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Abstract 

In this paper, Nano Electro-Mechanical Switch (NEMS) was designed and 

simulated by using MATLAB simulation, then was tested by the on-line test 

through bias super-position. This switch has 4.5 nm thickness, offers low 

power dissipation, and permits nonstop observing of all essential jobs. On the 

other hand, some challenges are facing this Nano system. One of them is very 

difficult to resonators collective products with the same characteristics. The 

fabrication process was also complex and much hardness occurred during 

repetitive operations, which failure and stiction caused problems. In this work, 

a comparison between the response of a fault-free system and the system with 

some failures has been carried out. The test results showed a decrease in pull-

in voltage with increasing overlap area as a result of wear failure mechanism 

in Nano Switch (NS). Creep in (NS) affected the value of the young modules 

and this increased the output voltage, also the crack in the beam of (NS) 

increased the effective mass and decreased output signal. 

 

Introduction 

There are many kinds of test techniques, have been used for integrated sensors such as Software-Based Self-test (SBST), 

System-On-Chip (SOC) testing, Built-in self-test (BIST), on-line test through bias superposition, electro-thermal stimulus 

test, etc. These tests are employed to detect errors and faults that appear during the system operation and affect the response 

of the device. Also, they indicate that the system in failure mode, which decreases the effectiveness of the mechanism.  

All previous checks can be also separated into (On-line and Off-line) tests [1]. System-On-Chip (SOC) test and Built-in 

self- test (BIST) can be done when the device is offline, immediate the test cannot be operated under normal condition and 

have dangers in its output waveform if the medium is uncontrolled and perturbed. Heating the structure through the 

dispersing element is the way used to test the cantilever structure of the electro-thermal stimulus. These kinds of tests are 

called off-line because they cannot be performed during the work of the sensors [1, 2].  

SBST and Wavelet-Analysis of Measurements (WAM) are online tests but with difficult and complex steps.  In this paper, 

the NEM switch was monitored on-line by utilizing the bias superposition method to test it this technique was named on-

line test through bias superposition. In this technique, the check signal (second signal) was added to the measurement input 

signal (carrier or first signal) by using an adder so the characteristics of the first signal must be selected differently from 

the characteristics of the second signal.  

Furthermore, the second signal needs to exist chosen exclusive the bandwidth of the switch [3]. This manner is a low-cost 

way, simple, and is utilized to escape troubles in switch results, ensuring that the test result depends totally on the result of 

the first input rather than the exterior things induced by [1, 2]. Several researches are utilized this test method to check 

different types of Micro Electro Mechanical Systems (MEMSs) where on-line monitoring bias superposition method  for 
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integrated micro capacitive accelerometer (2.6mm2.6mm) accelerometer area with 10 thick of accelerometer mass) was 

presented [4].  

When the device operates without any fault then it is called the first case and if a defect was adopted, it is called the second 

case, however, the effect of disturbances caused by the environment in this work was not taken into consideration. 

Therefore, the system proposed by [5] in which the on-line test method through bias superposition is used with a micro 

accelerometer that has an area equal (2.6 mm×2.6 mm) and with 100 thick accelerometer mass. In this paper, disturbance 

due to the surrounding environment is considered when the thick of the Nano accelerometer mass is 3.3nm. 

 

Principles of Bias Superposition  

Figure 1 illustrates the general structure for the bias superposition technique where the test stimulus is placed inside the 

configuration of the Nanoelectromechanical switch to check if it works normally and gives us accurate outcomes or not 

because of a certain kind of failure mechanism. The bias superposition technique is a simple and low-cost method because 

it does not require modifications to the design of the device to generate the stimulus. 

Typically, a square wave signal with half of the period is ON (duty cycle is 50%) and is utilized as a second signal. This 

second signal (test signal) is modulated with an input signal (duty cycle is 70%).  It can be recognized that the output of 

test signal is non-ideal and need filtration; therefore, suitable filters are required to extract the acceptable output information 

[5]. Then to know this sensor is worked without any defect and is offered the correct outcome or not due to a certain kind 

of defect. We make a comparison between the two test signals and if the output signal of two cases is similar in phase, 

amplitude, and frequency, this means Nano switch (NS) has no-fault and operates with no defect otherwise the device 

operates with fault. 

 
Figure 1 Test of (NS) including Bias Superposition 

Nano Electromechanical switch 

Overview 

In this paper, the NEM switch was taken as a case study. This switch consists of two parallel plates (movable and fixed) 

with three-terminals; drain, source, and gate, and an actuation gap (go) that separates these two parallel plates of the 

electrostatic switch [6, 7]. Figure 2 illustrates the generic three-terminal electrostatic switch.  
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Figure 2 basic Planar of three-terminal Electrostatic Switch [7] 

Principle of Operation  

The principle of electro-mechanical devices operation is the electrostatic attractive force produced due to voltage applied 

across the plates and this will accelerate the movable electrode toward the fixed electrode. The area of the two electrodes 

and the actuation gap, which splits electrodes, are factors on which the weakness of the electrostatic attractive force depends 

[3, 8]. Another force impact on the electromechanical device is spring force produced because the moveable part is 

suspended by a spring, so it has an elastic constant.  

In general, electro-mechanical switches have ON and OFF states.  The current, from source to drain is limited and near to 

zero leakage current due to the air gap between drain and source. Therefore, the current does not move from one electrode 

to another, and the device in the OFF state. During the OFF state, Vgs (voltage between gate and source) is smaller than 

the release voltage (the voltage that is needed in order to pull-out the device) [9]. If electrostatic force overcomes spring 

force this leads to providing a conductive path for current to flow and the device becomes in an ON state. 

Mathematical Model of Nano Electromechanical Switch  

A second-order spring-mass-damper system equation has been utilized to define the mechanical model of the 

Nanoelectromechanical switch, at what time we applied voltage between the first electrode (drain) and the second electrode 

(source).  Translate of a mobile part in nano switch is overseen with the aid of equation (1).  

Nonlinear 2nd order differential structure can be expressed by utilizing three factors, namely: the inertial proof mass 𝔪, 

nonlinear viscous damping b, and spring constant k, [10-14]. 

𝑭𝒆𝒍𝒆(𝐗) +  𝑭𝒗𝒅𝒘(𝐗) = 𝒎𝒆𝒇𝒇𝑿̈ +
√𝑲𝒎𝒆𝒇𝒇

𝑸
𝐗̇ + 𝑲𝑿                           (𝟏) 

 

Where:   𝐹𝑒𝑙𝑒: Electrostatic force,  𝐹𝑣𝑑𝑤: Van der Waals' force, 𝑚𝑒𝑓𝑓: is the effective mass,  

X: displacement of a gate in Nano switch, Q: quality factor [103-104],  𝐾 is spring constant  

Simulink Model of NEMS  

The system shown in Figure 3 was modeled in MATLAB / Simulink, input square wave signal (70% duty cycle) with 10 

HZ frequency of input signal. This signal is multiplied by 9.81 gains to give us an equivalent acceleration by utilizing 

equation (2).  

       a = (
  𝑽𝟐

𝟐
)

   𝛛𝐜

  𝛛𝐱
                            (2) 

Where: v is the input voltage, x is the displacement of the gate and c denotes capacitance and can be calculated by equation 

(3). 

https://publications.srp-center.iq/index.php/ijn
https://doi.org/10.47758/ijn.vi1.17


M. Kadhim et al Iraqi Journal of Nanotechnology, synthesis and application 1 (2020) 1-6 

 

4 

©SRP 2020, DOI: https://doi.org/10.47758/ijn.vi1.17 

c =
 𝜺𝒐𝜺𝒓  𝑨

𝒙
                            (3) 

As displayed in Fig 3, the square first signal (input) before amplification could be gotten. 

 

 
Figure 3 Waveform of First Signal (Input Signal) 

Nano switch test process provides an on-line test by using a bias superposition method, this process is active when the 

second signal is put in the construction of NEMS to test it, if it works without any fault and results in the right outputs or 

not due to some kind of fault. Then the output is filtered by a Butterworth structure of a second-order high pass filter with 

a cutoff frequency equal to 100 Hz was designed to remove unwanted signals and get input signal as shown in Figure 4. 

 
Figure 4 the Simulink Model of Nano Electromechanical Switch 

Nano Electromechanical Switch (NEMS) Simulation Test Results  

The output characteristics of the above model (NEMS) are presented in Figure 5 (without any defect), are tested by 

employing an on-line test through the bias superposition method. The influence of wear, fracture, creep, and crack is 

considered in this test. Where a square wave is entered to this model, a 1.5 V peak amplitude, for 70% of the cycle, will 

activate the ON state and a 0 V, for 30% of the cycle, will activate the OFF state. The output wave of this model can be 

seen with two levels, the high level is 2.55*10-22 V denoting the ON state, while the low level is roughly equal to zero 

denoting to OFF state. This outcome can be offered when the Nano switch normally works (without failure mechanism).  

https://publications.srp-center.iq/index.php/ijn
https://doi.org/10.47758/ijn.vi1.17


M. Kadhim et al Iraqi Journal of Nanotechnology, synthesis and application 1 (2020) 1-6 

 

5 

©SRP 2020, DOI: https://doi.org/10.47758/ijn.vi1.17 

 
Figure 5 Output of Nano Switch without any defect 

To test Nano switch whether it works in failure mode or not, a comparison must be carried out between the output signal 

of Nano switch (under testing) and the output signal when the switch runs normally. If the two signals have the same 

frequency, identical in phase, and equal in amplitude, this signalizes that the switch operates without any fault while any 

difference in these three properties is attributed to some defects or failures in the Nano switch.  

 Creep in Nano Electromechanical Switch 

The creep in the switch variation spring factor 𝑘 affects the value of the young modules E. This will alternate the response 

of Nanoelectromechanical switch, when the spring factor increases from 10 Nm-1 to 500 Nm−1, this leads to an increase in 

the level of output voltage from 1.14*10-23 V to 2.5*10-22V as seen in Error! Reference source not found..  

Wear in Nano Electromechanical Switch 

The corrosive in Nanoelectromechanical switch, because of the environmental impacts, will result in wear in the switch 

and impact on the system parameters (effective mass and damping factor), then will decrease pull-in voltage accordingly 

to increase in overlapped area between gate and electrode body as shown in Error! Reference source not found.. 

 
Figure 6 increasing in the output of Nano switch due to an 

increase in the value of spring Factor 

 
Figure 7 Inverse proportionality between pull-in voltage and 

overlap area 

Cracks in Nano Electromechanical Switch         

The crack in the beam of Nano switch affects resonance frequency and stiffness and leads to an increase in the effective 

mass also variates in the response of Nano switch. Figure 8 shows a reduction in the response of the Nano switch from 

5*10-16 V to 3.89*10-17 V when the effective mass increased from 6.5*10-18 to 6.9*10-18 g this change in response denoted 

that the Nano switch works in failure mode due to the crack in its beam. 

Figure 9 explains that the resonant frequency is changed due to increasing the effective mass, where decreasing the resonant 

frequency leads to increasing the time that is required to change the state of Nano switch from ON to OFF and this will 

decrease the speed of Nano switch. 
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Figure 8 decreasing output signal because of increasing effective 

mass 

 
Figure 9 Resonant Frequency is decreased when the effective 

mass is increased from 6.5*10-18 g to 6.9*10-18 g 
 

Conclusion  

The nanoelectromechanical switch had been modeled in MATLAB/ Simulink and then had been tested by utilizing an on-

line test through a bias superposition technique. Here, there is no need for any modifications to the switch to apply this test 

technique. Only the test signal was injected in the bias structure of the sensor to achieve the correct test operation. Low cost 

and on-line test capability were presented. Therefore, this test technique had been used. Downsizing of the switch in the 

Nano scale was led to increasing the random collision of air molecules, ultra-small mass and Van der Waals had been great 

affected in this design. The test results showed Wear and Crack in the beam of Nano switch (NS) was increased the effective 

mass and was decreased output signal. While Creep in Nano switch (NS) was led to increasing output signal. 
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Abstract 

Today, the world lives in the worst conditions because of the outbreak of 

bacteria and an increase in the number of people infected with the different 

diseases due to contact of minerals, wood, papers, hospitals, and laboratories. 

The physical devices used can support the current crisis and can be used as 

tools for sterilization and reducing the spread of the diseases. The methods 

that have been used to prepare nanostructured materials to play an important 

role in the biological and medical fields, because very tiny particles can inter 

the membranes of microorganisms. Atmospheric–pressure plasma jet system 

has sufficient power to sterilize and kill the bacteria, also is an important tool 

to employ in the medical field. 

 

Introduction 

The atmospheric-pressure plasma jet technique is described, wherever the plasma generated at the electrolyte media (gas 

and solution interface) as the electrode (cathode) for the preparation of different nanostructure materials or using directly 

to exposure on surfaces contaminated with virus/bacteria. Much attention has been attentive on discovering the effects of 

several parameters like the kind of system electrolyte [1,2].   The plasma jet system has huge importance from the 

organization of plasma because of its features of small physical size, generation [3-4], the stability of atmospheric-pressure 

[5], and non-equilibrium thermodynamics [6-7]. This property makes atmospheric-pressure plasma jet a good choice for 

many applications, such as medical treatment, surface modification, and nano-fabrication [8]. The characterization of 

plasma gives the unlimited potential to study the field of biomedical. plasma jet or needle is skillful of diseases (bacteria 

and virus) decontamination and removal cell without affecting necrosis to treat cells [9]. Furthermore, it has a modest 

design. A high-voltage electrode (cathode) usually make from a needle syringe and a metal pin. The discharge gas flows 

over the pin at a different flow rate and uses the controller to regulate the gas flow rate [10]. the conditions for biomedical 

applications are that the needle should be near room temperature and conveys a low current. To date, applications such as 

cancer treatment sterilization, bleaching (dentistry), and healing of wound treatment have been demonstrated [11]. The 

plasma system is used in many applications such as industrial, biomedical, and environmental effectiveness, it is essential 

to know the parameters of plasma-like electron temperature and density of electron. To measure these parameters at low-

pressure plasma, Langmuir probe measurement is used [12]. 

The hospital-acquired infections or called Nosocomial infections (NI), are developed through hospital care is not existing 

at entry fees but appearing after discharge [13]. 

The genus of Pseudomonas is the best common (gram-negative) bacteria involved in hospital-infections causing 

opportunistic infection in humans, particularly among immunodeficiency patients [14]; [15]. The explanations to determine 

most infections nosocomial when the PAeruginosa rarely attacks healthy tissues, it may infect virtually whole tissues in the 

body. [16]; [17]. This microorganism produces some of the enzymes which are associated with the pathogenesis of P. 
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Aeruginosa infections. Despite developments in antibiotic treatment, P. Aeruginosa is fundamentally resistant to a number 

of that antibiotic [18]. Cold plasma can help as an alternative to other conventional decontamination methods such as heat, 

chemical, and irradiation sterilization methods, especially for sterilize heat-sensitive tools. It promotes an effective killing 

of the microbes and reduces the degree of destruction of the materials. The photons of UV and reactive species such as 

atoms and radicals play a major role in the cold plasma decontamination. Cold plasma can inactivate microorganisms and 

cell wall rupture and destroy biomolecules, such as DNA and proteins [19]. Therefore, plasma proved an effective 

"bactericidal" agent a "decontamination" technology to address the contamination of surgical instruments [20]. 

Preparation of Nanoparticles (Copper Oxide) 

The nanoparticles of Copper oxide CuO have been synthesized by atmospheric-pressure plasma jet. The experimental 

system of the schematic diagram is shown in Figure 1. [21]. The copper oxide was prepared with and without adding CuCl2 

into the electrolyte medium, as shown in Figure 2 [21]. Many crystal planes have been observed in Figure 2a. It was referred 

into polycrystalline, and containing four peaks belong to copper oxide nanostructures was observed via (ICDD, USA (1979) 

JCPDS 1979), C 29-1133. Also, the addition of CuCl2 powder on the compositions and distilled water led to an increase in 

the appearance of peaks.  

 

 
Figure 1 The atmospheric-pressure plasma jet system uses to 

synthesis of cooper oxide nanoparticles. 

 
Figure 2 The x-ray diffraction patterns of the copper oxide 

nanoparticles were synthesized via atmospheric-pressure plasma 

jet system at different arrangements: (a) without CuCl2 (b) with 

CuCl2 

It was shown that the copper oxide nanostructure prepared because of the existence of Cu with Cl2 and contributing to 

structure into the electrolyte system, see Figure 2b. This difference may have observed from change the color powder, see 

Figure 3 [21]. 

