoretical 
investigation of a micro machined mirror under a 
mixed frequency signal composed of two harmonic 
AC sources. The micro mirror is made of Polyimide 
as the main structural layer.   

The experimental and theoretical dynamics are 
explored via frequency sweeps in the desired 
neighborhoods. One frequency is fixed while the other 
frequency is swept through a wide range to study the 
dynamic responses. To simulate the behavior of the 
micro mirror, it is modeled as a single degree of 
freedom system, where the parameters of the model 
are extracted experimentally. Good agreement is 
reported among the simulation results and the 
experimental data. These responses are studied under 
different frequencies and input voltages. The results 
show interesting dynamics, where the system exhibits 
primary resonance, and combination resonances of 
additive and subtractive type. The mixed excitation is 
demonstrated as a way to increase the bandwidth of 
the resonator near primary resonance, which can be 
promising for resonant sensing applications in the 
effort to increase the signal-noise ratio over extended 
frequency range.  

Keywords 
Micro Mirror, Mixed-frequency excitation, Multi-

frequency excitation, Resonators, Electrostatic 
actuation, Polyimide, Bandwidth 

1. INTRODUCTION 
Exploring and exploiting the interesting dynamical 
behavior of MEMS is a widely studied area of 
research as most MEMS devices exhibit interesting 
dynamic behaviors introduced by either electrostatic 
actuation [1,2], stiffness [1] or damping [2]. It is 
necessary to understand these behaviors in order to 
either exploit them efficiently or avoid them, if 

needed. Considerable efforts have been directed 
recently to understand many of the complex dynamics 
phenomena at the micro scale including dynamics 
pull-in [1, 3] and parametric excitation [4-8]. These 
interesting phenomena also have been proposed for 
useful applications in mass sensing [9, 10], low 
activation voltage switches [11], and digital logic 
designs [12]. 

Recently the mixed frequency excitations of the 
micro and nano resonators have inspired great interest 
due to their exciting and motivating behaviors. These 
resonators have been proposed in applications in areas 
like spectroscopy [13, 14] because of their remarkable 
properties, where they have helped in calculating the 
refractive index of materials accurately and rapidly. 
Also, they were implemented in atomic force 
microscopy [15-21] to convey several levels of 
information about the sample under test, where every 
mode of vibration is responsible for a different kind of 
data (first mode for surface topology, second mode 
for charge distributions, etc). Another recent use of 
mixed-frequency excitation is in digital logic devices 
[12], where mixing of different frequencies result in 
distinct output frequencies, and hence enable logic 
operations. In addition, mixing of frequencies through 
quadratic electrostatic forces has been proposed in 
[22-27] to realize down converters, mixers, and filters. 
Mixed-frequency excitation has been used in NEMS 
resonators to avoid the feed through parasitic by 
generating a low frequency term [28]. In addition, it 
presents a way to detect a high frequency signal in 
NEMS by converting it into a low frequency signal 
using mixing without losing any information. 
Frequency modulation and digital demodulation of a 
carbon nanotube NEMS in transistor geometry is 
presented in [29]. A tunable carbon nanotube 
electromechanical oscillator using frequency mixing 
is presented in [30].  The identification and the 



characterization of bending vibrations of suspended 
semiconducting Single Walled Carbon Nano Tube 
resonators at room temperature, by using them as 
frequency mixers, is presented in [31]. 

The micro mirror is an exciting MEMS structure 
that has been widely used in optics [32, 33]. Also, 
seesaw type motion of a micro mirror has enabled the 
design of complementary universal MEMS logic 
devices [34, 35]. The dynamics of micro mirrors 
under mixed-frequency excitation has not yet been 
explored. The full potential and use of mixed 
frequency excitation and its exploitation for practical 
MEMS applications has not yet been investigated in 
depth, especially for torsional actuators and micro 
mirrors. Due to the interesting dynamics and exciting 
behavior of systems under this excitation it is 
necessary to exploit these dynamics in micro mirrors 
for sensing and actuations applications in MEMS. In 
this work, we investigate the dynamic behaviors of a 
micro mirror under mixed frequency excitations.   

The organization of the paper is as follows. In Section 
2 we discuss the design and fabrication process of the 
polyimide micro mirror based on surface 
micromachining techniques. Next, the mathematical 
model using lumped parameter techniques is 
discussed in Section 3. Section 4 presents the 
experimental setup and procedures used in gathering 
all the experimental data. Section 5 presents different 
case studies performed in order to understand the 
behavior of the system under mixed-frequency 
excitation. Next, Section 6 presents a discussion on 
the possible application and areas to be explored 
further. Finally, Section 7 summarizes the results and 
presents the conclusions. 

2. DESIGN AND FABRICATION 

2.1 Design 
A micro mirror is basically a plate clamped by two 
flexure beams on both sides, which undergo torsion as 
the mirror actuates. The proposed micro mirror is a 
similar device as shown in the schematics in figure.1.  

 
(a) 

 
(b) 

 
 (c) 

Figure.  1.  Schematic views of the micro mirror (a) 
3D view. (b) Top view. (c) 2D side view. 