 

Figure 3 The photographs of powders synthesized via atmospheric-pressure plasma jet (a)without CuCl2 and (b) with CuCl2. 

Copper oxide nanoparticles have extensive applications like adsorption of organic pollutants and solar cells. The outcome 

can be considered high and the work can be a good attempt to prepare copper oxide via this technique as a new preparation 

method to use it in important applications such as in biomedical. 

Fabrication of Nanostructured Silver Nanoparticles 
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Silver nanoparticles have fascinated much attention because of their greater antibacterial property, it has a high fraction of 

surface atom [22]. All methods were informed to create Ag nanoparticles with required particle size, including physical, 

chemical, and biological approaches [23,24]. Silver nanoparticles were prepared by atmospheric plasma jet [25]. 

Figures 4a  and  4b,  show the TEM image of the Ag nanostructures prepared at 80 wt.% AgNO3 and 20 wt.% sucrose with 

preparation time 25min. As shown, approximately uniform shaped like (palm fronds) were grown and the minimum particle 

size was 20nm. While these shapes have been disappeared when the concentration becomes 60 wt.% AgNO3 and 40 wt.% 

sucrose at the same preparation time (25min), and then, it can be seen the Ag nanoparticles with minimum particle size was 

10nm as shown in Figure (4c). 

 

 

Figure 4 TEM images of Ag nanoparticles prepared at (a) at 80 

wt% AgNO3 and 20 wt% sucrose with preparation time 10 min, 

(b) at 80 wt% AgNO3 and 20 wt% sucrose with preparation time 

25 min, and(c) at 60 wt% AgNO3 and 40 wt% sucrose with 

preparation t 

Figure 5 The disks show antimicrobial activity of Ag 

nanoparticles (a)Staphylococcus and (b) Escherichia coli 

The two results were confirmed the sucrose prevented the aggregation, besides, the new features are dependent on the 

fractional composition of the prepared sample and preparation time. These results were helped to employ the Ag 

nanoparticles for killing and sterilizing bacteria and viruses. Figure 5 exhibits the antibacterial activity of silver 

nanoparticles.  Its clear inhibition zone after twenty-four-hour incubation of the plate at 37 °C in temperature. The strains 

susceptible to silver nanoparticles show a superior inhibition zone, for two types of bacteria The inhibition zone for wholly 

samples with the mentioned micro-organisms was shortened in Table 1 [25]. 

 
Table 1 Inhibition zone of bacteria with Ag nanoparticles in mm 

Sample No. Staphylococcus Escherichia coli 

1 15 mm 16mm 

2 17mm 15mm 

3 19mm 14mm 

4 16mm 17mm 
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Bacterial description of the bacteria (Pseudomonas Aeruginosa) has been carried out via microscopic, cultural, and 

biochemical tests [26]. Also, verification of the Bacterial identification tests was examined by using of API 20E kit [27]. 

The colony of P. Aeruginosa was cultured overnight 18 hours via inoculating a single insulated colony of bacteria in the 

nutrient broth, at 37 oC. Cells of bacteria were Precipitates by centrifuge at 8000g for 10 min; the supernatant was removed 

and the bacterial cell pellet was rinsed twice with sterile phosphate-buffered saline (PBS) and re-suspended in 10 ml of 

PBS [28]. Figures 6 and 7 indicate the outcomes from culturing the exposure P. Aeruginosa on a nutrient agar plate. 

Furthermost of the inactivation curves followed a biphasic pattern. Especially, a decline in populations usually looked after 

plasma exposure from early exposure time, shadowed via a decrease at the rate of inactivation after high exposure time.  

 

 

Figure 6 The decline curve of all isolates of bacteria (P. 

aeruginosa) signifying log CFU/ml as a function of exposure time 

of plasma 

Figure 7 The inactivation of P. aeruginosa culture after plasma 

exposure at different time (a) 10, (b) 20(c) 30 (d) 40 (e) 50 and 

(f) 60 min [28] 

Genomic deoxyribonucleic acid has been taken out from P. Aeruginosa bacteria via Kit (Intron Biotechnology, Korea). A 

specific primer was used for gene amplification. Figures (8 and 9) indicated the amplified 16S rRNA fragment using a 

molecular size around 956 bp in length. 

 
 

Figure 8 Electrophoresis Technique of P. aeruginosa, lane (L), 

DNA ladder, lanes (B1–B9): bacterial samples before plasma 

exposure, lanes (from A1 to A9): bacterial samples after Plasma 

exposure, [28]. 

Figure 9 . Electrophoresis Technique of P. aeruginosa lane (L), 

(1500–100 bp DNA ladder), lanes (B10–B30): bacterial samples 

before plasma exposure, lanes (A10– A30): bacterial samples 

after plasma exposure lane (N): the negative control, [28]. 

 

 

Conclusions 

Several recent developments prepared in the atmospheric-pressure plasma jet system has been discussed in this paper. These 

include the adjustment of this technique in many several applications. Together, these developments have transformed the 

capabilities of the plasma jet and helped to form it as the process of special for the production of imperative tools for 

decontaminating and sterilize the different places. The outcomes of some recent important studies in this review. Also been 

included the preparation of nanoparticles and it can be considered a good attempt to use in killing bacteria. Overall, hence, 

this paper provides a review of the current status of the atmospheric–pressure plasma jet process and considers future areas 

of exploitation for this technique. 
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Abstract 

This article describes the synthesis of ZnO nanoparticles (Nps) using the co-

precipitation method and then calcinated at 500oC for 2 h. The photo activity 

of ZnO nanoparticles was examined in photo decolorization of methyl green 

dye under artificial UV-A light. This prepared photocatalyst (ZnO Np) was 

modified his surface by 2% Ag doped using the photo deposition method under 

inert gas for 3h. The characterization of undoped and 2% Ag doped ZnO Nps 

were estimated by Fourier-transform infrared spectroscopy (FT-IR), X-ray 

Diffraction (XRD), and Atomic force microscopy (AFM). In FT-IR analysis, 

the new peaks occurred around  624-778 cm-1 confirmed the Ag really is 

doped on prepared ZnO Np. Based on data from XRD, the mean crystal size 

was reduced with doped the 2% Ag. The AFM images for the prepared 

photocatalysts ensure that the shapes of all samples are semi-spherical with 

nanometer size. Series of kinetics experiments were performed for the 

photocatalytic decolourization of methyl green dye using undoped and 2% Ag 

doped ZnO nanoparticle and found to be pseudo-first-order kinetics. 

 

Introduction 
Zinc oxide (ZnO) is one of the important inorganic amphoteric oxides, with pHZPC of approximately  9.0[1, 2], and a 

boundary between an ionic material and a semiconductor [3, 4]. This oxide is deemed an n-type metal oxide semiconductor, 

operated at near-ultraviolet and visible spectra regions with direct band gap 3.436 eV at 0 K and (3.37± 0.01) eV) at room 

temperature [5-7]. ZnO is also known as a II-VI semiconductor, which has various forms beyond to lie of zinc atom and 

the oxygen atom in the 2nd and 6th groups of the periodic table [8] such as cubic zincblende, cubic rock salt, and hexagonal 

wurtzite [7]. On the other hand, it has been prepared as a nanomaterial in different dimensions such as one dimensional 

(1D), two dimensional (2D), and three dimensional (3D) structures over the past few years, there are varying procedures 

for preparing them as physical methods (such as Laser ablation and Chemical vapor deposition(CVD)), chemical methods 

(such as Precipitation, sol-gel and hydrothermal), and bio methods (such as a green method in employing the extractions of 

plants and Microbes mediated like bacteria, viruses, and fungi) [9-15]. ZnO bulk or nanomaterial is used in various fields, 

so, they employed as a photocatalyst to degrade the organic compounds in water [16,17], protection of skin from solar 

irradiation[18, 19], used in the manufacture of active solar cell [20-22], employed as gas, chemical and biological 

sensor[23,24], employed in manufactured of cosmetic creams[25]. This research focused on synthesized of ZnO 

nanoparticles by co-precipitation method, and then changed its surface with doped 2 % of Ag under purged N2, in order to 

reduce the recombination process using the photo deposition; under illumination with UV–A light (HPML-400 watt), which 

have a light intensity equal to 6 x 10-5 Enstine s-1, that measured by using the chemical actinometry [26]. 
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The employing of FT-IR, XRD, and AFM is used to investigate the properties of these prepared photocatalysts. The 

efficiency of decolourization of methyl green dye was achieved under the optimum conditions. A reasonable mechanism 

for dye decolorizing was suggested. 

Experimental Work  

Chemicals  

The used chemicals were employed without any treatment in this work. Zinc sulfate heptahydrate (ZnSO4.7H2O), Sodium 

hydroxide (NaOH), Absolute ethanol were supplied by BDH -UK.  Methyl green dye (C27H35 Cl2N3.ZnCl2) was 

purchased from GEORGE T. GURRL TD  –UK and Silver nitrate (AgNO3) was Purchased from AppliChem GmbH-

Germany. The chemical structure of Methyl green dye is depicted in Figure 1. 

 
Figure 1. The chemical structure of Methyl green dye. 

 

Synthesis of ZnO nanoparticles 

The ZnO-NPs were prepared directly by the co-precipitation method from two aqueous solutions NaOH and ZnSO4.7H2O 

with molar ratio (4:1) [27, 28]. The precursor solution was prepared by completely dissolving (ZnSO4.7H2O) in distilled 

water. The precipitation agent was also prepared from dissolved NaOH in distilled water.  100 mL of NaOH solution added 

slowly as drop by drop to the precursor solution with vigorous stirring for 20 min at 25 oC. A solution with pH=7 containing 

a white precipitate can be observed as shown in Figure 2. 

 
Figure 2 Real images for preparing ZnO in the co-precipitation method. 

Then the white precipitate was collected, filtered, washed several times with distilled water, and then with absolute ethanol 

to ensure removal of all remaining sulfate particles. The white wet precipitate was dried in an oven at 86 °C and then kept 

overnight in a desiccator.  The resulting powder was calcined at 500°C for 2h. The preparation of ZnO-Nps can be explained 

by the following equations, 

 

(1) 
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(2) 

Synthesis of Ag doped ZnO nanoparticles  

After calcined, the modification of the ZnO NPs surface is necessary to depress the recombination by 2% Ag doped using 

the photo deposition method: under purged N2 [29]. In a closed Pyrex photoreactor, exactly 2 g of ZnO NPs was dispersed 

in 20 mL from absolute ethanol and then mixed with suitable volume from the stock solution (1% Ag NO3 ) under purged 

nitrogen gas. This solution was illuminated with UV-A light for 3h. The leaden color precipitates were formed; as shown 

in figure 3. This leaden precipitant was filtered; washed using absolute ethanol and dried at 80 oC in an oven. The photo 

deposition mechanism [29,30] was used, which is basically based on the use of Philips High-Pressure Mercury Lamp 

(HPML) 400 watt as a UV-A light and the ZnO's photoelectron to conduct Ag+ to Ag metal photoreduction on its surface. 

 

                                                                                        (3) 

                                                                                          (4) 

 

 
Figure 3. Real image for doped 2% from Ag  on ZnO Np surface in the photo deposition method. 

Characteristics of synthesis samples 

Series of techniques were used to conduct this work, such as Atomic absorption (AA-6300-Shimadzu) analysis, which 

applied to estimate if all amount of Ag was doped. FTIR model 8400S -Shimadzu employed the KBr disc in the ranged of 

400 - 4000 cm-1. XRD analysis style Lab X XRD 6000-Shimadzu was used to investigate whether the samples were 

successfully prepared and then measure the mean crystal sizes for all prepared samples by using the Scherrer's formula [31-

33] with use 2θ ranging from 20o to 80o. Moreover, the AFM model, AA 3000 was employed to represent the shape of the 

samples prepared. 

Photoreaction of methyl green dye with synthesis photocatalysts 

 In order to check the efficiency of prepared photocatalysts, the undoped ZnO Np and 2 % Ag doped ZnO NPs were applied 

to the solution of methyl green dye. Series of preliminary experiments were performed with employed the ZnO 

nanoparticles (NP) in dye aqueous solution. The undoped or 2 % Ag doped ZnO NPs were dispersed in 200 mL of 25 ppm 

of methyl green dye solution.  

At outset, the dark reaction is a vital step to reach for the homogenous equilibrium at 30 min, the adoption on the ZnO 

surface has happened as physical adsorption [34, 35]. Under moderate stirring, the UV-A light was focused on the produced 

suspension solution. In intervals, time of illuminated; 2.5 mL of samples were collected and twice separated using a 

centrifuge to remove all the fine catalyst particles.  

In photoreaction, the residue concentration of this dye was monitored at 630 nm using UV-Vis analysis. From based on 

equations 5 and 6 [36- 38], the apparent rate constant (kapp.) and the photo decolourization efficiency % (PDE %) were 

determined. 

tk

t
C

o
C

app .ln =












  
(5) 

https://publications.srp-center.iq/index.php/ijn
https://doi.org/10.47758/ijn.vi1.22


E. Fadhil et al Iraqi Journal of Nanotechnology, synthesis and application 1 (2020) 13-22 

 

16 

©SRP 2020, DOI: https://doi.org/10.47758/ijn.vi1.22  

100% x

o
C

t
C

o
C

PDE















−

=

 

(6) 

 
Where: Co and Ct are the concentration of methyl green dye without and with irradiation respectively. 

 
Results and Discussion 

Atomic absorption analysis 

The result of this analysis was indicated that the concentration of Ag that needed to doped as 2% Ag is equal to 1723.336 

ppm, but the residue of Ag in solution after irradiation the colloid solution of ZnO for 3h was reached 0.36 ppm, that ensure 

the 2 % Ag was doped successfully on ZnO surface. 

FTIR analysis  

Based on the FT-IR spectra for undoped and 2% Ag doped on ZnO-NP surface was investigated as shown in figures 4 (a) 

and (b). The essential peaks of ZnO are obtained at around 3446-3450 cm-1 for stretching vibrations of O-H and appearance 

two peaks approximately at 1120 and 1577 cm-1.  On the other hand, the narrowband around 410 - 500 cm-1 are assigned to 

the stretching vibration band of Zn-O [28,39]. Moreover, the new peaks occur in the region ~ 624-778 cm-1
, when Ag doped 

on ZnO NP, this result is approximately agreed with  T. S. Vijayakumar  et al [40].  

 
Figure 4. FT-IR Spectra for prepared a) undoped ZnO NP and b) 2% Ag doped ZnO NP 

 XRD analysis 

Based on the indexed [JCPDS no. 36-1451] and [JCPDS card no. 04-0783] of the ZnO hexagonal wurtzite structure and 

the face-centered cubic structure of Ag [41], the XRD peaks in figure 5 were indicated the undoped and Ag doped ZnO Np 

samples are successfully formed. The XRD spectra were evidenced that the nine broad bands at 2θ values 31.6o, 34.4o, 

36.15o, 47.45o, 56.5 o, 62.7o, 66.4o, 67.8o,
 and 69o

 are beyond the miller indexes equal to (100), (002), (101), (102), (110), 

(103), (200), (112) and (201) respectively [28, 42]. Moreover, a new broad peak has confirmed the Ag doped on ZnO NP 

surface, and noticed at 44.50o
 with miller index (200); this result did not form a silver oxide.  
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Figure 5 The XRD Spectra of a)Undoped ZnO Np, b) 2 % Ag doped ZnO Np. 

Using the Scherer equation [31,43], the highest three peaks at 2θ  31.6o, 34.4o, 36.15 o were selected to calculate the mean 

crystallite size of ZnO NPs. The magnitudes of mean crystallite size of undoped and 2% Ag doped ZnO NP were proved 

the Ag doped ZnO NPs is less value than it's for ZnO NP that due to incorporate of Ag(I) (with ionic radius 0.115 Å) with 

Zn(II) (with ionic radius 0.74 Å) in ZnO lattice [44]; these values were displayed in table 1. 

Table1. The Mean Crystallite Sizes of Undoped ZnO and 2% Ag doped ZnO NP.  

 

 

 

 

 

 

 AFM analysis 

Figures 6 and 7 display, that the undoped and 2% Ag doped ZnO Nps are semi-spherical and nanoparticles. The particle 

size of prepared ZnO Np increased with 2% Ag doped on ZnO Np from 7.28 nm to 22.6 nm, which leads to improvement 

in the agglomerated process when metal-doped [45,46]. 

Mean Crystallite sizes /nm Crystal components 

29.0090 (0)% Ag doped ZnO NP 

28.2010 (2)% Ag doped ZnO NP 
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Figure 6 . AFM images for a)2- Dimensions Image 

(Topography) and b) 2- Dimensions Image(Deflection) of 

Udoped ZnO Np. 

Figure 7 . AFM images for a) 2- Dimensions Image 

(Topography) and b) 2- Dimensions Image(Deflection) of 2% 

Ag doped ZnO NP. 

Photocatalytic activity reaction of undoped and Ag doped on ZnO NPs 

 Figures 8 (a,b) illustrates, that the Ag doped ZnO Np indicates to increase the photoreaction with increment the apparent 

rate constant and PDE% values. Since Ag acts as a sink of electrons, so, the recombination process will reduce [41,47, 48]. 

The best PDE% with using ZnO Np increases from 37.000 % to 87.368 %   with 2% Ag doped on ZnO NP for 40 min at 

25 ppm dye, 0.7g. /200 mL catalyst,  pH 5.4, and 298.15 K. 
 

 
Figure 8. The relation between a) Kapp verse photocatalysts, b) PDE % verse photocatalysts. 

 Suggested mechanism 

 According to scheme 1, the more acceptance mechanism for photo decolourization of methyl green dye was suggested to 

use the undoped ZnO NP or Ag 2% ZnO NP. This mechanism was based on a series of redox processes [49-51], which 

leading in essential to produce a hydroxyl free radical as a key to starting the photo decolourization of this photoreaction[52-

56]. 
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Scheme 1. The schematic diagram for decolourization mechanism in (methyl green Dye/undoped or Ag 2% ZnO NP/ UV-A  light) 

system. 

 Conclusions 
The main conclusions in this work can be summarized by the undoped ZnO NP and 2% Ag doped ZnO NP, respectively, 

which were successfully prepared by using co-precipitation and photodeposition. That was evidenced by FT-IR, XRD, and 

AFM. The mean crystal size at Ag 2% doped on ZnO Np was found to be reduced compared without doping.  All prepared 

photocatalysts have been shown in the AFM images as semispherical. The FT-IR spectra were conformed to ZnO NP and 

Ag-Zn bond form. At working conditions, the photocatalytic decolourization of methyl green dye using prepared samples 

was performed and obeyed to pseudo-first-order. with 2% Ag doped on  ZnO Np surface, the PDE % was found to be 

increased. 
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Abstract 

PVA-PVAC-Ti nanocomposites have been prepared by using the 'casting 

method' with different weight percentages of titanium nanoparticles. The 

(PVA-PVAC-Ti) nanocomposites have been diagnosed by different routes 

such as the 'Fourier Transform Infrared Spectroscopy (FTIR)', 'scanning 

electron microscope (SEM)' images, and optical microscope images. The 

experimental results (FTIR) showed increasing the value of the absorbance of 

the (PVA-PVAC-Ti) nanocomposites with an increase in the proportion of 

titanium nanoparticles. All peak characteristics remain the same and the most 

bond in the same wavenumber. The morphology of the (PVA-PVAC-Ti) 

nanocomposites films has been studied using (SEM) technique, which showed 

grain distribution at surface morphology and grain aggregates with increasing 

of titanium nanoparticles. Photos optical microscope shows the distribution of 

titanium nanoparticles atoms for all nanocomposite’s films, it also shows a 

continuous network of ions inside the polymers in a ratio (16 wt.%) of (Ti.  

nanoparticles). 

 

Introduction 

In recent days, Nanomaterials based on polymers are viewed as multi-use materials, including scientific applications and 

part of technological advances, this is due to the incorporation of nanoparticles into polymer synthesis that affects 

extensively the surface morphology, and visual qualities [1], While preserving the original characteristics. A new way to 

improve the performance of materials in many applications such as biomedical, medical, coating materials, optical devices, 

and biological sensors [2]. 

Nanocomposites can be defined as are substances that appear at least one dimension in the nanometer range", and the size 

of the addition to the nano-miter, and the interactions become highly significant and result in significant changes in the 

properties of the final material. The nanocomposite consists of two parts, "filler and matrix", a traditional material in 

addition to padding is a nanomaterial [3,4]. Polymers are made up of large parts as a result of the replication of small 

building units associated with the polymerization process [5]. Polyvinyl alcohol is commonly written (PVA) by polymers 

which are very well known, used in many applications and quite common ones are semiconductors. PVA is a water-soluble 

polymer used widely in adhesives, paints, sealants, coatings, textiles, plastics... etc. Visible light transmittance is extremely 

high, and polymers have been used in the manufacture of optical devices because they contain distinct natural properties. 

[6], Such as high flexibility, ease of operation and mechanical strength are acceptable etc. are particularly useful in technical 

applications as in Table 1 [7]. Produced commercially at the hydrolysis of polyvinyl acetate (PVAC) as in Figure (1). 
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Figure 1 Preparation and molecular structure of polyvinyl alcohol 

 

Table 1 Physical and chemical properties of polyvinyl alcohol [7, 8] 

Appearance White-to-cream granule 

powder 

Molecular formula (C2H4O) x 

Resin density kg/m3 1294 

Specific gravity 1.3 

Solution PH 5.0-7.0 

Specific heat J/kg.K 1674 

Refractive index 1.54 

Melting point (unplasticized 

Co) 

230 for fully hydrolyzed 

grades 

 

PVAC is a rubber polymer plant that holds the formula "C4H6O2"n, as in Figure 1. There are numerous labels for 

nanoparticles, nano-dot matrix, nano-powder, and titanium nanomaterials are usually (10-80) nm [9]. (Ti. Nan) have high 

purity and properties as shown in Table 2. (Ti. Nan) are resistant to radiation, strong, as well as have a high absorption of 

(U.V) rays and high transparency of (vis. L). Some applications of (Ti. Nan) are written below [10]: " nanowires and 

textiles, space materials, antimicrobials, antibiotics, and anti-fungal agents, plastic and soap, micro-microscopes, optical 

filters, coatings, nanoparticles, bandages". Applications of polymeric nanocomposites are suspended: matrix and 

nanofillers: Automobile bumpers, gasoline tanks, interior, and exterior panels, electronics and electrical (printed circuits, 

electric components), etc. 

 

Table 2 Physical and chemical properties of titanium nanoparticles [9, 11] 

Appearance Black 

True density g/cm3 4.506 

Melting point co 1600 

Boiling point co 3287 

Average particle point 25-40 

Atomic number 22 

Specific surface area m2/g 50 

 

FTIR spectra were recorded by the FTIR spectrometer in the wavenumber range (401 – 3999) cm-1. The peaks that are 

sharply defined are determined by which the vibration formulas correspond to the chemical bonds of all prepared films. 

The (SEM) is an electron microscope that takes a picture of sample surfaces with a packet of high-energy electrons in the 

form of a scan. The specimens for an SEM testing it is electrically connected from the surface and are electrically charged 

for not accumulating electrical charges on the surface [12].    
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Experimental Part 

Materials used in this paper, (Ti nano.) ''PVA - PVAC''. Prepare a solution by mixing (PVA, PVAC) with (0.7, 0.3 mg) 

respectively with distilled water (40 ml) and make it more homogeneous use the( Magnetic Stirrer) at 70C. Use nano-

titanium with a weight ratio of (0, 4, 8, 12, and 16 %) for some time (120-180)minutes, with the casting technique attended 

all samples. The samples (PVA-PVAC-Ti) nanocomposites are examined by using the "optical microscope", which is 

supplied from Olympus name (Toup View), under magnification (10 x) and (30 x). "FTIR spectra were recorded by FTIR 

(Bruker company, German origin, type vertex -70) Fourier transform infrared spectrometer in the wavenumber range (400 

– 4000) cm-1". PVA, PVAC powder with (KBr) matrix was tested to prove the structure of polymerization product, we 

have also tested the films (polyvinyl alcohol - polyvinyl acetate) and testing of films after the addition of the weight ratios 

of titanium nanoparticles. The (SEM) accurate imaging device, which depicts the surface of the sample by a beam of high-

energy electrons scanning. 

Results and discussion 

 Figures (2) and (3) show the images of (PVA-PVAC-Ti) nanocomposites films by two magnification power, examine the 

samples in a magnification force (10x), and (30x) for different percentages of deflection. As shown in the image (A, B, C, 

D, E), the difference in the samples is indicated by the high proportion of "Ti. Nano'' in poly films (PVA-PVAC), In the 

last film (E) with a weight of 16%, nanoparticles formed nets and chains within the polymer body, enabling these charge 

carriers to pass through, causing a change in the material properties [13, 14]. 

 
Figure 2 Photomicrographs (10x) for (PVA-PVAC-Ti) nanoparticles: (A) for ( PVA-PVAC), (B) for 4wt.% Ti, (C) for 8wt.% Ti, 

(D) for 12wt.% Ti, (E) for 16wt.% Ti 

 
Figure 3 Photomicrographs (30x) for (PVA-PVAC-Ti) nanoparticles: (A) for (PVA-PVAC), (B) for 4wt.% Ti, (C) for 8wt.% Ti, (D) 

for 12wt.% Ti, (E) for 16wt.% Ti. 

 

The interactions between ions and atoms (PVA-PVAC-Ti) nanocomposites were analyzed by the FTIR spectrometer, these 

interactions change due to changes in vibratory conditions of the nanocomposites. Figures 4 and 5 represent the FTIR 

spectra of powder PVA, PVAC, and(PVA-PVAC-Ti) nanocomposites films respectively, in the wavenumber range (400-

4000) cm-1. In the case of pure PVA and PVAC Figure 4 curve a and b, a strong and broad signal at " 3200 - 3500 cm -1 

is determined to the (O – H) expansion frequency, indicating the presence of hydroxyl groups ". The bands observed at  

"2920 and 1720 cm-1 correspond to  (C–H) and (C=O) stretching vibrations respectively, and the absorption band at 1660 

cm-1 arises due to( C=C) stretching " 
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 In the bond 1380 cm -1 which shows the coupling (O-H), while the vibrations at 1430 cm -1 are the correlation (C - H) by 

oscillations. At the vibrations of (1140-1000) cm -1, a wide range of bonding bonds for these extensions were set within 

(C-O) and (C-O-C) groups in PVA powder, table (1.3) shows the links in polyvinyl alcohol and polyvinyl acetate. The 

FTIR spectroscopy of the original PVAC powder showed (C-H) bonds within strong frequencies in the range of (2800-

3000 cm -1), a double bond between carbon and oxygen (C = O) at (1738 cm-1), single bonds (C-O-C) at (1241 cm-1) as 

(CH-O) at (1022 cm-1) and (O-CO) vibrations at (605 cm -1) and (794 cm -1), it is interesting to note that the weak 

absorption returns to the group of hydroxide (O–H) in the range of (3500 cm -1) [15]. 

 

Table 3 FT-IR Transmittance bands positions and their assignments for pure PVA and PVAC 

Vibration frequency 

(cm-1) 

Band assignment of PVA powder 

3500-3200 O-H stretching 

2950 CH2, C-H stretching vibrations 

1720 C=O stretching vibrations 

1660 C=C stretching  

1430 C-H wagging vibrations 

1380 O-H bending  

1140-1000 C-O and C-O-C stretching 

vibrations 

3500 O-H stretching  

3000-2800 C-H stretching vibrations 

1738 C=O stretching vibrations 

1241 C-O-C stretching  

1022 CH-O stretching  

794 O-CO bending 

605 O-CO bending 

 

In Spectra (FTIR) of (PVA-PVAC-Ti) nanocomposite films, with the different ratio of (Ti) nanoparticles are shown in 

figure 5 a-b-c-d and e. The complete mission for the frequencies of distinct groups and vibrational formulas of (PVA-

PVAC-Ti) nanocomposite, is presented in Table 4. From the IR spectra, we observe the proportions of different 

nanoparticles (Ti) differentiated by the observed changes in the spectrum (PVA-PVAC). Some of the bonds and minor 

changes in absorption bonds, defects, and distortions resulting from the reaction are connected to chains carrying the charge 

between the dopant and the polymer chain. From the spectra, the FTIR spectrum of (PVA-PVAC)film shows broad and 

strong bands are observed at (3264 cm-1) is assigned to( O–H) stretching vibration of hydroxyl groups and( 2911 cm-1 )is 

assigned to (C–H )stretching vibration. A weak band is observed at (1733 cm-1), which has been assigned to the combined 

frequency of (C=C). The bands at (1660 cm-1) correspond to an acetyl (C=O) group. The strong band at (1417-1141 cm-1) 

has been attributed to the stretching mode of (C-H) and (C-O) groups. In the case of (PVA-PVAC-Ti) with different Ti 

ratio, when comparing spectra with pure PVA-PVAC films, it shows the change and transformation of some bands and 

their intensity. This reinforces the lack of significant interaction between polymers and Ti nanocomposites [15], as shown 

in Table 4, and Figures 5 and 6. 

As shown in Figure 6 a decrease in transmittance at increasing the proportion of titanium nanoparticles. Because of the 

increased density of the films, and this means an increase of atoms and ions in the light path and increases the absorbance 

at UV inverse the IR. 
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Table 4 FT-IR transmittance band's positions and their assignments for ( PVA-PVAC-Ti) films with different ratios of Ti nanoparticles. 

Band assignment 

V
ib

ra
ti

o
n

 

fr
eq

u
en

cy
 (

cm
-1

) 

0 wt.% Ti 4 wt.% Ti 8 wt.% Ti 12 wt.% Ti 16 wt.% Ti 

O-H stretching  3264 3255 3255 3257 3264 

C-H stretching vibrations 2911 2920 2919 2921 2920 

C=C stretching  1733 1711 1732 1716 1731 

C-H stretching  1660 1579 1577 1575 1655 

C-H bending  1417 1413 1417 1414 1415 

C-O stretching  1141 1083 1141 1085 1084 

 

  

 
Figure 4 FTIR spectra of powder (a) PVA, (b) PVAC 
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Figure 5 The FTIR spectra for (PVA-PVAC-Ti) nanocomposites film, a- pure(PVA-PVAOC)film ,b- 4wt.% Ti ,c- 8wt.% Ti, d- 

12wt.% Ti, e l6wt.% Ti. 

 
Figure 6 FTIR spectra for (PVA-PVAC-Ti) nanocomposites films to all samples. 

Use the SEM micro-microscope to find images of samples and the effect of nanoparticles in the crystal structure of polymer 

chains. Figures 7 and 8 show images of concentrations of titanium molecules in different films (PVA-PVAC-Ti) 

nanocomposites. He explains, film (a) in Figures 7 and 8 shows homogeneous and softer polymers. Make sure that the 

addition of the (Ti) nanoparticle of the composite (PVA-PVAC-Ti) changes in the surface morphology see images (b-c-d 

and e), the images can be seen and we notice an increase in the titanium pool with increasing ratios in the film. It appears 

on all films with ratios of (Ti) nanoparticles cut on the surface making transitions and chains randomly distributed. 

 
Figure 7 SEM images of (2500x) a-(0.7-0.3) PVA-PVAC film, b- 4wt.% Ti, c- 8 wt.% Ti, d- 12 wt.% Ti, e-16 wt.% Ti nanoparticles. 
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Figure 8 SEM images of (4000x) a-(0.7-0.3) PVA-PVAC film, b- 4wt.% Ti, c- 8 wt.% Ti, d- 12 wt.% Ti, e-16 wt.% Ti nanoparticles. 

 

Conclusions 

From the above, we have reached the following points: 

1- We gave photos of the optical microscope to create a continuous network of the (Ti ) nanoparticles in the nanocomposite 

when proportion (16wt.%).   

2- The FTIR spectrum shows changes in some bonds between films with titanium ratios and pure (PVA-PVAC) film 

polymers, which indicates a great interaction. Increasing the proportion of titanium particles increases absorption, due to 

the increased density of films, which means increasing the ions and atoms in the light path. 

3- Many randomly distributed pieces and aggregates formed on the surface of samples appear homogeneous and coherent, 

in images (SEM). 
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Abstract 

Bionanomaterials have great potential for applications in tissue engineering 

and regenerative medicine. Recently, amyloid-like fibrils have been used in 

bionanomaterials preparation due to their stability and biocompatibility. 

Covalent dityrosine bond formation has been identified as a useful tool in the 

design of such bionanomaterials. In this study, two short amyloidogenic 

peptides containing tyrosine residues with the amino acid sequence HYFNIF 

and VIYKI, were used as a model system to investigate the effect of oxidation 

and their ability to form dityrosine cross-links. Using a range of biophysical 

techniques, we showed that both HYFNIF and VIYKI form dityrosine cross-

linked fibrils using copper-catalysis, and phosphate buffer is more efficient in 

dityrosine formation. Dityrosine forms more rapidly in VIYKI fibrils 

compared to HYFNIF due to the fibrillar architecture. Dityrosine cross-linked 

HYFNIF and VIYKI fibrils could be useful to prepare bionanomaterials. 