This mirror can be actuated in three different ways: 
The first way of actuation is through the right half of 
the mirror, which has larger fixed electrodes 
compared to the left side. The second way is through 
actuating the smaller electrodes on the left size. 
Finally, it can be actuated by one electrode of each 
side. Depending on the actuation type, various 
equilibrium positions of the mirror and its natural 
frequency can be set. Figure.2 shows a simulated plot 
of frequency against actuation voltage for the three 
methods of actuation. It can be noticed how at a single 
fixed voltage the device can be actuated at three 
different frequencies. Alternatively, a single fixed 
frequency of the device can be activated using three 
different voltages depending on how the device is 
excited. This method can prove useful in resonator 
applications as it provides three different control 
points. We can choose to operate around any one 
depending on the actuation method. This paper 
considers the case of electrostatic actuation through 
the right half of the mirror, which has the larger fixed 
electrodes. 



Table 1 summarizes the measured dimensions and 
other important parameters of the system under 
consideration. 
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Figure.  2.  Variation of the fundamental natural 
frequency against voltage under three methods of 

actuation (Left Half: smaller electrodes, Right 
half: larger electrodes, Both sides:  one electrode 

on each side). 
 

Table.1 Specifications of the micro mirror  
Length of the device                   
2a 
Width of the device                     
b 
Electrode location                        
x1 
Electrode location                        
x2 
Electrode location                        
x3 
Electrode location                        
x4 
Smaller electrode thickness         
bl 
Larger electrodes thickness         
br 
Flexure beam length                    
l 
Flexure beam width                     
w 
Flexure beam thickness               
tb 
Gap                                               
d 
Maximum tilt angle of mirror     
αmax 
Pull in voltage for right half 

535 µm 
150 µm 
97.5 µm 
222.5 µm 
-105 µm 
-185 µm 
30 µm 
42.5 µm 
100 µm 
15 µm 
5 µm 
5 µm 
4.38 mrad 
18.4 volts 

 

2.2 Fabrication 
The micro mirror is fabricated using a 6 layer 
fabrication process based on surface micromachining 
techniques. Figure.3 shows the fabrication cross 
section of the right half of the mirror. It is 
approximately 7 µm thick in total comprising of a 
polyimide structural layer with a nominal thickness of 
6 µm. Also, it is separated by a 5µm gap from its 
bottom electrodes, which are patterned on the Si 
substrate. Metal_0 layer of 50nm/250nm of Cr/Au 
forms these fixed ground electrodes. A 
50nm/250nm/50nm layer of Cr/Au/Cr forms the 
Metal_1 layer patterned onto the structural layer 
forming the movable gate electrodes. Anchors are 
used to hold the actuator to the ground as well as to 
provide electrical signal to the moveable gate 
electrodes whereas dimples are incorporated to avoid 
the electrical shorting of the electrodes upon pull in. 
Metal_2 layer, as shown in figure.3, comprises of 
450nm of Ni patterned similar to Metal_1 layer to 
avoid the bimorph effect and to have a straight 
structure. 
 

 
Figure.  3.  Fabrication process cross-section of one 

side of the mirror. 
   Figure.4 shows the SEM image of the fabricated 
micro mirror. The image shows two anchors holding 
the mirror through flexure beams and allowing its 
torsional motion. The patterned metal visible on top 
of the polyimide structural layer is Ni used to counter 
for the bimorph effect. 
 

 
Figure.  4.  A SEM image of the fabricated micro 

mirror. 



3. MODELING 
The mirror is modeled as a single degree of freedom 
system [36]. The equation of motion can be expressed 
as  

 
 t R LI c K M Ma a a+ + = -   (1) 

Where, I is the mass moment of inertia, c is the 
damping constant,  is the torsional stiffness, ML is 
moment on the left side of mirror, and MR  is 
the moment on the right side of the mirror, which can 
be expressed as 
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Where, ε is the dielectric constant of gap medium, VR 
is the potential difference on the right side of mirror 
and α is the tilt angle of the mirror. Similarly 
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Where VL  is the potential difference on the left 
side of mirror, which can be expressed as  

[ ]21 1 2 2cos( ) cos( )L R DC AC ACV V V V t V t= = + W + W      (4) 

 
Where, VAC1 is the amplitude of the first AC source, 
VAC2 is the amplitude of the second AC source, VDC

  is the polarization voltage and Ω1, Ω2 are the 
first and second excitation frequencies, respectively. 
The torsional stiffness  of the flexures can be 
calculated as   

 2 P
t

GJK
l

=    (5) 

Where G is the shear modulus and JP is the polar 
moment of inertia. The parameter JP can be calculated 
as [37] 
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Next we introduce the following normalized 
parameters: 
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Using (7-11), the final normalized equation is written 
as 
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  (12) 
 
Where θ is the normalized tilt angle and 
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4. EXPERIMENTAL SETUP 
Figure.5 (a) shows a schematic of the experimental 
setup. The micro mirror is placed inside the vacuum 
chamber with a laser coming from a Laser Doppler 
Vibrometer (LDV) pointing directly at it to take the 
measurements. The LDV generates all the 
experimental results as displacement, which is then 
converted into tilt angle by relating the vertical 
displacement of the mirror with length span of half of 
the mirror. A data acquisition card, (DAQ) NI 
6251from National Instruments, is used to acquire the 
data from the LDV. A resistor is installed to limit the 
current passing through the circuit in the event of pull 
in. It is worth mentioning that when driving this 
mirror harmonically by capacitive forces, there might 
be very small   current generated in the current-
limiting resistor due to the time varying capacitor. 
However, this is negligible compared to the current 
that would pass in the case of a pull-in (short circuit), 
which is the intended purpose of the resistor (i.e., to 
protect the mirror when pulled-in and when passing a 
current across it.) 
 