 

Introduction 

Many studies have shown the utility of bionanomaterials in biomedical applications, such as regenerative medicine. These 

materials must be biocompatible, porous, mechanically tunable, biodegradable, easily prepared, and similar to a native cell 

or tissue [1, 2].  To provide some of these properties, multiple cross-linking approaches have been used in the design of 

bionanomaterials [3, 4] such as  UV irradiation, dehydration, and chemical techniques, such as glutaraldehyde cross-linking 

have been used [5]. Two tyrosine residues crosslink to form dityrosine via carbon-carbon covalent bond and dityrosine has 

been identified as a useful tool in the design of such bionanomaterials [3].  Dityrosine is particularly interesting for 

bionanomaterial stabilisation because of its in vivo relevance as it has been shown as a cross-linker in anthropods, where it 

helps to stabilise resilin through the formation of a stable three-dimensional network [6]. It has been shown in several elastic 

and structural proteins including elastin, fibroin, keratin, cuticlin, and collagen [7-10], where it contributes to tuning the 

mechanical strength and subsequently the insolubility of these proteins [11]. Dityrosine also serves a protective role in 

proteins [12, 13]. In Ascaris suum it forms part of the structural components of the cuticle [14], and it is involved in the 

hardening of mosquito egg chorion [15]. In addition, dityrosine is also relevant in the context of diseases and ageing. It has 

been shown in amyloid plaques and lipofuscin in Alzheimer’s disease [16, 17], Lewy bodies in Parkinson’s disease [18], 
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and cataracts in the eye lens [19, 20]. The involvement of dityrosine in these amyloid diseases also highlights its importance 

towards understanding the working mechanism and function of functional amyloids.  

 

To study dityrosine formation and its application to the rational design of bionanomaterials, and its relevance in functional 

and pathological amyloids, here, the short amyloidogenic peptides; HYFNIF and VIYKI were used as model systems. The 

HYFNIF is a sequence from human bloom syndrome protein and VIYKI from Drosophila chorion protein identified via 

the Waltz algorithm [21] and structurally validated using biophysical techniques, including transmission electron 

microscopy (TEM),  linear dichroism (LD), circular dichroism (CD) spectroscopy and X-Ray Fiber Diffraction (XRFD) 

[21, 22]. Biophysical studies with short amyloidogenic peptides are particularly relevant for the development of 

bionanomaterials. Understanding their behaviors enables the production of new functional nanoscale materials with 

applications in nanotechnology and biomaterials [23]. This is especially due to their self-assembly properties that leads to 

very stable, ordered structures under diverse conditions, from liquid crystals to rigid nanotubes [24]. Functionalised 

amyloid-like fibrils with Lewis-acid-like catalytic activity were prepared from HYFNIF peptide and heterometallic Zn2Dy2 

complex [25]. Using  HYFNIF and VIYKI peptides as a model, atomic force microscopy (AFM) has been used to provide 

structural basis of polymorphism within amyloid populations [26]. Both peptides contain single tyrosine (Y) each which 

can participate in intermolecular dityrosine cross-linking. Thus, they provide excellent model systems for investigating the 

structural and chemical properties of amyloids covalently cross-linked with dityrosine. Studying dityrosine cross-linking 

in small peptide models can enhance our understanding of dityrosine’s role in the folding and assembly of other 

physiologically relevant peptides and proteins such as A and -syn, as well as, in the design of biomaterials. Here, fibrils 

produced from VIYKI peptide appeared to have a greater ability than HYFNIF fibrils to oxidise and form dityrosine cross-

links which suggest that the preformed VIYKI fibrils can enhance dityrosine formation by bringing two tyrosine residues 

in close contact for covalent cross-linking. In contrast, the tyrosine residues in the HYFNIF fibrils are oriented away from 

one another, and as a consequence, dityrosine formation is more restricted. The data also revealed that the pH of the 

oxidation environment, combined with the peptide net charge strongly influences the level of dityrosine formation. Given 

the stability of dityrosine cross-links, this finding will support future studies on these and similar peptides in the design of 

self-assembling peptides and bionanomaterials. 

Materials and Methods 

Preparation of Waltz peptide fibrils 

The two lyophilised HYFNIF and VIYKI peptides capped with N-terminal acetylation and C-terminal amidation were 

purchased at 95% purity as TFA salts (JPT peptide Technologies, Germany). Lyophilised peptides were dissolved in Milli-

Q water filtered through a 0.22 μm filter and incubated at a concentration of 1 mg/ml for both HYFNIF and VIYKI for one 

week at room temperature to generate amyloid-like fibrils. TEM negative staining was used to confirm fibril formation. 

The stock solutions of the fibrils were stored in the dark at room temperature until required. 

Copper-catalysed dityrosine cross-linked HYFNIF and VIYKI fibrils at neutral pH 

HYFNIF and VIYKI fibrils were diluted in 0.22 μm filtered Milli-Q water to a final concentration of 0.1 mM. The diluted 

fibrils were incubated with CuCl2
 (0.1 mM) and H2O2 (2.5 mM) at 37 C with agitation at 300 rpm for 72 h. To monitor 

dityrosine formation, the fluorescence spectra were recorded over 72 h as described in fluorescence methods. 

Tyrosine and dityrosine fluorescence 

Varian Cary Eclipse fluorescence spectrophotometer (Varian Ltd., Oxford, UK) was used for fluorescence measurements 

using a single cell peltier accessory set at 21 C. Signals were collected using 1 cm path length quartz cuvette (Starna, 

Essex, UK). Dityrosine fluorescence was monitored with an excitation wavelength of 320 nm, and emission spectra were 

collected between 340 and 500 nm, with the maximum dityrosine fluorescence at around 410 – 420 nm. The tyrosine 

fluorescence signal was monitored with an excitation wavelength of 280 nm and emission collected at 305 nm. 10 nm 

excitation and emission slits were used, with 300 nm/min scan rate, 2.5 nm data intervals, and an averaging time of 0.5 s. 

The photomultiplier tube detector voltage was set at 500 V. 
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Negative stain TEM 

A total of 4 μl of each fibril sample was pipetted on a Formvar/carbon-coated 400-mesh copper grid (Agar Scientific, Essex, 

UK). After 1-2 min incubation, excess solution was removed from the grid using filter paper. Next, the grid was washed 

with 4 μl filtered Milli-Q water, blotted with a filter paper and stained by the addition of 4 μl of filtered 2% (w/v) uranyl 

acetate. After 1 min incubation, the grid was blotted using a filter paper and allowed air-dry before examination on a Hitachi 

7100 transmission electron microscope (Hitachi, Germany). The TEM was fitted with a Gatan Ultrascan 1000 CCD camera 

(Gatan, Abingdon, UK) and images collected at an operating voltage of 100 kV. 

Circular dichroism spectroscopy  

The conformations of the non-oxidised and copper-catalysed dityrosine cross-linked HYFNIF and VIYKI fibrils were 

detected by CD. Far and near UV CD spectra were recorded either in water or in 12.5 mM phosphate buffer at pH 7.4, using 

Jasco J-715 spectropolarimeter (Jasco UK, Great Dunmow, UK) connected to a peltier temperature control system. All 

spectra were recorded at 21°C with a continuous scan at a pitch of 0.1 nm and a scan rate of 50 nm/min (response time 4 

sec, slit width 1 nm). The spectra were recorded between 180 - 320 nm by averaging triplicate scans and corrected by 

subtracting the averaged triplicate scans of blank buffer spectra. Quartz demountable cuvettes (Starna Scientific Ltd) were 

used to collect the CD spectra, and generally, the path lengths were between 1- 0.1 mm to obtain better spectra with a high-

tension voltage (HT [V]) of > 600. Raw data was processed and converted into molar ellipticity (degree.cm2. dmol-1) using 

the following equation: 

 

θ (deg.cm2.dmol-1) = 100. θ (mdeg) / c (M). l (cm) 

 

Where l is path length in cm, c is the molar concentration of the sample in mole/L, and θ is ellipticity reading in mdeg.  

Linear dichroism artifact identification  

Detection of Linear dichroism artefacts, which arise from the orientation effects of fibrils, was investigated by placing the 

cuvette close to the detector and recording CD spectra after rotating the cuvette 0° and 90°. 

Sample preparation for LC-ESI MS/MS analysis 

Copper-catalysed dityrosine cross-inked HYFNIF (0.1 mM) and VIYKI (0.05 mM) fibrils were prepared in water and then 

lyophilised using a Modulyo 4K Freeze Dryer (Edwards, Crawley, England). The lyophilised fibrils were hydrolysed using 

evacuated sealed tubes under acidic conditions of (6 M) HCl, 10% TFA, and 1% phenol at 110 C for 48 h. They were then 

dried under nitrogen gas, dissolved in 100 l of 0.1% formic acid in water and filtered using a Millipore 0.22 µm filter into 

a 0.2 ml tube. 

Detection of dityrosine by LC-ESI MS/MS 

A total of 20 l of dityrosine cross-linked HYFNIF and VIYKI fibrils hydrolysate were injected on to a Phenomenex 

Gemini 3u C6−phenyl 110 (150 mm x 4.6 mm, 3 micron) column using an HPLC system (Waters Alliance 2695, Ireland) 

coupled to the mass spectrometer (Quttro Micro Premier, triple quadruple mass spectrometer, Waters, Ireland) operated in 

the MRM mode with positive ESI. The mobile phase solvents were A: 0.1% formic acid in water; and B: 0.1% formic acid 

in acetonitrile. The gradients were as follows: t = 0 min, 0% B; t = 1 min, 0% B; t = 15 min, 100% B; t = 20 min, 100% B; 

t = 25 min, 0% B; t = 30 min, 0% B, and the flow rate was 200 l/min. Mass spectrometric detection was performed by 

positive ion ESI tandem mass spectrometry on a triple quadrupole mass spectrometer. Argon was used as the collision gas 

(Argon) at 5.95e-003 mbar at 26 ev collision energy. The conditions for the mass spectrometer were as follows; ESI voltage 

3 kV, the cone voltage 35 V, the source temperature was 100 C, and the desolvation temperature was 400 C and 300 L/h 

flow rate of nitrogen gas.  
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Exploring the effect of the pH and buffer type on dityrosine cross-link formation  

To investigate the effect of the pH and buffer type on dityrosine cross-link formation in both HYFNIF and VIYKI fibrils, 

0.1 mM HYFNIF and 0.1 mM VIYKI fibrils were incubated respectively with CuCl2 using 1:1 molar ratio and 2.5 mM 

H2O2 in a) 50 mM phosphate buffer pH 7.4 and b) 50 mM HEPES buffer pH 7.4 and the oxidation reactions were performed 

at 37 oC with agitation at 300 rpm for 26 h. Dityrosine formation was monitored by fluorescence and the spectra were 

recorded over 26 h. 

Oxidation of HYFNIF and VIYKI fibrils for circular dichroism studies 

(a) HYFNIF and VIYKI fibrils were diluted in water to a final concentration of 1 mg/ml and incubated in the presence of 

CuCl2 at a molar ratio of 1:1 (CuCl2/peptide) and (H2O2 (28.3 mM) and (37.0 mM) respectively. The oxidation reactions 

were performed at 37 oC with the agitation of 300 rpm for 72 h. circular dichroism spectra were recorded as explained in 

circular dichroism measurement using a 0.1 mm path length cuvette. 

(b) 0.25 mM of VIYKI fibrils was oxidised using CuCl2 (250 µM) and H2O2 (6.25 mM) in 12.5 mM phosphate buffer at 

37 oC with agitation at 300 rpm for 72 h. CD spectra were recorded every 24 h. 

Immunogold labelling negative stain TEM  

Dityrosine cross-linked HYFNIF and VIYKI fibrils were prepared in 12.5 mM phosphate buffer and immunogold labelled 

‘on grid’ for dityrosine using a well described protocol [27]. A modified phosphate-buffered saline (called PBS+) was used 

for all dilutions and washes. Briefly, 4 l aliquots of the fibrils were placed onto Formvar/ carbon coated 400 mesh copper 

support grids, left for 1 min, then blotted with a filter paper. The grids were next blocked in normal goat serum (1:10) for 

15 min at room temperature and incubated with (10 µg/ml) mouse dityrosine monoclonal antibody (Japan Institute for the 

Control of Aging JaICA, Shizuoka, Japan) for 2 h at room temperature. The grids were next washed three times for two 

min with PBS+, and then immunolabelled in a 10 nm gold nanoparticle-conjugated goat anti-mouse IgG secondary probe 

(BBI solution Ltd, UK, 1:10 dilution) for 1 h at room temperature. After 5x2 min PBS+ and 5x2 min distilled water rinses, 

the grids were negatively stained as described in the TEM negative staining section.  

Results 

Using VIYKI and HYFNIF as models for preparing functional amyloid-like fibrils  

Two amyloidogenic peptides previously characterised using WALTZ algorithm, VIYKI and HYFNIF [22] were selected 

as simple amyloid models to better understand dityrosine formation at a structural level due to their highly organised fibrillar 

structure and the positions of the tyrosine residues allowing for potential dityrosine formation Figure 1.  

 
Figure 1 Structural models of protofibres formed from the two Waltz peptides, VIYKI and HYFNIF.  Predicted models of amyloid 

protofibres made from a) VIYKI and b) HYFNIF. These models were generated and validated by comparing simulated and experimental 

XRFD data as described in [22]. 
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Characterization of VIYKI and HYFNIF amyloid-like fibrils 

VIYKI and HYFNIF form amyloid-like fibrils in water and have been previously studied using TEM, CD, LD, and XRFD 

(Morris et al., 2013). Here, the VIYKI and HYFNIF peptides were dissolved in water at a concentration of 1mg/ml and 

allowed to assemble to fibrils at room temperature for 7 days. TEM negative staining confirmed the expected long straight 

unbranching amyloid-like fibrils. Both peptides assembled to form laterally associated protofilaments and twisted 

morphologies (Figure 2, A and B). Tyrosine fluorescence spectra of the preformed amyloid-like fibrils at a concentration 

of 100 µM revealed a strong peak at 305 nm, characteristic of the fluorescence arising from tyrosine residues (Figure 2, A 

and B). Comparison of the signal intensity arising from the two peptides revealed a significantly stronger signal (a.u. ~125) 

for fibrils formed by VIYKI compared to HYFNIF (a.u. ~ 40). This may reflect differences in the arrangements of the 

peptides within the fibrils and the exposure/burial and axial stacking of the tyrosine residues. 

 
Figure 2 Structural characterisation of amyloid-like fibers. Tyrosine fluorescence spectra and transmission electron microscopy images 

of A) VIYKI amyloid-like fibrils and B) HYFNIF amyloid-like fibrils in the water at a concentration of 100 µM. Upon excitation at 280 

nm the tyrosine residue results in a peak at 305 nm. CD and LD spectra of C) VIYKI fibrils and D) HYFNIF recorded by positioning the 

cuvette at 0 and 90 deg, showing the inversion the signal at 200 nm which is attributed to the artefactual LD signal. The upper panel inset 

shows that the signal arising from contribution of tyrosine residues does not invert by positioning the cuvette at 90 deg. 

To detect the conformation of VIYKI and HYFNIF amyloid-like fibrils, the CD spectra of 1mg/ml VIYKI and HYFNIF 

were recorded (Figure 2, C and D). The CD spectra of HYFNIF and VIYKI fibrils showed features that were unlike 

commonly observed spectra shown for cross- rich amyloid fibrils. Although a classic -sheet conformation shows a typical 

signal at ~ 195 (positive) and ~ 218 nm (negative), HYFNIF and VIYKI fibrils exhibited slightly shifted signals (Figure 2, 

C and D). VIYKI fibrils exhibited a negative signal maximum at 218 – 220 nm (Figure 2, C) that corresponds to the negative 

-sheet signal. On the other hand, a positive maximum signal at 200 nm was observed in CD spectra of both HYFNIF and 

VIYKI fibrils, which could be attributed to an artefactual LD signal. Additionally, two signals arising from tyrosine were 

observed at 275 and 235 nm. The signal at 275 nm split into two peaks at 276 and 282 nm and was taken to arise from 

electron coupling of the tyrosine residues indicating proximity of tyrosines within the amyloid-like fibril structure [22, 28]. 

To test if the signal at 200 nm is arising from the artefactual LD signal, CD spectrum was recorded by positioning the 

cuvette at 90 deg, and showing the inversion signal at 200 nm which in turn indicates the orientation dependent of this 

signal (Figure 2, C and D).  
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Copper-catalysed dityrosine formation at neutral pH  

Preformed amyloid-like fibrils (0.1 mM) HYFNIF and (0.1 mM) VIYKI were incubated for 72 h with CuCl2 at 1:1 molar 

ratio and (2.5 mM) H2O2 in water (pH of 5.0 and 6.1 respectively) at 37 C with agitation at 300 rpm. Dityrosine formation 

was detected by tyrosine fluorescence, and it shows a signal at 410 nm (Figure 3, A and B) and a decline in the intensity of 

the in the tyrosine signal at 305 nm. 

 
Figure 3 Dityrosine identification using tyrosine fluorescence and mass spectrometry. 0.1 mM of (A) VIYKI and (B) HYFNIF fibrils 

were incubated in the presence of CuCl2/ H2O2 in water for three days at 37 C with agitation of 300 rpm and dityrosine formation was 

recorded by tyrosine fluorescence. The insets showing dityrosine fluorescence signal arising at 410 nm. C) LC-ESI MS/MS 

chromatograms recorded in the MRM mode for dityrosine from authentic dityrosine, VIYKI and HYFNIF fibrils hydrolysate. Oxidised 

VIYKI and HYFNIF fibrils were obtained from the incubation of 0.05 mM VIYKI and 0.1 mM HYFNIF fibrils with CuCl2/H2O2 in 

water at 37 C with agitation of 300 rpm.  

To further confirm the dityrosine cross-links formation, hydrolysate from acidic hydrolysis of the oxidised VIYKI and 

HYFNIF fibrils was tested by LC-ESI MS/MS. The dityrosine formation was identified using transition reactions ions 361.1 

315, the most intense transition reaction ion, and has a retention time of 5.5 min (Figure 3, C), consistent with that of 

authentic dityrosine.  

Investigation of the conformational changes during dityrosine cross-links formation 

CD spectra of oxidised HYFNIF and VIYKI fibrils were measured to gain insight into the effect of dityrosine cross-linking 

on the secondary and tertiary structures upon dityrosine formation. CD spectra of 1 mg/ml HYNIF fibrils and 1 mg/ml 

VIYKI fibrils before and after incubation with CuCl2/H2O2 in water were recorded (Figure 4). CD showed interesting 

development in both near and far UV CD spectra of dityrosine cross-linked amyloid-like fibrils. Incubation of HYNIF 

fibrils with CuCl2/H2O2 causes an appearance of a positive CD band at 190 nm, which is thought to be masked by the strong 

LD signal in the CD spectra of non-oxidised fibrils, and a negative signal 220 nm and is accompanied by a loss of positive 

LD band at 200 nm. These results suggest that oxidised fibrils have lost their ability to self-align and that may be due to 

formation of dityrosine cross-linked fibrils, which prevents the lateral alignment that leads to LD artefacts (Figure 2, D). 

The near UV CD spectrum of non-oxidised VIYKI fibrils exhibits two prominent negative signals at 276 and 282 nm, 

which arise from tyrosine residues. Dityrosine cross-linked VIYKI fibrils showed a significant decline in tyrosine signals 

at 276 and 282 nm which may correspond to the loss of tyrosine residue due to tyrosine oxidation to form dityrosine 
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crosslinks (Figure 4). CD spectra from dityrosine cross-linked amyloid-like fibrils are consistent with more commonly 

observed signatures for -sheet structure and disappearance of the artefactual LD signal in the resulting CD spectra indicates 

less alignment of dityrosine cross-linked fibrils. 

 
Figure 4 Structural development during dityrosine crosslink formation. CD spectra of 1 mg/ml HYNIF fibrils and 1 mg/ml VIYKI 

fibrils before and after incubation with CuCl2/H2O2 in water. Incubation of the peptides with CuCl2/H2O2 leads to loss of LD signal at 

200 nm and increase in the -sheet signals.  

Optimization of dityrosine cross-link formation using two different buffers at pH 7.4 

It has been shown that the copper ion coordination varies in different buffer conditions [29] and can form ternary complex 

with phosphate and precipitate as copper(II) phosphate. To optimise dityrosine formation and to explore the performance 

of the metal-catalysed oxidation system using different types of buffers, phosphate and HEPES buffers were used. VIYKI 

and HYFNIF fibrils (0.1 mM) were incubated with CuCl2/H2O2 in two different buffers at pH 7.4 (50 mM HEPES buffer 

and phosphate buffer). The oxidation process was undertaken for 26 h at 37 C, and dityrosine formation was monitored 

using an excitation wavelength of 320 nm (Figure 5 A and B). After 26 h oxidation, dityrosine signal intensity around 410 

nm for VIYKI was (a.u. ~354) in phosphate buffer, while it was around (a.u. ~ 28) in HEPES buffer, which is about 12 

times more in phosphate buffer (Figure 5, A iii). In the same manner, fluorescence data shows that HYFNIF fibrils form 

dityrosine in phosphate buffer better than in HEPES buffer (Figure 5, B iii). However, the results revealed that VIYKI 

fibrils exhibited more susceptibility to form dityrosine linkages than HYFNIF fibrils in both HEPES and phosphate buffer, 

and also more rapidly, as it took just 15 min to give a significant dityrosine signal in VIYKI fibrils (Figure 5, A ii), compared 

to the 2 h required to yield dityrosine in HYFNIF fibrils (Figure 5, B ii). In total, our results show that using phosphate 

buffer to perform the copper-catalysed oxidation process produces increased dityrosine formation in both HYFNIF and 

VIYKI peptides and that VIYKI fibrils form dityrosine linkage rapidly and more efficiently than HYFNIF. This could be 

attributed to the differences in the amino acid sequences of the amyloidogenic peptide and their structural architecture that 

affect their ability to produce dityrosine cross-links. 

The morphology of the dityrosine cross-linked amyloid-like fibrils was visualised by electron microscopy and displayed a 

remarkable diversity (Figure 5, C). The TEM images of dityrosine cross-linked fibrils in phosphate buffer showed evidence 

of shortening of the VIYKI fibrils (49.0 – 863.0 nm) compared to those non-oxidised (1762.0 – 1855.0 nm), and also 

clumping of short fibrils. Less fragmentation was observed after 26 h of oxidation in HEPES buffer (Figure 5, C), and that 

may reflect the extent of oxidation using different types of buffers. Similar to VIYKI fibrils, HYFNIF fibrils underwent 

fragmentation upon oxidation in phosphate buffer, but TEM images showed that after 26 h of oxidation in phosphate buffer 

both long and short HYFNIF fibrils were observed (Figure 5, C). The fluorescence results (Figure 5, B) revealed that 
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HYFNIF fibrils have less ability to form dityrosine cross-links and this may result in the less affected morphology of 

oxidised HYFNIF fibrils. It is clear from the TEM micrographs of both dityrosine cross-linked HYFNIF and VIYKI fibrils 

in HEPES buffer that they underwent less fragmentation, and the main morphological change is that the fibrils became 

thicker and clumped together along the fibril length. 

  

Figure 5 Copper-catalysed dityrosine cross-links formation at pH 7.4. (A) Oxidation of VIYKI fibrils in i) HEPES and ii) phosphate 

buffer respectively. B) Oxidation of HYFNIF fibrils in i) HEPES and ii) phosphate buffer respectively. Dityrosine formation was 

monitored using excitation wavelength of 320 nm. Copper-catalysed dityrosine formation in phosphate buffer was significantly higher 

compared to that in HEPES buffer (A, iii and B, iii). C) TEM micrographs of dityrosine cross-linked VIYKI fibrils and HYFNIF fibrils 

in HEPES buffer and phosphate buffer. While VIYKI fibrils underwent noticeable morphological changes upon oxidation in both HEPES 

and phosphate buffer, HYFNIF fibrils showed less changes especially in HEPES buffer. 
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As VIYKI shows more ability to form dityrosine cross-links in phosphate buffer, and to gain more insight into the 

conformational change for dityrosine cross-linked VIYKI fibrils, further CD experiments were performed to monitor 

changes in the main chain conformation of (0.25 mM) VIYKI fibrils during dityrosine cross-linking formation at pH 7.4 

over 48 h. A significant decline in the intensity of the tyrosine signals at 275 nm and 235 nm was observed, indicating the 

loss of the tyrosine during the oxidation. Additionally, there was a significant increase in minima at 218 nm suggesting an 

increase in -sheet content (Figure 6, A). No LD effect was observed after oxidation, indicating that the fibrils underwent 

a structural development upon oxidation that prevents fibrils from be aligned and consequently abolished the artefactual 

LD signal (Figure 6, B). The pH of the oxidation environment has a strong influence on the dityrosine production and that 

is due to the net peptide charge. Although the CD and TEM data of the oxidised fibrils revealed interesting structural and 

morphological changes upon the oxidation processes, no dityrosine characteristic signal was observed in CD.  

 

 
Figure 6 Conformational developments during dityrosine cross-links formation. A) CD spectrum development over oxidation of (0.25 

mM) VIYKI fibrils in phosphate buffer, pH 7.4. B) LD effect was detected by collecting CD spectra of (0.1 mM) VIYKI fibrils after 48 

h of oxidation in phosphate buffer, pH 7.4. The spectra were obtained by positioning the cuvette at 0 and 90 deg to the detector. 

The distribution of dityrosine crosslinks on fibrils  

To further detect the dityrosine cross-links, and show the dityrosine distribution in the oxidised fibrils, TEM immunogold 

labelling using a dityrosine specific monoclonal antibody was performed. Figure 7 shows labelling using an anti-dityrosine, 

gold-conjugated antibody on HYFNIF and VIYKI amyloid-like fibrils, revealing gold distributed close to the fibrils that 

were grown in an oxidising environment. Non-oxidised HYFNIF and VIYKI fibrils did not label with the dityrosine 

antibody. Very strong evidence of dityrosine identity was provided using these specific monoclonal dityrosine antibodies. 

Electron micrographs of oxidised VIYKI fibrils, which had been labelled with the gold-conjugated dityrosine antibody, 

revealed that dityrosine cross-links are distributed along the fibrils (Figure 7, A ii) suggesting that dityrosine coupling 

occurs within fibrils. Although fluorescence data showed that much higher dityrosine fluorescence intensity was generated 

in oxidised VIYKI fibrils (Figure 5, A), it is obvious that less gold labelling was observed in oxidised VIYKI fibrils (Figure 

7, A ii) compared to oxidised HYFNIF fibrils (Figure 7, B ii), and this may support the view that dityrosine cross-link is 

formed internally within fibrils. Consequently, the dityrosine cross-link epitope is less accessible to bind the antibody. No 

labelling was observed for non-oxidised fibrils providing a strong evidence of dityrosine antibody specificity toward 

dityrosine versus tyrosine. 
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Figure 7 TEM immunogold labelling. A) VIYKI fibrils and B) HYFNIF fibrils immunogold labelled to detect dityrosine crosslinks before 

(i) and after (ii) oxidation.  0.1 mM VIYKI and HYFNIF fibrils were oxidised for 3 h using 0.1 mM CuCl2 and 2.5 mM H2O2 in 50 mM 

phosphate buffer, pH 7.4. The oxidation process was undertaken at 37 C, and agitation 300 rpm. The immunogold labelling micrographs 

shows positive labelling for dityrosine in oxidised fibrils compared with non-oxidised fibrils that did not label with dityrosine antibody.   

Data presented here, suggest that the phenol groups of tyrosine residues are in close proximity to one another in VIYKI 

fibrils and proximity may make the carbon−carbon covalent bonding easier than in HYFNIF fibrils in which the phenol 

groups were arranged further away from each other (Figure 8). 

 
Figure 8. Proposed cell units of VIYKI and HYFNIF fibrils are determined from XRFD [22]. In VIYKI fibrils the phenol 

groups of tyrosine residues are orientated to be close enough to form dityrosine linkages. While, in HYFNIF the tyrosine 

residues are oriented away from one another, and as a consequence, dityrosine formation is more restricted. Graphics 

generated using PyMol. 
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Discussion 

Dityrosine cross-links represent one of the most important modifications resulting from the oxidation of many proteins 

under oxidative stress conditions and could affect the protein folding and the structure. Many different models of peptides 

that contain tyrosine residues have been used to investigate the oxidative modification of tyrosine and formation of 

dityrosine linkages applying different oxidation system including MCO systems and enzymatic systems [30, 31]. Among 

these MCO systems, CuCl2/H2O2 was the most effective to generate dityrosine and also showed a specificity to produce 

dityrosine [30, 31]. Dityrosine cross-links were found to increase the stability of in vitro amyloid- and alpha-synuclein 

[16, 18]. In the current study, two short peptides containing tyrosine residues were used as a model system to generate 

dityrosine crosslinked amyloid-like fibrils as bionanomaterials. Fluorescence data shows that dityrosine crosslinks formed 

more effectively in phosphate buffer than HEPES buffer for both HYFNIF and VIYKI peptides. It has been revealed that 

HEPES buffer is a more suitable buffer in the protein-copper coordination studies, since it does not form ternary complexes 

with copper ions [29], thus HEPES would not compete with peptide and proteins to bind copper ions. However, it seems 

from our data that HEPES buffer is less efficient to produce dityrosine. This might be due to the formation of stable 

CuCl2/peptide complexes in HEPES buffer, which in turn may have less catalytic activity.  

Tyrosine fluorescence decreases when the residue goes from a more buried environment to a more solvent-exposed 

environment [28]. Moreover, it has been reported that in aqueous solvents the fluorescence of tyrosine (that is solvent-

exposed) is quenched by the carbonyl group in the peptide bond. However the quenching mechanism is unknown [28]. 

From the structural model of VIYKI fibril, it is clear that tyrosine residues are located away from the fibril surface (Figure 

8) which could result in less fluorescence quenching, whilst in HYFNIF fibrils, tyrosine residues are located on the fibril 

surface, and this may explain the tyrosine fluorescence quenching. 

The potential contribution of other amino acid groups must be taken into account. It has been demonstrated that Histidine 

residues can form Histidine-bridge in A via coordination with copper ions [32, 33]. In the same manner, we hypothesis 

that the HYFNIF peptide could coordinate with copper ions to form Histidine-bridges. As a result, this could affect the 

extent of dityrosine cross-linking. Formation of Histidine-bridged species could lead to more steric hindrance that prevents 

dityrosine production. Moreover, as explained previously that Histidine residue has a high affinity toward copper ions, 

forming a stable complex that may have less catalytic activity, yielding less dityrosine. 

The structural model of the VIYKI fibrils (Figure 8) suggests that dityrosine cross-links can be formed within and between 

the fibrils. These results are consistent with other studies conducted on the structural features of HYFNIF and VIYKI fibrils 

and can be rationalized from structural models which suggest that there is close packing of the aromatic side groups, 

specifically tyrosine [22]. It seems that peptide side-chain packing in the structure of amyloid-like fibril significantly affects 

the efficiency of dityrosine cross-link formation.  

Conclusion 

In this study, the oxidative modification of the two short peptides, HYFNIF and VIYKI, using CuCl2/H2O2 oxidation system 

was explored, and the morphological and conformational changes of these amyloid fibrils over the oxidation process were 

studied. The results showed that VIYKI fibrils have a greater ability than HYFNIF fibrils to oxidise and produce dityrosine 

cross-links, and demonstrated that the preformed fibrils could enhance dityrosine formation by bringing two tyrosine 

residues close enough to cross-link covalently. The results are in good agreement with structural models of HYFNIF and 

VIYKI fibrils from a previous study, which revealed that phenolic groups of the tyrosine residues in VIYKI fibrils pack 

closely together and become arranged in a proximity that could make the tyrosine cross-link more favourable. In contrast, 

the structural model of HYFNIF fibrils suggested that the side chain of the tyrosine residues is further away from each 

other, and as a consequence, dityrosine formation is more restricted. Dityrosine cross-linked amyloid-like fibrils can be 

prepared from both HYFNIF and VIYKI peptides and could be utilised as bionanomaterials.  
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Abstract 

In the present study, the microwave heating method has been used to prepare 

cadmium sulfide quantum dots CdSQDs films. CdS nanoparticles size average 

obtained as (7nm). The morphology, structure and composition of prepared 

CdSQDs were examined using (FE-SEM), (XRD) and (EDX). Optical 

properties of CdSQDs thin films formed and deposited onto glass substrates 

have been studied at room temperature using UV/ Visible spectrophotometer 

within the wavelength of (300-800nm), and Photoluminescence (PL) 

spectrum. The optical energy gap (Eg) which estimated using Tauc relation 

was equal (2.6eV). Prepared CdS nanoparticles thin films are free from cracks, 

pinholes and have high adhesion to substrate.  