(a) 

 
(b) 

Figure.  5.  (a) Schematic of the experimental 
setup. (b) LDV pointing at the micro mirror inside 

the vacuum chamber. 

5. MIXED-FREQUENCY EXCITATION 
RESULTS 

Next, we demonstrate and show results for the 
mirror under mixed-frequency excitation signals. The 
combination resonances look similar to what has been 
reported in [38, 39] due to the presence of quadratic 
nonlinearity. However, in the present case, these 
resonances are activated due to both effects of 
quadratic nonlinearities, due to the electrostatic force, 
and due to the quadratic form of the voltage in the 
numerator of the electrostatic force expression. To 
better understand this, one can expand the quadratic 
voltage term in (4), which yields 
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It is clear from (14) that the last term is responsible 
for producing the apparent resonances of additive and 
subtractive type.  An additive type resonance will 
appear when the sum of the fixed frequency (Ω1) and 
variable frequency (Ω2) equals the natural frequency 
(ωn) of the system i.e. Ω1+Ω2=ωn, whereas a 
subtractive type resonance appears when the 
difference of the fixed frequency and variable 
frequency equals the natural frequency of the system 
i.e. Ω1-Ω2=ωn. Note that in this paper we assume Ω1 to 
be the fixed frequency and Ω2 to be the variable 
frequency for all of the experimental results. 

5.1 Results and discussions 
The primary natural frequency of the system is 

calculated using the finite element software ANSYS 
[40]. These results are obtained by basic modal 
analysis over the geometry of the micro mirror 
meshed using 3-D solid brick elements. The primary 
resonance frequency is calculated to be at 6.62 kHz. 
Figure.6 shows the experimentally measured and 
theoretically calculated primary natural frequency of 
the system, which is consistent with that of the finite 
element calculation. The y axis scale shows the 
displacement measurement obtained from the laser 
vibrometer as well as the tilt angle α calculated from 
relating the measured displacement to the length span 
of one side of the mirror. From now onwards all the 
plots will be shown against the tilt angle α as it relates 
more closely to the motion of the micro mirror. 
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Figure.  6.  Frequency response sweep at VDC=3V, 
VAC1=1V to estimate the natural frequency of the 

mirror (around 6.62 kHz).  
The method of extracting the damping coefficient ξ, 
the gap d, and the stiffness Kt is explained in details in 
[41]. The effective mass moment of inertia I is then 
calculated by using the results of the experimentally 
calculated natural frequency value ωn and torsional 
stiffness Kt in the below equation 
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The extracted parameters of the device are given in 
Table 2. 

 
Table. 2  Extracted Parameters of the Micro 

mirror  
Torsional stiffness of the device        
Kt 
Effective mass moment of inertia      
I 
Damping ratio                                     
ξ 

3.2e-8 N/m 
1.8082e-17 
kgm2    
0.02 

Next, we show the results for various loading cases, 
where we fix one of the AC frequencies and vary the 
other one in the neighborhood of primary resonance. 
The effects of varying the fixed frequency and the 
applied voltage on the combination resonances are 
studied in these cases. The simulation part of the 
results is obtained by numerically integrating (12) in 
time using Runge-Kutta method [40]. All the results 
are post-processed and presented in the form of 
frequency response plots. 
5.1.1 Case 1: VDC=2V, VAC1=2V, VAC2=1V, and 
Ω1=500 Hz 
Initially, we consider the case when Ω1 is equal 500 
Hz and Ω2 is swept over 2 kHz frequency range 
around the primary resonance. One can note the 
resulting frequency response curve in figure.7. The 
Figure shows the resonances of subtractive type at 7.1 
kHz, due to the Ω1-Ω2 term in (14), and the additive 
type at 6.1 kHz, due to the Ω1+Ω2 term in (14), as 
expected. It can also be observed that the model 
accurately predicts these combination resonances and 
the amplitude of the peaks are also in good agreement. 
The deviation between theory and experiment can be 
attributed to the fact that we use lumped-parameter 
model for the distributed-parameter system (beams 
and plate).  
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Figure.  7.  (a) Measured frequency response 
sweep for VDC=2V, VAC1=2V, VAC2=1V, Ω1=500 Hz. 

(b) Simulated frequency response sweep for 
VDC=2V, VAC1=2V, VAC2=1V, Ω1=500 Hz. 