 

Introduction 

Recently, interest in nanomaterials has increased due to their unique properties in fields different [1]. The fundamental 

properties of materials such as electrical, optical and magnetic properties, can be controlled using controlling the size of 

nanomaterials without changing their chemical composition [2]. The importance of semiconductor nanomaterials is 

connected to industrial research and development, due to its electronic and optical properties dependent on the size of 

nanomaterials. thus, it is used in different fields [3,4]. In particular, sulfides of transitional metals acquired attention for 

applications such as sensors, optical filters, solar cells, and photovoltaic systems among others because the optical properties 

characteristic of the size and morphology of the crystal, essentially characterized by the transition phase from the electrical 

conductivity [3]. There are different methods for preparing nanomaterials [5-7].  

Inorganic nanocomposites such as (CdS, CdSe and CdTe) have many properties such as, can be controlled optical energy 

gap and high light absorption [8]. The great importance of CdS nanoparticles due to has properties and its high absorption 

in the visible region, so many methods were used to prepare, such as (CBD), (MW-CBD), (SILAR) [9-12]. Because of CdS 

properties, widely used in different applications [13]. It is one of the most studied materials with a direct bandgap of 2.42 

eV [14]. CdS nanoparticles have been studied due to its potential technological applications in field-effect transistors, solar 

cells [15], light-emitting diodes, photocatalysis, fluorescence probe [16], infrared photodetector, environmental sensors and 

biological sensors [5]. The study of optical and electrical properties CdS quantum dots has become of great importance to 

more researchers. [17]. By defining and controlling the methods and variables can be the preparation of CdS nanoparticles 

is high-quality [18]. There are many techniques to prepare CdS quantum dots, but they are costly, at high temperatures and 
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requires long preparation time, making those methods either expensive, explosive, moisture sensitive, extremely toxic, and 

energy-consuming [19,20].  

The use of (MW-CBD) technique in preparing nanomaterials showed very rapid growth due to the homogeneous molecular 

thermal reaction [21]. The size and structure of prepared nanomaterials can be influence by the solvent at using (MW-CBD) 

technique [22]. Because of polarity has water, it is considered one of the best solvents used in the (MW-CBD) technique 

[23]. Therefore, due to (MW-CBD) technique properties are widely used in the preparation of nanomaterial. 

In the present paper, CdS nanoparticles are deposited using (MW-CBD). The structural, morphological, and optical 

properties of CdS nanoparticles have been charactered and studied. 

Experimental Work 

Quantum dots CdS is deposited on substrates (glass) using (MW-CBD) method. The solution containing (0.01M) in 

deionized water (DW) of [Cd(NO3)2] (purity (98%), Sigma Aldrich), and (0.01M) in DW of [CH4N2S] (purity (99%), Sigma 

Aldrich), are given a Cd+2, S-2 ions source. [NH4CH3COO] (purity (98%), HoneyWell), with (1M) in DW to control reaction 

rate, a buffer solution is added [24]. Ammonia solution (purity (98%), HoneyWell), is added to adjust the pH of the solution 

to (10). After stirred the solution for (5min), the solution in the beaker is transferred to a microwave oven with (2.45GHz 

frequency, LG, Korea) and the temperature is fixed at (70oC) and the duration time is (45min). Finally, washed the samples 

by DW after completing the preparation to take off any impurities. The yellowish layer indicates the preparation CdS 

nanoparticles. The CdS nanoparticles thin films obtained were free of cracks and high adhesion on substrates.  

Structural properties studied using X-ray diffraction (XRD) (X’Pert PRO, Philips Company, Holland). The composition of 

CdSQDs films was studied by energy dispersion X-ray spectroscopy (EDX) (NOVA NanoSEM, FEI Company, USA). 

Morphology studded by (FE-SEM) (NOVA NanoSEM, FEI Company, USA) operating at 10.0 kV. Optical measurements 

at RT using (UV–Vis. SHIMADZU Company, 1800, Japan) spectrophotometer and photoluminescence (PL) spectrum was 

recorded using a (SHIMADZU Company, RF-5301, Japan). 

The reaction of preparation CdS nanoparticles 

The reaction below refers to the production of ammonium ions and hydroxide as a result of adding an ammonia solution to 

the water: 

𝑁𝐻3 + 𝐻2𝑂 ⟷ 𝑁𝐻4
+ + 𝑂𝐻− (1)     

                                                                                                                                      

Dissolution [Cd(NO3)2] in DW leads to provide free (Cd+2) ions, (Cd+2) ions react with the (𝑂𝐻−) produce [Cd(OH)2]. 

Finally, react with (𝑁𝐻3) obtained [Cd(NH3)4] +2. As shown in the interaction below [2]. 

 𝐶𝑑+2 + 2𝑂𝐻− ⟷ 𝐶𝑑(𝑂𝐻)2 (2)     

𝐶𝑑(𝑂𝐻)2 + 4𝑁𝐻3 ⟷ [𝐶𝑑(𝑁𝐻3)4]+2 + 2𝑂𝐻−
 (3) 

                                                                                                         

Adding (CH4N2S) leads to the production of S-2 ions, shown equations below: 

 (𝑁𝐻2)2𝐶𝑆 + 𝑂𝐻− ⟷ 𝑆𝐻− + 𝐶𝑁2𝐻2 + 𝐻2𝑂 (4)     

𝑆𝐻− + 𝑂𝐻− ⟷ 𝑆−2 + 𝐻2𝑂 (5) 

 

Finally, CdS nanoparticles obtained using reaction [Cd(NH3)4]2+ complex with S-2 ions as shown below: 

 

 [𝐶𝑑(𝑁𝐻3)4]+2 + 𝑆−2 ⟷ 𝐶𝑑𝑆 + 4𝑁𝐻3 (6)    

The concentration of 𝑂𝐻− ions is very dependent on the pH value that in turn very affected by the temperature. Furthermore, 

the stability constant of a complex is temperature-dependent where increasing temperature led to increasing dissociation of 

the complex. Therefore, the temperature of the reaction is a very important parameter in the (MW-CBD) method [20].  
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Results and Discussion 

Structural analysis 

Figure1shows XRD pattern CdSQDs prepared. The pattern refers, three diffraction peaks consistent to angle (2θ) 23.37°, 

26.66° and 29.05° for the sample. This peaks positions consistent with planes of h (100), h (002) or c (111) and h (101) 

which refers to a Zincblend a hexagonal structure, correspond with (ICCD-PDF4 No.00-001-0647 and 00-001-0780) [2]. 

Other peaks consistent to angle (2θ) 39.03°, 44.20°, 47.37° and 51.78° consistent to planes h (102), h (110) or c (220), h 

(103) and h (112) [25,26]. In general, it is difficult to determine whether the primary lattice phase of a compound CdS is 

hexagonal or cubic due to convergence diffraction peaks. However, the plans (100), (101), (103) and (112) if the primary 

lattice phase is hexagonal. The grain size CdS nanoparticles were estimated by Scherer's relationship [27]. 

 

𝑮 ∙ 𝑺 =
𝟎 ∙ 𝟗𝝀

𝜷𝒄𝒐𝒔𝜽
 

(7) 

 

 

Where (G.S) grain size, λ wavelength, β FWHM (radians), and θ diffraction angle. The grain size average was CdS 

nanoparticles (12.23 nm). 

 

 

Figure 1 XRD of CdSQDs thin film. 

 

Morphological and EDX characterization 

Morphological characteristics of CdS quantum dots were analyzed using (FE-SEM) captured at different magnifications as 

shown in Figure 2 (a and b), which refers to formation of quantum dots. Particles form larger groups [2]. It showed that the 

particles exhibited spherical granules like structure [28]. It should be noted that generally, CdS layers have good adhesion 
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with the surface of the substrate. The thickness of thin-film CdSQDs was measured using field emission scanning electron 

microscopy (cross-section) shown in Figure 2 (c). The thickness of the sample was ranged (37.77nm). In addition, Figure 

2 (d) illustrates the diameters average distribution of the CdSQDs sample on the substrate.  it should be noted that in the 

manufacture of optical-electronic devices, especially solar cells, the porous structure materials are the best to use. The 

results of (EDX) are analyzed to confirm the purity of (CdS). (EDX) of CdS quantum dots is shown in Figure 3 and data in 

Table 1. The results confirm purity present in the sample and from this data, the cadmium to sulfur ratio was found (1.15).  

 

Figure 2 (a and b) FE-SEM images of CdS quantum dots thin film at different magnifications, (c) cross-section images of CdS 

quantum dots thin film, (d) diameters average distribution. 
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Figure 3 EDX of CdS quantum dots thin film prepared on a glass substrate 

Optical properties  

Optical absorption  

The most dramatic property of semiconductor nanoparticles is the size evolution of optical absorption spectra. Hence UV-

visible absorption spectroscopy is an efficient technique to monitor the optical properties of quantum-sized particles. The 

bulk bandgap of CdS is 2.42eV [29]. UV–visible absorption studied at RT within the wavelength of 300–800 nm. The UV–

visible absorption of CdSQDs sample prepared is shown in Figure 4. The maximum absorption for CdS as a bulk material 

is around 460 nm. This result is the corresponding value reported [3]. Absorption of CdS changes with the particle size. A 

shift of 460 nm absorption compared with the characteristic absorption of bulk CdS may be due to quantum confinement 

effects. In our study (Eg) is estimated by the Tauc relationship [30]. The absorption coefficient (α) was estimated by the 

relationship [31]. 

𝛼 =
2 ∙ 303

𝑑
𝐴 (8) 

Where (d) thin-film thickness and (𝐴) absorption. Optical energy bandgap (Eg) was estimated by relationship [32]. 

𝛼ℎ𝜈 = 𝐵(ℎ𝜈 − 𝐸𝑔)
1

2⁄    (9) 

The (Eg) value determined from Figure 5 is (2.6eV), bandgap value was higher than the bulk CdS band gap (2.42 eV) due 

to the confinement effect due to small particle size. Particle radius (R) was estimated by relationship [2]: 

∆𝐸𝑔 =
ℏ2𝜋2

2𝑅2
(

1

𝑚𝑒
∗

+
1

𝑚ℎ
∗ ) −

1 ∙ 8𝑒2

4𝜋𝜀𝜀°𝑅
    (10) 

Where (𝑚𝑒
∗) and (𝑚ℎ

∗ ) effective masses electron and hole, (h) Planck's constant, (e) electron charge, (𝜀°) permittivity of free 

space (8.854×10−12 C2N−1m−2), (𝜀) relative permittivity. 

Particle size (P∙S) of CdS (P∙S =2 𝑅), estimated size CdS 7.5 nm (Table 1) which indicate quantum size effect. It can be 

observed the results estimated size nanoparticles CdS prepared were close to all methods used. The observed result of 

(XRD) estimated particle size was different, because (XRD) measures size particle group (grain size) corresponding to the 
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diffraction peaks using the Bragg relationship. Therefore, the grain size obtained from Scherrer's relationship, an estimate 

of the average unit cell size [2]. 

 

Figure 4 Absorption spectrum for CdS quantum dots. 

 

Figure 5 Estimated bandgap from the optical absorption spectrum for CdS quantum dots. 

 

Table 1 Eg and CdS particle size (P∙S). 
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The photoluminescence (PL) spectrum of CdS quantum dots, refers to light emission due to the return electrons from the 

excited state to the ground state after an incident with a monochromatic wavelength on it. Most, light incident onto CdS 

quantum dots is absorbed by atoms in the outside layers of nanoparticles, due to the low intensity of the lamp used. The 

result of (PL) spectra should refer to available energy states at the outside layers of CdS quantum dots. Figure 6 shows the 

room temperature photoluminescence (PL) spectrum of the quantum dots CdS at 220 nm excitation wavelength. The 

emission spectrum shows four important bands. Its band at 440 nm (highest peak) is the band-edge photoluminescence 

peak for CdS quantum dots [33]. The second band at (470) nm refers (Eg) the transition of CdS quantum dots. The third 

band at (480-525) nm refers to the (Eg) transition of bulk CdS, band at 658 nm refers to electron transition of defects in 

CdS structure. [34]. The (FWHM) of PL is 10nm, it reveals that the narrow size distribution of nanoparticles [5]. Crystalline 

defects or impurities may be due to a high reaction temperature or solution pH values. The blue shift and high peak intensity 

observed in the figure indicate quantization in CdS nanoparticles particles [35,36]. 

 

 

Figure 6 Photoluminescence (PL) spectrum of CdS quantum dots. 

Conclusion  

In the present work, the synthesis of CdS nanoparticles (Quantum Dots) thin film at size average (7) nm via (MW-CBD) 

on substrates (glass) successfully. The presented route can easily fabricate CdS nanoparticles with small dimensions in 

short periods and at (70oC) temperature. CdS quantum dots have been analyzed by XRD, FE-SEM, EDX, UV-Vis, and PL. 

The result of XRD studies, illustrated all XRD peaks corresponded to CdS quantum dots. Great homogeneity and fewer 

pinholes and cracks of CdSQDs thin film prepared are illustrated (FE-ESM) results. The results of (EDX) are analyzed 

confirm the purity of (CdS), the results confirm purity present in the sample and from this data, the cadmium to sulfur ratio 

Sample   𝑬𝒈 (eV) 
P∙S average (nm) 

XRD(𝑮. 𝑺) FE-SEM Mass model 

CdS 2.6 12.23 7 7.5 
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was found (1.15).  The optical band gap (Eg) of CdSQD was determined by using UV-Vis spectra it was found of (2.6 eV). 

The (𝐸𝑔) value was higher than the bulk CdS band gap due to the confinement effect due to small particle size. In addition, 

the blue shift and high peak intensity observed in the PL spectrum indicate quantization in CdS nanoparticles particles. 

From the results obtained, it can be concluded the CdSQDs thin films prepared can be used in optoelectronic applications. 

The use of (MW-CBD) technique to prepare semiconductor nanoparticles is an appropriate and effective option in terms of 

accelerating the reaction and homogeneous heat distribution. 
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Abstract 

The purpose of this study is to optimize hot corroded pack coated Ni-based 

superalloy K417G using grey relational analysis. Optimization of the pack 

cementation parameters was performed using quality characteristics of 

diffusion coatings for pack cementation process, i.e., salt activator, Nano-

powders master alloy powder, and wt.% Y2O3. Analysis of variance 

(ANOVA) was used for observing the most influencing pack cementation 

parameters on the quality characteristics, i.e., Na2So4-6% wt. V2O5 (kp1), 

100 wt% NaSO4 (kp2), and 75 wt. % NaSO4-25 wt % NaCl (kp3).  The 

optimal process parameters were calculated using a grey relation grade and a 

confirmation test was performed. Based on the analysis of variance results, 

the wt.% Y2O3 is the most significant controllable diffusion coating factor for 

the hot corroded pack coated K417G at optimum setting conditions (A2, B3, 

C3) i.e., activator (NaCl), master alloy (94Cr-6Al), and wt.%Y2O3 (4%). 

according to the quality characteristics. Grey relational analysis was 

successfully applied to optimization of hot corroded pack coated K417G using 

multi-performance characteristics. 

 

Introduction 

High-temperature coatings are used for protecting the high-temperature components from environmental attack due to 

oxidation and hot corrosion. These coatings have developed from simple aluminide coatings to complex overlay and 

duplex coatings. Aluminide coating was prepared using a pack cementation method. Pack cementation is one of 

the widely used surface coating technologies to economically improve high-temperature oxidation and corrosion 

resistance of components [1] . Recently, the surface operating temperature of the K417 G Ni-base superalloy 

used in turbine blades has increased to 1200 C° and even more. High temperature has a big potential to degrade 

the surface of the components resulting in oxidation or corrosion which can shorten the lifetime of  the components [2]. 

Many efforts have been undertaken to overcome this severe problem, one of them is by applying the aluminizing or 

chromizing coating to prevent the oxidation process on the surface of the components [3]. 
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Aluminizing – chromizing diffusion coatings are widely used for high-temperature oxidation and hot corrosion protection 

of turbine blades used in engine hot sections [2]. The pack cementation method is used for the position of protective coatings 

on the protection against oxidation, corrosion, and damage [4] . At high temperatures, Al and Cr in the coating are oxidized 

and forms a thin Al2O3 and Cr2O3 scale, which works as the diffusion barrier and reduces the oxidizing speed of the base 

material. The coated elements are placed in the closed or half-closed containers and covered with mixture powder, which 

consists of metals used for deposition (Al and Cr), the halide activating agent, and inactive filler. The coating is fabricated 

through the reduction of metal-halide vapors on the surface of base material followed by diffusion in the solid-state between 

the introduced metal and the substance [5]. 