5.1.2  Case 2: VDC=2V, VAC1=5V, VAC2=1V and 
Ω1=2 kHz 
Next, we consider another case just to further 
demonstrate that the shifting of the additive and 
subtractive resonances at the desired frequencies is 
controlled by the fixed frequency through the mixing. 
Figure.8 demonstrates the experimental result for the 
additive type resonance, when Ω1 is fixed at 2 kHz. 
The resonances here are expected at 4.6 kHz (additive 
type) and 8.6 kHz (subtractive type). 
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Figure.  8.  (a) Measured frequency response 
sweep for VDC=2V, VAC1=5V, VAC2=1V, Ω1=2 kHz. 

(b) Simulated frequency response sweep for 
VDC=2V, VAC1=5V, VAC2=1V, Ω1=2 kHz. 

5.1.3  Case 3: VDC=2V, VAC1=5V, VAC2=1V, and 
Ω1=100 kHz 
In this case, we study the behavior of these resonances 
at a very high fixed frequency compared to the natural 
frequency of the mirror i.e. 100 kHz. Figure.9 
compares the experimental data of this case with and 
without mixed-frequency excitation. Resonance is 
activated at 106.6 kHz due to the Ω1-Ω2 condition of 
the combination resonances in case of mixed 
frequency-excitation while no response from the 
system is observed in case of only single frequency 
excitation. Using this technique, we can shift any one 
of the additive or subtractive type resonances to any 
desired frequency. Also a huge difference in 
amplitude can be observed between the single source 
and mixed-frequency excitation, which shows the 
effectiveness of this method. A similar peak (not 

shown) is also activated at 94.4 kHz, again due to the 
Ω1-Ω2 term (100-94.4 = 6.6 kHz), which is essentially 
a subtractive type. Hence, resonance is observed at Ω2 
= 94.4 kHz. 
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Figure.  9.  Measured frequency response sweep 

for VDC=2V, VAC1=5V, VAC2=1V, Ω1=100 kHz. 
5.1.4 Case 4: VDC=2V, VAC1=variable, VAC2=1V, 
Ω1=500 Hz 
It is also clear from (14) that if the voltage (VAC1) 
associated with the fixed frequency (Ω1) is increased 
and the rest of the parameters are kept the same, it 
results in higher amplitude of the combination 
resonances. Figure.10 demonstrates this effect from 
the experimental data obtained for different values of 
VAC1. It shows how the amplitude increases from 1.2 
mrad to 3.2 mrad until it is almost equal to the 
amplitude at primary natural frequency. Also, an 
increase in the amplitude of regions between the 
resonances can also be observed. This can effectively 
increase the bandwidth of the resonator, using the 
mixed-frequency excitation. In another words, mixed-
frequency excitation can be proposed as an effective 
way to excite resonance sensors to achieve large 
signal-noise ratio over extended range of frequency, 
and thus avoiding the problem of a narrow sharp 
response over a limited range of frequency, which 
negatively affects the performance of devices, such as 
MEMS gyroscopes.  
The results of the above discussed cases show that 
resonances can be activated at any frequency with the 
desired amplitude as long as we properly choose the 
input voltages. The ability to generate multiple 
resonance peaks and the ability to control how close 
they can be activated to each other as well as their 
amplitude without changing the geometry of the 
device is very promising feature that can be widely 
used in many MEMS applications, such as resonant 
sensors and other applications. 



6. Discussion  

6.1 Resonators Applications 
As indicated earlier, the mixed-frequency excitation 
can effectively increase the bandwidth of resonators. 
This occurs when the combination resonances 
(additive and subtractive) get closer to the primary 
natural frequency as the fixed excitation frequency 
gets small. This results in increasing the bandwidth 
around the primary resonance. Figure.11 shows the 
experimental results of reducing the fixed frequency 
to small values and its effect on the bandwidth of the 
micro mirror. In this Figure, we increase the 
bandwidth around the primary natural frequency. 
Also, very high amplitude of the combination 
resonances can be achieved by selecting the proper 
voltage input. This proves that using mixed-frequency 
excitation can increase the bandwidth in resonators 
without making any changes to the device design or 
sacrificing much of its maximum amplitude. This can 
be advantageous in applications, such as MEMS 
gyroscopes, where mismatch problems can result in a 
huge loss in the signals [43]. 
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Figure.  10.  Measured frequency response sweep 
for VDC=2V, VAC1= variable, VAC2=1V, Ω1=500 Hz. 
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Figure.  11.  Measured frequency response sweep 

for VDC=2V, VAC1=5V, VAC2=1V, Ω1= variable. 
The bandwidth can be further increased if more than 
two sources of excitation are applied, since each new 
frequency gives rise to two new resonance peaks 
around the primary resonance. Figure.12 shows 
simulation results of a case where the mirror is 
excited with four AC frequency sources. It can be 
observed that there are six resonances surrounding the 
primary resonance; each associated with the 
respective fixed frequencies, which in this case are 
100Hz, 200Hz and 350Hz. It can be observed that the 
bandwidth of resonators can be effectively increased 
without introducing any complexity in the design or 
fabrication. 