The good repeatability of the manufacturing process and low costs are the main advantages of the pack cementation method 

[6]. Generally, the pack cementation process can be classified into two types depending on its process temperature and the 

activity of deposition metal available in the pack. They are high-temperature low-activity and low-temperature high-

activity[7]. Recently novel pack cementation coating with improved hot corrosion and oxidation resistance due to "reactive 

element effect"(REE)" produced using pack cementation method at low temperature on the substrate was developed [8] 

In the present, the multi-objective methodology based-on the Taguchi approach and Grey Relational Analysis (GRA) has 

been used for the optimization of multiple parameters of coating for hot corroded of K417G alloy. The outcome of this 

study shall be used to explore the possible use of the developed coating for high-temperature components. 

Experimental procedure 

The experimental work was performed by using a sample of Ni-based super alloy K417G. the Spectro-chemical analysis 

substrate material is reported in Table 1.  

Table 1. Spectro-chemical analysis of K417G Alloy 

Ele. Cr Co Mo Si Y Ti Al Ni 

Wt.% 8.8 10.1 2.9 - - 3.93 5.7 Bal. 

Specimens with dimensions of approximately 20×20×5 mm were prepared. A hole of 2mm in diameter was drilled in each 

sample in order to hang the sample in the thermos-balance by means of a platinum wire. All surfaces, including the edges, 

were wet ground using 3201800 and 1200 grit silicon carbide papers. 

These samples were then cleaned with water, degreased with acetone and then ultrasonically cleaned for 20 min using 

ethanol as a medium. After drying, the samples were stored in polyethylene Zip lock bags. 

The pack powder mixture consisted of a Cr-Al master-alloy, halide salt activator (NH4Cl, NaCl and NaF) and aluminum 

powder as a filter. In selected packs, some alumina was replaced by Y2O3 Nano-powder (90 nm) which acted as a source 

of reactive yttrium (Υ). 

The sample was placed in a sealed stainless steel cylindrical retort of 50 mm in diameter and 80 mm in a height in contact 

with the packed mixture. The crucible was then put in another stainless-steel crucible of 80 mm in diameter and 140 mm 
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in a height. The pack cementation process was conducted at 1150 C° for 7 hours in the pure Ar atmosphere. A schematic 

illustration of the coating process is shown in Figure 1. 

Following the diffusion coating process, the samples were ultrasonically cleaned and cut perpendicular to the interface. 

Finally, the surfaces and cross-sections were examined by scanning electron microscope (SEM) and X-ray diffraction 

(XRD). To characterize the surface and cross-sectional morphology of the coatings at optimum setting conditions. 

Cyclic hot corrosion studies were performed in molten salts (Na2So4, NaCl, and V2O5) for 20 cycles, each cycle consisted 

of 5 hours heating at 700 C° in a programmable tube furnace specimens were deposited with each of these salts until a total 

coating weight of 5 mg/cm3. Was reaching salt coated specimens were then kept in the oven for 4 hours at 100 C°. Then 

they were weighed again on digital balance before exposing to hot corrosion tests in a tube furnace. 

The studies were conducted for all coated specimens. After testing the specimens were cleaned in an ultrasonic bath, first 

in distilled water, and then in ethanol. Then they were weighed on a digital balance to determine the weight change. The 

parabolic rate constants. (Kp) of hot corrosion are calculated by the linear least square algorithm of the following equation  

[9]: 

                                                                                       (W/A)2 = KPt                                                                                 (1) 

Where (W/A) = weight gain per unit area (mg/cm2), t=time of exposure (hour) and kp=parabolic rate constant (hot corrosion 

rate) (mg2 cm-4 S-1). Many efforts were made to formulate the kinetics of hot corrosion- SEM and XRD techniques were 

used to analyze the hot corrosion products at optimum setting conditions. 

 

Figure 1. Pack Cementation Set-up 
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Experiments of hot corrosion were conducted based on the design of experiments (DOE) using the Taguchi method of three 

levels, each level with three factors (L9-33) as shown in Table 2.  

 

 

Taguchi orthogonal array- the values are taken by a factor that is termed to be leveled. The Taguchi approach is a more 

effective method than the traditional design of experiment methods such as factorial design, which is resource and time-

consuming. It is correct to point out also the limitations of the Taguchi method. The most critical drawback of the Taguchi 

method is that it does not account for higher-order interactions between design parameters. Only main effects and two-

factor interactions are considered. Taguchi methods, developed by Dr.Genichi Taguchi, are based on the following two 

ideas[10] 

1- Quality should be measured by the deviation from the specified target value rather than by conformance to present 

tolerance limits. 

2-  Quality cannot be ensured through inspection and rework but must be built-in through the appropriate design of the 

process and product  

In the Taguchi method, two factors such as the control factor and the noise factor are considered to study the influence of 

output parameters. The controlling factors are used to select the best conditions for a process, whereas the noise factors 

denote all factors that cause variation.  

The following three parameters were chosen for this study: halide salt activator (A), Nano-powders (70 nm) of the master 

alloy (B), and weight percent of yttria (Y2O3). The values or levels for the pack cementation parameters were determined 

according to the thermodynamics mechanism and kinetics of the position of elements in diffusion coatings by the pack 

cementation method [7]. The parameters and their levels used in the experiments are shown in Table 3. 

 

 

 

 

 

 

 

Table 3. Parameters and their levels used in the experiments 

Symbol Control Factor 

Levels 

1 2 3 

A Activator NH4Cl NaCl NaF 

B Master Alloy 90Cr-10Al 92Cr-8Al 94Cr-6Al 

C Wt.% Y2O3 1 2 4 

Table 2. Taguchi-Array L9 
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To evaluate the performance of the pack cementation process, the following output characteristics were selected: parabolic 

rate constants (Kp1) for hot corrosion coated Ni-based superalloy K417G in the molten salt environment, Na2So4-6% wt. 

V2O5 (kp1), 100 wt% NaSO4 (kp2), and 75 wt. % NaSO4-25 wt % NaCl (kp3). A simplified multi-characteristics 

methodology based on Taguchi's approach and grey relational analysis (GRA) has been used to optimize the performance 

of pack cementation coating. 

Results and discussion 

Hot corrosion kinetics can be monitored using weigh change plots. The weight gain square (mg2/cm4) vs time (number of 

cycles) plots were plotted to establish the rate law for the hot corrosion. These graphs have been plotted to know the hot 

corrosion kinetics of specimens subjected to cyclic hot corrosion in the molten salt environment, Na2SO4, V2O5 and NaCl 

at 700 oC. it is observed that the coating follows a nearly parabolic rate low. The parabolic rate (hot corrosion rate) constant 

kp was calculated by a linear least square algorithm to function in the form (W/A)2 = kpt. The values of parabolic rate 

constant kp are reported in Table 4. The lower the value of kp, the higher will be the hot corrosion resistance and vice versa.  

Table 4. Parabolic rate constant (hot corrosion rate) kp (10-10 mg2 cm-4 s-1) 

 

Exp.No KP1 KP2 KP3 

1 1.33 1.10 1.01 

2 1.24 1.21 1.91 

3 1.43 0.91 0.79 

4 1.35 1.13 0.80 

5 1.11 1.05 0.75 

6 1.02 1.14 0.97 

7 1.27 1.07 0.73 

8 1.92 0.81 0.88 

9 1.30 0.85 0.76 

 

Grey relational analysis (GRA) is a decision-making technique based on grey. The theory which is originally developed by 

Deng Julong. According to grey theory, there are two kinds of data that can exist namely "known" and "unknown" in the 

experimental investigation. These data are called in the "Grey" theory as black and white data respectively. 

The black and white represent unknown information, whereas white data represents known information. Between the white 

and black data, there is incomplete information exists in all experiments. This incomplete information is known as the Grey 

system [11] . 

The range of each input and output factors and their respective units are different. Therefore, data must be normalized. The 

data processing transforms the original sequence into a comparable sequence. Hence, each response is normalized between 

0 and 1. [12]. 

Some performance characteristics may need larger-the-better and some performance characteristics may need smaller-the-

better. These two requirements use the following equations (2) and (3) respectively [13]: 

                                               Xi (k)= Xi(k)-min Xi(k) / max Xi(k) – min Xi(k)                                                                   (2) 

                                               Xi (k)= max Xi(k)-Xi(k) / max Xi(k) – min Xi(k)                                                                  (3) 

https://publications.srp-center.iq/index.php/ijn
https://doi.org/10.47758/ijn.vi1.31


A. Hussein et al Iraqi Journal of Nanotechnology, synthesis and application 1 (2020) 53-63 

 

58 

©SRP 2020, DOI: https://doi.org/10.47758/ijn.vi1.31 

Where, Xi(k) and Xi(k) are the sequences after the data processing and comparability sequence respectively, min Xi(k) is 

the smallest value of Xi(k) for the kth response and max Xi(k) is the largest value of Xi(k) for the kt response, k=1, 2, 3,… 

n. 

                                                                    Δoi (k)= |Xo
* (k) – Xi* (k)                                                                                (4) 

Δ min is the minimum deviation 

Δ max is the maximum deviation 

In data processing, it is necessary to establish a relation between ideal and actual normalized experimental valves. It is done 

by calculating the grey relational coefficient which is obtained from the relation given below: 

                                                       Ƹi (k) = Δmin + Ƹ Δmax / Δoi (k) + Ƹ Δmax                                                                   (5) 

Where: 

Ƹ (k) = Grey relational coefficient 

Ƹ is distinguishing coefficient fall 

The parameters are given equal preference is taken as 0.5. 

After obtaining the grey relational Coefficient; the grey relational grade is computed by averaging the grey relational 

coefficient corresponding to each performance characteristic. The overall evaluation of the multiple performance 

characteristics is based on the grey relational grade [14]: 

                                                                        ɣi = 1/n Σn Ƹi (k)                                                                                            (6) 

where ɣi is the grey relational grade for the ith experiment and n is the number of performance characteristics. 

Based on the data sequence characteristics, data pre-processing have different methodologies pre started for the GRA [13]. 

Response or output can be converted into the comparative series according to Eq . (3) "smaller-the-better" characteristics. 

Every one of the sequences of each performance characteristic after data processing utilizing Eq. (3) as shown in Table 5 

normalization of performance characteristics. 

Table 5. normalization of performance characteristics 

Ex.no Kp1 Kp2 Kp3 

Reference sequence 1.000 1.000 1.000 

1 0.66 0.28 0.00 

2 0.76 0.00 0.36 

3 0.54 0.75 0.79 

4 0.63 0.20 0.75 

5 0.90 0.40 0.93 

6 1.00 0.18 0.14 

7 0.72 0.35 1.00 

8 0.00 1.00 0.46 

9 0.69 0.90 0.89 
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Using Eq. (4) computed the deviation sequence, and the outcomes are clear in Table 6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

After data pre-processing is performed, GRC is determined from the normalized data to establish a relation between the 

preferred and real data. The distinguishing Coeff. (Ƹ) has been calculated using Eq. (5) as shown in Table 7: 

 

Table 7. grey relation    grade and its order in optimization 

Exp.no Ƹ1 Ƹ2 Ƹ3 GRG Rank 

1 0.59 0.41 0.33 0.44 8 

2 0.67 0.33 0.38 0.46 7 

3 0.52 0.55 0.67 0.58 4 

4 0.58 0.34 0.63 0.52 6 

5 0.83 0.41 0.86 0.70 1 

6 1.00 0.33 0.33 0.56 5 

7 1.00 0.31 0.63 0.64 3 

8 0.54 0.15 0.47 0.39 9 

Table 6 deviation sequence and the outcomes of Kp values 

 Δoi (1) Δoi (2) Δoi (3) 

 1.000 7.000 7.000 

Exp.no    

1 0.34 0.73 1.00 

2 0.24 1.00 0.64 

3 0.46 0.25 0.21 

4 0.37 0.80 0.25 

5 0.10 0.60 0.07 

6 0.00 0.83 0.86 

7 0.28 0.65 0.00 

8 1.00 0.00 0.54 

9 0.31 0.10 0.11 
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9 0.58 1.00 0.43 0.67 2 

 

Table 7 indicates that experiment 5 has the highest GRG. It is the mal among nine experiments optimal settings of pack 

cementation parameters for optimization based on corrosive salts is given in Table 8. 

 

 

 

 

 

 

 

So (A2B3C3) as presented in Table 8 is the optimum parameter. The level with the maximum GRG is an optimal level of 

the process parameter. Analysis of variance (ANOVA) results for raw data of Grey relational results, is given in Table 9 It 

is seen that wt% Y2O3 (43%) significantly affects the hot corrosion rate as compared to halide salt activator (31%) and 

master alloy powder (26 %). 

 

Table 9. ANOVA Table for raw data 

Parameter DF SS MS Contribution Ratio (%) 

Halide salt activator 2 0.01481 0.007403 31% 

Master alloy powder 2 0.01213 0.006063 26% 

Wt.% Y2O3 2 0.04786 0.023930 43% 

 

Confirmation tests a final step recommended by Grey-relational-based Taguchi approach to verify the experiment 

conclusion. Estimated overall grey relational Grade is calculated as follows [15]: 

 

                                                                              ɣ opt = ɣ m + Σ (ɣi-ɣm)                                                                         (7) 

where ɣm is the mean of total Grey-relational Grade, ɣi is the mean of overall Grey relational grade at optimum level (A2, 

B3, C3), i the number of process parameter having significant Contribution in multiple performance characteristics. The 

summary results and comparison between experimental and predication results are shown in Table 10 . Figure 2 shows the 

cross-sectional and top-view morphology shows a thin oxide layer formed on surface which mainly contains (Cr, Al and 

able 8. Response table for the Grey Relational Grade 

Factor Halide salt activator Powder of master alloy Wt-% Yttria 

Level    

1 0.4948 0.5348 0.4624 

2 0.5904 0.5155 0.5481 

3 0.5662 0.6012 0.6410 

Rank 2 3 3 
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Y), which are playing a significant role in a protection. According to XRD pattern , it is found that (Cr2O3, Al2O3 and Y2O3) 

oxides are mainly formed during hot corrosion and thus forms a protective oxide layer at the surface due to which further 

hot corrosion is prevented and the presence of yttria oxide layer in the scale improve the scale adhesion property and the 

scale formed are tightly adherent  [16].  

Table 10. Summary results of confirmation experiments 

method level 

Kp (10-10mg cm4 s-1) 

experimental predication 

Initial condition 111 1.14 1.10 

Optimal condition 233 0.51 0.552972 

 

Conclusion  

The results acquiring from this study can be drawn as follows: 

1. According to grey relational analysis, the optimum. 

2. parameters with grade value of 0.7 (closest to 1 is optimum) were A2B3C3 i.e., Activator (NaCl), master alloy 

(94Cr-6Al) and wt.%Y2O3 (4%). 

3. According to the ANOVA results, Wt.% Y2O3 (43%) is the most significant controllable as compared to halide 

salt activator (31%) and master alloy powder (26 %). 

4. According to XRD pattern, it is found that (Cr2O3, Al2O3 and Y2O3) oxides are mainly formed during hot corrosion.   

Figure 2. SEM/XRD Analysis for hot corroded pack coated K417G at optimum setting conditions 
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Abstract 

A particular control of the diameter of Single Walled-Carbon Nanotube 

(SWCNT) using Chemical vapor Deposition (CVD) system will enable many 

promising applications in different fields. Here we demonstrate the growth of 

SWCNT with good control of diameter (1.5 nm ± 0.7) using a high melting 

temperature metal (Ru) as a catalyst promotor with the main catalyst Co at 

850˚C via CVD. We hypothesis that using high melting temperature metal as 

a promotor, like Ru can limit the mobility/change in the shape of the formed 

metal nanoparticles and eventually decrease the effects of Ostwald ripening 

(OR). FTS-GP is used as a carbon precursor. The results have been verified 

by high-resolution transmission electron microscopy (HR-TEM), atomic force 

microscopy (AFM) and multi-excitation Raman. 