6.2 Energy Harvester Applications 
Contrary to the previous case, where the fixed 
frequency was given a value close to zero, if the 
magnitude of the fixed frequency is set very close to 
the primary natural frequency,  the additive type 
resonance can be activated at a very small frequency 
range (close to 0 Hz). Figure.13 shows the effect of 
setting the fixed frequency very close to the primary 
natural frequency based on experimental data. It can 
be observed that very high amplitude peaks are 
activated between 100-300 Hz depending upon the 
fixed frequency value. However, we cannot observe 
anything in the case of a single source excitation 
(VAC1=0). Also in this Figure, the amplitude of the sub 
resonance is very high and is spread across a wide 
range of frequencies when the fixed frequency is very 
close to the natural frequency i.e. 6.4 kHz. This can be 
promising for energy harvesting; since it provides the 
system with resonances of very high amplitudes at 
very low frequency ranges regardless of the natural 
frequency of the system. It also allows targeting any 
frequency range where these energy harvesters are 



desired to operate, which otherwise is possible only 
by changing the design and refabricating a new 
device. Of course, the energy efficiency of adding an 
external source at a fixed frequency to activate the 
combination resonance needs to be investigated in 
details before judging on the suitability of this method 
and its feasibility.  
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Figure.  12.  Simulated frequency sweep for 

VDC=1.5V, VAC1=1.85V, VAC2=1.85V VAC3=2.5V, 
VAC4=2.5V, Ω1= 100 Hz, Ω2= 200 Hz, and Ω3= 350 

Hz. 
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Figure.  13.  Measured frequency sweep for 
VDC=2V, VAC1=5V, VAC2=1V,   Ω1= variable. 

7. Conclusions 
Multi and mixed-frequency excitation has been 
studied both theoretically and experimentally based 
on a Polyimide micro-mirror. The mixed frequency 
excitation can be effectively used in resonators and 
resonant sensors to increase their bandwidths, by 
pushing the combination resonances close to their 
primary natural frequencies and by maintaining the 
overall amplitude in the vicinity of the primary natural 

frequency. Furthermore, it is possible to implement 
this method for energy harvesters to force the 
combination resonances to small range of few 
hundred Hertz and to maintain very high amplitude at 
that range. All of this is enabled due to the precise 
control over the amplitude and frequencies of these 
combination resonances, provided by the mixed-
frequency excitation.  
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 Abstract  
 
In this research tin oxide doped with Indium (SnO2: 
In) was prepare by using a chemical vapor deposition 
method under normal atmospheric pressure APCVD. 
Several films were prepared by using different ratios 
of indium (Sn: In = 1: 0.1,1: 0.3,1: 0.6,1: 0.8) at glass 
substrate temperature (4500 C) and the flow of gas 
(1.5 L / M) and a time of 10 minutes and using tin 
chloride (SnCl2: 5H2O) purity of 99.98% as starting  
material. The survey was conducted using an X-ray 
diffraction (XRD) were, also the surface morphology 
by using atomic force microscope (AFM). Optical 
properties have been studied by using UV-Vis 
spectroscopy. Electric properties studied by (Van Der 
Pauw) principle. through spectroscopic study of these 
films was found to have a high transmittance in the 
visible region from the spectrum and high reflectivity 
to the infrared region, which qualifies it for use as 
Anti-reflection coating in same time very low 
resistivity( 2.07*10-7 Ω.cm)..  
 
Keywords:  SnO2, thin films, APCVD, conductive 
glass. 

 
Introduction 
Tin Oxide (SnO2) is a wide band gap n- type semi-
conductor, which can be efficiently used as transpar-
ent conducting oxide. Because of its unique electrical 
and optical properties, SnO2 thin films have been 
widely used in photocell devices, and opt-electrical 
displays. The films are chemically inert, mechanical-
ly hard and can resist high temperature. Indium tin 
oxide (ITO) thin film is a highly degenerate n-type 
semiconductor which has a low electrical resistivity 
of 2 – 4.3 x 10-24 Ω-cm. The low resistivity value of 
ITO films is due to a high carrier concentration be-
cause the Fermi level (EF) is located above the con-
duction level (EC).The degeneracy is caused by both 
oxygen vacancies and substitutional tin dopants cre-
ate d during film deposition. The carrier concentra-
tion of high conductivity ITO films is in the range of 
1020-1021 cm-3. 
 
 
 

Doped or undoped SnO2 films can be prepared by 
many methods such as spray Pyrolysis, electron 
beams evaporation, chemical vapor deposition, sput-
tering. APCVD is the most widely used technique to 
deposits materials quickly. High quality films are 
produced by APCVD. In the present study, pure and 
Indium doped SnO2 thin films were prepared by 
thermal evaporation technique with different growth 
parameters. 
Material and method 
Doped and undoped Tin oxide thin film prepared by 
homemade cold wall reactor APCVD with glass sub-
strate, figure (1) . SnCl2.5H2O was used as start mate-
rial with O2 gas. The glass slides substrate were 
cleaned ultrasonically by Trichloroethylene (TCE), 
acetone, ethanol followed by distilled water and dry 
with N2.the deposition temperature was  450 0C and 
gas flow rate was( 1.5 L/min) and deposition time is 
about  10 min. X-Ray diffraction (CuKα) radiation 
with a wavelength λ =1.5418 Å at 2θ values between 
20° and 60 was used to study the crystal structure. 
(SEM) and (AFM) were used for investigate the 
morphology and roughness of surface. The optical 
properties were studied by UV-Visible spectroscopy. 
Thickness and reflectivity was measured by 
(TEProbe 2.4), the electric measurement had made 
by Hall measurements. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure (1) atmospheric pressure chemical vapor 
deposition system (APCVD) 
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Results and discussion 
 
In this study doped and undoped SnO2 have been 
prepare by using (APCVD) system. The initial results 
show for undoped tin oxide films a high transparency 
for UV-Vis region about (80-89)% with a polycrys-
talline and uniformity in grain distribution depending 
on XRD, atomic force microscopy and scanning elec-
tron microscope, grain size was (16.75) nm and 
roughness was (1.82) nm, electric measurement show 
a low conductivity (2.95x10-5)1/Ω.cm and high resis-
tivity (3.38x10+4) Ω.cm. As show in figures (2, 3, 4, 
5, 6) Sequentially. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure (2) illustrating the transmittance of SnO2 thin 
fim at glass substrat temperature (4500 C)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure (3) XRD spectra for undoped tin oxide film 

 
 
 
 
 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

               Figure (4) SEM image for undoped tin  
oxide film 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

       Figure (5) surface morphology by AFM image in 
3-D for undoped tin oxide film 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

    Figure (6) Hall Effect measurement for undoped 
tin oxide film 

 



For doped SnO2 with indium , many ratio would take 
(Sn: In= 1:0.1,1:0.3,1:0.6,1:0.8)  trying to get a less 
value for resistivity where ,it had studied its optical 
and  surface morphology  properties as it seen in fig-
ures(7),(8) maximum transmittance was about (80)% 
for (1:0.8), surface roughness increase with doping 
ratio where the grain size became larger and more 
uniform distribution. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure (7) transmittance curve of undoped and  

doped tin oxide with indium with different ratios 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure (8) 3-D AFM image for un doped and 
doped tin oxide with indium with different ratios 

 

Through thickness and resistivity measurement it’s 
seen that maximum reflection was for doped tin oxide 
(1:0.6) with max conductivity (1.06*10+6)1/Ω.cm this 
because the conductivity and reflectivity for IR de-
pend on the same intrinsic properties like mobility 
and carrier concentration. As it shown in figure (9) 
and table (1). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure (9) thickness and reflectivity measurement 
for undoped and doped  tin oxide doped with indium 

with different ratios 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

Table (1) Hall measurements for undoped and doped 
tin oxide with indium with different ratios 

 

 
Conclusions 
 
1- Tin oxide (SnO2) films were prepared successfully 
using chemical vapor deposition system under normal 
atmospheric pressure reactor with cold wall reactor 
locally manufactured.  
2- We obtained thin film with good visual quality and 
transparent to visible light. 
 3- We obtained  reflective coating for IR region of 
the spectrum.  
4 -we obtained thin films with high conductivity and 
resistivity than we can use it as transparent  
electrodes. 
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Sample RH(m2/c) Car-
rier 
type 

Nsheet 
(cm-1) 

σ (1/Ω.cm) μ 
H(cm2/V.c) 

Resistivi-
ty 

(Ω.cm) 
Undoped 
(SnO2) IL 

-1.163*10+7 n 1.75 
*10+6 

1.715 *10-5 6.11*10+2 5.83*10+4 

(SnO2-In) 
(1-0.1) 

-2.09 *10+6 n 3.88 
*10+7 

3.92 *10-4 8.20 *10+1 2.54*10+4 

(SnO2-In) 
(1-0.5) 

-3.65 *10+7 n 2.18 
*10+6 

8.77 *10-6 8.20 *10+1 1.13*10+5 

(SnO2-In) 
(1-0.6) 

-7.55*10-7 n 1.85 
*10+19 

1.06 *10+6 8.01*10+0 2.07*10-7 

(SnO2-In) 
(1-0.8) 

-4.30 *10-6 n 9.42 
*10+16 

4.83 *10+4 2.08*10+1 9.4*10-5 
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Abstract 

For the 150 km long, the ancestral canal of Oued Righ evacuates water leachates into the 
Chott Melghir that includes 50 oases. The excess water caused by discharges of urban sewage 
and drainage water,	caused a huge problem, which is the upwelling of groundwater, which led 
to an imbalance in the valley. water table near the soil surface,	 is one of main cause of soil 
sterilization of several agricultural areas in the Valley. The physico-chemical and water 
pollution of the canal, and the water table have shown that the quality of these waters present 
very high salinity (class C5), with electrical conductivity up to 26.30 ms/cm, an SAR> 28 (S4 
class), the water hardness and The values of organic matter (OM), and dry residue are very 
important, Thus canal water is mostly of very poor quality, charged with mineral salts, it is a 
brackish water of the sodium chloride facies.  
 
Keywords: Canal – Degradation – Water – Palm – Sol – Oued Righ  
 
1. Introduction 

The Oued Righ valley, located east of the septentrional Sahara, is a broad asymmetrical 
syncline pit characterized by the existence of a sandy soil, mainly siliceous and formed pure 
quartz therefore insoluble [1]. The system of agricultural production in this region is 
essentially the phoéniculture that constitutes its main frame. If the valley of Oued Righ 
escaped the phenomenon of recovered water before the eighties, thanks to one big channel 
said (Oued Righ) which extends over a length of 136 km and acts role of main collector of 
excess water. The canal transits a rate of approximately 5 m3/s, or about 120 to 160 million 
m3/year [2. However over the years, the entire oasis shows a progressive fall in quantity and 
quality. This phenomenon has resulted in increased rates of discharge of sewerage and 
drainage water (Figure 1). A portion of the wastewater is no pre-treatment, joined the main 
collecting duct. The absence of natural outlets for receipt of waste, adequacy and 
effectiveness have caused of imbalances. We then observe flooding caused by the back water 
in the oasis, and the depletion of groundwater resulting in the wound thereof and salinization. 
The oases of the valley of Oued Righ could be rightly called oasis sick of too much water [3. 
Many palms are flooded in winter (Palm Tinedla, Djemaa, Ferdjaouenne and El Goug). 
Secondary salinization after irrigation with highly mineralized water, permanent hardness 
resulted suffocation palms of Oued Righ [4] (Figure 2). In this perspective we sum fixed as 
objective analysis of water discharges at different points in the collecting duct which 
communicates with the water table, and the impact of these waters and the relationship 
between the channel and the water on the degradation of palm cultivation.                     



         
Fig.1. Discharge point of wastewater                   Fig.2. Degradation of palm 
 
2. Presentation of the study area 

Region of Oued Righ is located in the south eastern Algeria (Figure.3), it spreads over 150 km 
long . It is located in two wilaya: Ouargla and El Oued. It is bordered to the north by the 
plateau Still, to the east by the Great Erg Oriental in the South by the extension of the Grand 
Erg Oriental and west by the sandstone plateau. This region is characterized by an elongated 
depression from south to north. Highest coast is 100 meters in El Goug upstream and -30 
meters in Chott Merouane downstream [5]. The slope is generally very low ( 1 ‰). This slope 
allows excess water to flow to the north. Region of Oued Righ has nearly 50 oases and covers 
around 25,000 ha of palm . These oases are aligned on a north-south axis. 
 

                          
 
    Fig.3. Location of the valley Oued Righ 
 
3. Materials and methods  

Nine water samples were collected during the period of February 2009, May 2010 and 
October 2010 on a 30 km stretch of the canal. On groundwater, five samples were collected 
starting from the station Kerdeche to Sidi Slimane (46 km). The samples were collected 
manually in plastic bottles on the identification of each point. The assay procedures are 



derived from standard methods of analysis. Different analytical methods have been used as 
metric methods, electrochemical or spectroscopic. 
4. Results and Discussion 

4.1. Study of physico-chemical parameters and pollution in the canal 
Temperature affects the degree of evapotranspiration and therefore it acts on the salinity of 
the water. In this study, the temperature is generally variable with an average of 22.5 °C. The 
results obtained for the canal waters and the waters of the groundwater table during the period 
(2009-2010) are shown in (Tables 1 and 2). 
The pH and electrical conductivity (EC) is very high in the canal (fig. 4). However, these 
values have a maximum at the station 12 of the water table. The canal water is very hard 
water. The waters of station 12 at the tablecloth have a maximum hardness[6]. 
 
                    Table 1. Parameters of water quality of Oued Righ channel 
 

pH 7.3  at  8.3 
E.C (ms/cm) 1500  at  26300 

T.H (°f) 73  at  582 
Dry residue (mg/l) 2249  at  16528 

O.M (mg/l) 44.5  at  111 
 
                          Table 2. Parameters of water quality groundwater 
 
 
 
 
 
 
 
 
 

 
 
          Fig.4. Evolution of pH and EC of water of groundwater 
 
The results obtained for the dry residue are very important for the majority of canal water 
(May 2010 and October 2010) due to the evaporation of water (Figure 5). Indeed content of 

pH 7  at  7.71 
  

E.C (ms/cm) 6.04  at  17.90 
T.H (°f) 219  at  408 

Dry residue (mg/l) 5141  at  14920 
O.M (mg/l) 7.93  at  52.86 



salts can exceed 12 g/l of dry residue in most solutions discharges into the canal. It should be 
noted that the upper limit allowed is 10 g/l for sustainable agriculture[7. One can notice that 
the values of the dry residue arrive until 14920 mg/l at station 12 or the water becomes 
unpleasant (figure 6). 
 

 
Fig.5. Spatio-temporal evolution of the dry Residue of water channel 

 
 
         Fig.6. Evolution of dry residue in water groundwater 
 
According to the classification of sewage water with a level of organic materials OM> 15 
mg/l is classified as highly polluted water. We see in (Figure 7) that the canal this rate of 
organic materials OM> 50 mg/l. Next spatiotemporal evolution, the rate of organic matter 
ranges from 46 mg/l (station 2) to 111 mg/l (station 9) during the month of October 2010. 
However, this wastewater contaminates the groundwater, which was confirmed at the station 
12 (figure.8). In this case, all the benefits of organic matter to the soil, such as: better porosity, 
good permeability, good ventilation, better soil warming [8]and good water retention [9] will 
be absent. Organic matter releases minerals that are essential to the nutrition and development 
of cultures[10]. However salinity exists in the canal waters and groundwater is the main cause 
of decline palms[11]. The increase in soil salinity inhibits its activity and therefore the 
microbiological decomposition of organic matter. This leads to a decrease in crop yields. 



 
 
Fig.7. Spatio-temporal evolution of Organic Matter of water channel 
 

 
 
Fig.8. Evolution of organic matter in water groundwater 
 
4.2. Hydrochemistry of canal water and groundwater  
 
Agricultural practices, including the establishment of irrigation systems have an effect on 
water quality. The mineral salts in irrigation water have an impact on the soil and plants. They 
can cause changes in soil structure and disrupt the development of vegetation[12]. The 
distribution of palm and associated crops in the ground root system gives an overview on the 
degradation of phoeinicicole heritage due to the contamination of groundwater by salinity and 
wastewater channel. To assess the water quality of the Oued Righ channel and water of 
groundwater, we used Schoeller Berkaloff diagram to represent the chemical facies of several 
water samples. Each sample is represented by a broken line. The concentration of each 
chemical element is represented by a vertical line on a logarithmic scale. When the lines are 
growing, a chemical change of facies is demonstrated [13]. We notice that the mineralization 
Cl- and Na + is dominant almost at 9 stations along the Canal, followed by mineralization 
ions SO4

2- and Ca2+, or even a high concentration of Mg2+ ions. We point out on the Sodium 
Chloride Facies majority (figure 9 (a and b)), with absence of bicarbonate facies. However 
there is a clear dominance of sodium ion, followed chloride and sulfate ions, at the station 12 
groundwater which is grown all around the canal area.This confirms that the dominant 



hydrochemical facies is a chloride-sodium. So mineralization waters of the web is linked to 
Cl- and Na +. The line of station 10 which has a higher concentration of Sodium ions that 
Sulfate ions give the type of facies Sulfated - Sodium. The facies type bicarbonate waters 
groundwater is absent. 
 
 

            
a) Canal                                                                                                            b) Ground water 
 
Fig.9. Schoeller diagram Berkaloff to the canal and water 
 groundwater (October 2010) 
 
 
4.3. Water-soil relationship and its impact on the culture of the date palm 
 
The Region to Oued Righ is characterized by low rainfall and high evaporation. Its 
underground water is too loaded with chlorides and sulfates or the existence of the risk of soil 
salinization. A study requires a good estimate of some parameters of salinity in relation to 
agricultural use in the canal waters and the waters of the aquifer. This risk is determined using 
the value of Sodium absorbent SAR (Sodium Absorption Ratio). For the same conductivity, 
the risk is even greater than the coefficient is higher. Proposed by Richards classification is 
very useful to characterize and reliable irrigation water. 
The results obtained by the Richards diagram of the different stations water channel (Figure 
10 (a and b)) show that they are class C5S3. In this case, the water is high mineralization. 
They are used only in exceptional circumstances. The C5S4 class affects virtually the 
majority of canal water. The waters are strongly mineralizes. There is not recommended for 
irrigation. For water the water table, we note the C4S3 and C5S3 classes for stations 10, 11 
and 14 used only in exceptional circumstances. The C5S4 class appears at stations 12 and 13 
advised not for irrigation. Water quality and water channel of the web are of very poor 
quality. So, there is a possible contamination between the two. 



                 
a) Canal                                                                                                            b) Ground water 
 
Fig.10. RICHARDS diagram of canal water and groundwater 
 
Conclusion 
 
The region of Oued Righ is characterized by the presence of sandy soil mainly siliceous and 
trained so insoluble pure quartz. The water table is contained in the clay-evaporite sandy 
quaternary levels. The piezometric surface thereof has a regular fluctuation in this region 
relatively flat where the waters are struggling to evacuate the static level of the shallow 
aquifer fed by the drainage and urban waste Touggourt increased steadily thus approaching 
the soil surface. The comparison of concentrations of the chemical elements of the water 
channel has highlighted the dominance of saliferous Gypsiferous ions and ions versus 
acquisition carbonate in salinity. The canal is excessively salty, very hard, slightly basic, and 
hyper-chlorinated global chemical facies sodium. Irrigation water is of very poor quality and 
mostly belongs to C5S4 class. As for the environmental aspect of the sources of pollution of 
the channel, values in Sec residue and organic matter are higher than the national and 
international standard. 
The pollution is felt at the station Kardéche upstream channel where the flow velocity is low. 
It may be noted that pollution also increases the station Zaouia El Abidia or the width and 
depth of the channel decreases. So the speed of the flow of water also decreases. 
The monitoring of the evolution of the water quality of the water table surrounding the 
channel shown that the contamination of the water is very pronounced at station 12 (station 
Sidi Slimane). Degraded water channel are routed in areas that favored the percolation of 
groundwater contamination. The combined action of a climate characterized by intense 
evapotranspiration and the presence of a shallow water table that most soils undergo 
secondary salinization. We even noticed undesirable phenomena such as degradation of palm 
trees surrounding the canal. 
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