 

Introduction 

Controlling the diameter of single walled-Carbon nanotubes (SWCNTs), considered one of the challenging aspects that 

researchers have faced in the area of synthesizing SWNTs. Electronic and optical properties of SWCNTs highly influence 

their geometric orientations, like chirality index (n,m). [1] Generally, SWNT is classified either as metallic (m-SWNTs) or 

semiconductors (s-SWNTs) based on the tube diameter size where the tube diameter inverses proportionally with the band 

gap [2], which consider as the tunable electronic property of SWNTs. A big band gap tubes (s-SWNTs), preferable in the 

field of electronics since those big band gaps will serve as channels in the field-effective transistors (FETs) [3]. An extensive 

theoretical and experimental studies have concluded that catalyst particles size one of the key factors that formulate the 

SWCNT diameter size. [4]-[6]  

The typical growth of SWNTs carpet is a coexist of both metallic and semiconductor nanotubes (wide range of SWNTs 

diameter) which limit their application. In order to increase the participation of SWCNTs in electronic devices, controlling 

the tube diameter of SWCNT is required. Recently, attempts have been focused on separating the semiconducting from 

metallic tubes by using physical separation like dielectrophoresis and density gradient centrifugation, also, chemical 

separation methods, for instance, adsorption of bromine and diazotization [7]-[10]. However, those approaches frequently 

lead to short and defected tube or highly contaminated which may affect the performance of the nanotube and subsequently 

the device performance [3]. Also, those techniques do not always offer a high selectivity besides those separation methods 

are non-scalable [11]. A chemical vapor deposition (CVD) method one of the processes that consider as a sufficient tool to 

improve the SWNTs diameter. Catalyst particle size is the main problem solver to obtain smaller diameter [12],[13], 

however, researchers have shown that other parameters can also be able to control the tube diameter size, such as 
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manipulating the growth temperature which effects the activation energy of the carbon precursor [14] or by changing the 

concentration of the precursor, Tian et al. was able to control the SWNTs diameter from 1.2-1.9 nm by changing the 

concentration of carbon dioxide [15]. An extensive survey study using density functional theory (DFT) was used to 

investigate different parameters that can affect the SWNTs diameter.  The study concluded the catalyst particle size is one 

of the main parameters responsible for nucleating the SWNTs with a specific diameter [16]. Due to aggregation (Ostwald 

ripening), that can happen at high temperatures causing a wide range in particle size distributions. One way to overcome 

this problem is by leaving sufficient space between catalyst particles prevent them from aggregating and allow them to 

form smaller particle size [13],[16]-[19]. However, the growth results base on the catalyst particle spacing is not with 

sufficient dens (carpet growth) which is a very important aspect in so many applications [20]. Mattevi et al. suggested that 

the supporting layer AlOy plays an important rule by reducing the mobility of the iron catalyst and prevent the Ostwald 

ripening effects due to the strong interaction with the support at high growth temperature [21], while Kim et al. proposed 

the growth termination step start when the iron particles start diffuses through the alumina support [22]. Other research 

groups have initiate what is called “cloning growth” which is a metal-free growth system to eliminate all the termination 

and contamination that can be caused by metal particles [23]-[25]. This type of growth shows a good control of SWNTs 

chirality, and since this growth type is based on open-ends SWNTs seed, the density of the resulted growth is limited by a 

few tubes and they are off-substrate.  

In this work, we show good control of SWNTs diameter and hence a chirality by using FTS-GP as carbon precursor and by 

using high melting point metals (Ru) as catalyst promoters using atmospheric pressure chemical vapor deposition (CVD). 

The growth results show a well-defined selective growth of narrow diameter distribution of SWNTs on cobalt and iron as 

main catalysts at their perspective growth temperature.   

Experimental Work 

The morphologies and microstructures of the grown SWCNTs were studied by field emission scanning electron microscopy 

(FESEM) using FEI Versa 3D dual beam with multiple detectors and transmission electron microscopy (TEM). For TEM 

imaging, a small amount of SWCNT carpet sample was mechanically exfoliated from the substrate and dispersed in ethanol 

via sonication. A drop of the homogeneous suspension was deposited on a lacey carbon TEM grid and examined by TEM 

using FEI Tecnai F20 XT operating at 200 kv. The structure and quality of SWCNTs were characterized by Raman 

spectroscopy using a multi-laser wavelength of 488, 514, 633, and 785nm. Raman spectra were collected at multiple spots 

from the samples using a Renishaw inVia Raman microscope. Atomic force microscopy (AFM) was used for mapping the 

catalyst surface topography prior to and after SWCNT growth. The catalyst film with a nominal thickness of  0.5 nm Co or 

Fe, 0.1 nm Ru (as catalyst promotor), and 30 nm supporting layer (AlxOy) were deposited on Si (100) wafers with a native 

oxide layer by ion beam sputtering (IBS/e, South Bay Technology). The metal targets were etched to remove the native 

oxide layer prior to deposition. All films were deposited at 10-4 Torr chamber pressure using a voltage of 8 kV and a current 

of 6 mA under Ar flow, without exposing the films to air between depositions. The carbon feedstock (FTS-GP), supplied 

by Matheson Inc., had the following composition: H2 (40%), CH4 (30%), C2H6 (8%), C2H4 (6%), CO (5%), C3H8 (5%), 

N2 (4%), and C3H6 (2%) as a typical product mixture obtained from FTS process.[26],[27] SWCNT growth was carried 

out at atmospheric pressure using the EasyTube 101 CVD system (CVD Equipment Corporation), equipped with several 

important features including LabView-based process control software, static mixer for optimum gas mixing, and control 

system for precise temperature control. A typical growth run involved heating the catalyst sample to the desired temperature 

(850°C) at a rate of 45 °C/min in flowing Ar. At the growth temperature, the catalyst was exposed to a copious amount of 

H2 in combination with Ar for 2 min to reduce the catalyst; the respective flow rates were 250 standard cubic centimeters 

per minute (sccm) H2 and 250 sccm Ar. Thereafter, SWCNT growth under optimum conditions on a Co/Ru catalyst was 

initiated by introducing 10 sccm FTS-GP and 100 sccm Ar at various times. At the end of the growth run, the samples were 

rapidly cooled in H2, followed by slow cooling to room temperature in 700 sccm Ar.  

 

 

 

 



Haider H. Almkhelfe Iraqi Journal of Nanotechnology, synthesis and application 1 (2020) 64-71 

 

66 

 

Results and discussion  

A high melting temperature metal Ru was used as Co catalyst promotor to control the size of SWCNT growing by 

atmospheric pressure chemical vapor deposition (CVD). The dispersion without agglomeration during CVD annealing 

achieved with 0.1 nm of Ru used as promotors with 0.5 nm of Co. In the absence of Ru, Co catalyst experience sever 

Ostwald ripening (OR) as particles larger than 5 nm are formed, Figure 1, shows the atomic force microscopy of Co catalyst 

(a) and Co/Ru (b) after annealing in a hydrogen environment at 850˚C. OR formation rate is a temperature-dependent, [28] 

as the growth temperature increase nanoparticles have more tendency to agglomerate via OR or sintering as an attempts to 

minimize their surface energy, and since the tube diameter of SWCNT is highly effected by catalyst particles size therefore 

an extra work needs to be invested in this area.  Experiments and theoretical models have concluded that OR and subsurface 

diffusion are the main two critical factors affecting the size of catalyst particles, and subsequently the tube diameter in 

SWCNT. [29] Pretreatment of the catalyst support by ion beam bombardment and thermal annealing was found to be an 

effective approach to minimize the effect of OR and obtain ultra-narrow tube diameter in SWCNT. [30] Inhibiting the 

Ostwald ripping was also reported by introducing H2O along with H2 during annealing to reduce the diffusion rates of 

catalyst atoms. [31] The nanoparticles tried to minimize their surface energy by making big clusters at high temperatures.  

 
Figure 1. AFM microscopy after H2-annealing at 850˚C for 5 min for Co catalyst (a) and Co/Ru catalyst (b).  

 

Thermal dewetting of the deposited metal films into finely/homogeneously nanoparticles is highly dependent on the melting 

point of that metal and the porosity of the under layer.[30] We hypothesis that using high melting temperature metal as a 

promotor, like Ru can limit the mobility of the formed Co particles and eventually decrease the effects of OR. The same 

observation has been reported by using platinum (Pt) with Co as a bimetallic catalyst, [32] where Pt plays a crucial role to 

stabilize the Co catalyst and obtain a narrower tube diameter. Also, using Ru with Fe as a bimetallic catalyst can affordably 

grow SWCNT with the narrow diameter and chirality distribution.[6]  

 The TEM images shown in Figure 2 illustrate the morphology and tube diameter growing using AlOx supported Co-Ru 

(a,b) and Co (d,e). The difference in tube diameter is very obvious and further supporting the role of the high melting 

temperature promotor (Ru) to control the average dimeter size from 2.5 to 1.5 nm as shown in Figure 1 (c,f). Suggesting 

that introducing catalyst promotors can significantly impact the reaction pathway and alter the SWCNT diameter size. In 

comparison with adjusting the reaction parameters, Kiang et al. show that changing the reaction environment may only 

fine-tune the distribution.[33] The effects of Ru was investigated on Fe catalyst using TEM microscopy at 750ºC with the 

same carbon precursor (FTS-GP). The average diameter of the grown SWCNT from Fe-Ru was smaller (1.9 nm) compared 

with Fe catalyst (3.1 nm). Dai et al. explained the effect of Ru in bimetallic catalyst Fe/Ru to form smaller tube dimeter to 

their alloying structure and strong Fe-Ru interaction to afford smaller catalyst nanoparticles stable against high temperature 

sintering.6  

(b)(a)
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Figure 2. HR-TEM images of SWCNT growing via CVD and FTS-GP as carbon precursors at 850˚C, using Co/Ru supported on AlOx 

(a,b ) with diameter distribution (c), and using Co supported AlOx (d,e) with diameter distribution (f).  

The effects of Ru were also studied on Co and Fe catalysts by using Raman scattering techniques with laser excitation 

wavelength in the range from 488 to 785 nm. Various Raman peaks were observed and identified with a low-frequency 

radial breathing mode (RBM), which is the characteristic signature of SWCNT.  Figure 3 (a,b) shows the effect of Ru on 

Fe catalyst at its optimum temperature (750ºC), where the peaks shift toward 300 cm-1 are clear. Using a laser with 

wavelength 488 and 514 nm introduces a new peak of Fe-Ru catalyst at Raman shift 275cm-1 while exciting the SWCNT 

with 633 nm, two highly intense peaks (280, 300 cm-1) are observed. Exciting the SWCNT grown by Fe-Ru catalyst with 

a wavelength 785 nm increase the intensity of the peak 260 cm-1 that already observed with SWCNT grown by Fe catalyst.  
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Figure 3. Multi-excitation Raman spectra of SWCNT synthesis as 750˚C of Fe catalyst (a) and Fe-Ru catalyst (b).  

Figure 4 Raman mapping of SWCNT grown by Co-Ru and Co at its optimum temperature (850ºC). Clear differences are 

observed between the two samples. Although the growth of SWCNT has been carried at a much higher temperature compare 

with Fe catalyst, the role of Ru still effective. Multi-new peaks have been observed at high Raman shift with Co-Ru and 

they are in good agreement with TEM microscopy results. The laser with a wavelength of 514 nm shows the significance 

of using Co-Ru as an active catalyst for smaller SWCNT diameter two peaks were identified at 250 and 265 cm-1.  Also, 

exciting the SWCNT grown by Co-Ru with 785 nm increase the intensity of the peak observed at 275 cm-1, indicating an 

enhancement in yield of smaller diameter size. 
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Figure 4. Figure 3. Multi-excitation Raman spectra of SWCNT synthesis as 850˚C of Co catalyst (a) and Co-Ru catalyst (b).  

 

High melting point metal tungsten (W) used with Co as a bimetallic catalyst for synthesizing SWCNT,[34] the growth 

results show a high selectivity toward a specific chirality (12,6). Balbuena et al. have carried a modeling simulation to 

predict the parameters that can influence the chirality of SWCNT.[35] Changing the catalyst shape during growth is the 

main factor that can impact the chirality and tube diameter size, also found by strengthening the metal-substrate interaction 

a more stable particle shape can be obtained. So we believe using the promotor Ru with Fe and Co catalyst controls the 

dewetting of the catalyst nanoparticles to offer a more stable structure shape during SWCNT growth. Using the catalyst 

promotor (Ru) with Co and Fe also ensures the high quality of the as-grown SWCNTs based on the intensity ratio of defect-

induced D-band to tangential G-band.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           

Resonant Raman scattering was used to carry a comprehensive study of the chiral-index assignment of SWCANT assuming 

the nanotube is a homogeneous cylinder that the frequency of the RBM is linear with the inverse diameter according to 

empirical equation (ωRBM= 1/d).[36] The SWCNT diameter (dt) can be calculated using the following formula: dt = 

223.5/( ωRBM – 12.5) Where ωRBM is the Raman shift of RBM of SWCNT in cm-1.   

Conclusion 

SWCNT diameter size control is a prerequisite for particular applications in electronic and optoelectronic devices. We have 

demonstrated the role of high melting temperature metal (Ru) as a catalyst promotors with Fe and Co using ion beam 

sputtering for catalyst preparation. FTS-GP used as carbon precursor at 750ºC for Fe catalyst and 850ºC for Co. Introducing 

0.1 nm of Ru into Fe or Co catalyst strongly influence the diameter size distribution of SWCNT. The average diameter size 

of SWCNT reduced from 2.5 nm (using Co catalyst) to 1.5 nm when Ru is used as the promoter. While using Ru with Fe 

catalyst reduces the diameter size of the grown SWCNT from 3.1 to 1.9 nm. Further, Ru has also enhanced the quality of 

the grown SWCNT by increasing the intensity of the G-band.   
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Abstract 

Metal-semiconductor-metal (MSM) photodetectors (PDs) based on gold and silver 

(Au, Ag)/Al0.08In0.08Ga0.84N (commercial sample)/ (Au, Ag) have been fabricated 

and characterized.   The effect of annealing temperature of As deposit, 400, 500, and 

600 0C for 30 min on the topography and electrical properties of   Au contact on 

Al0.08In0.08Ga0.84N thin film have been characterized and optimized using Current-

Voltage (I-V) characteristic. Schottky barrier height (SBH) and ideality factor (n) of 

Au/ Al0.08In0.08Ga0.84N interface were 1.223 eV and 1.773 at 50 0C annealing 

temperature for 30 min respectively, and it is found that contact has a high-quality 

surface. Also, with the same procedure, the effect of annealing time of 15, 30, 45 

minutes, and 1 hour have been studied and optimized. The results revealed that the best 

annealing time is 30 min which has the highest SBH. Au contact compared with Ag 

contact used to first time as best our knowledge with the optimal condition to select 

the best metal for MSM photodetectors (PDs). The ideal characterization of Au, 

Ag/AlInGaN/Au, Ag MSMPDs on Si substrate depend on responsivities of 0.201 and 

0.153 A W-1, quantum efficiencies of 71% and 57%, and NEPs of 3.55×10-4 and 

1.45×10-3W-1, respectively have been also studied compared. The height SBH and 

QE for the samples grown on Si was at Au contact which proposed to use in such 

optoelectronic devices. 

Introduction 

Although GaN has many advantages in many optoelectronic devices application however Quaternary (AlInGaN) thin films consider as 

promising material and it attracted much research interest because they allow almost independent control of the lattice mismatch and 

band off stein AlInGaN-based heterostructures. it has an attractive topic to be used in many applications for any scientific research, such 

as optoelectronic devices operate in a wide range of the electromagnetic spectrum. it is a benefit due to the high- quality structures and 

strong ultraviolet emission at RT, it also allows more freedom and independent control regarding energy gap and lattices constant [1,2]. 

Metal-semiconductor-metal (MSM) has been suggested in this work because of its performance. It is formed from two schottky contacts 

like fingers that deposit on the top of the surface as shown in Figure (1) [3]. 
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Gold (Au) and silver (Ag) are supposed as ideal Schottky contact for GaN due to its barrier highest (SBH) values [4]. Current-Voltage 

(I-V) measurements use to determine SBH depend on thermionic emission at V>3kT as following [5]: 

𝐼 = 𝐼0𝑒𝑥𝑝[𝑞𝑉/(𝑛𝑘𝑇)] (1) 

𝐼0 = 𝐴𝐴∗∗𝑇2exp⁡[−𝑞𝜙𝐵/𝑘𝑇] 
(2) 

 

where q, is the electron charge, V is the applied voltage, n represents the ideal factor, k represented the Boltzmann's constant, Iₒ 

represented the saturation current, ΦB represented the barrier height, T represented the absolute temperature, A represented the area of 

the Schottky contact and A** represented the Richardson coefficient. The theoretical value of A** calculated as shown below: 

𝐴∗∗ = 4𝜋m ∗ q𝑘2/ℎ3 (3) 

 

(3) Where m* represented the effective electron mass and h represented the Planck's constant or AlInGaN. The literature on the effective 

mass of the electron in AlInGaN had not mentioned in the literature before, therefore the effective mass of AlxInyGa1-x-yN with different 

x, y has calculated depending on the theoretical value of AlN which m*=0.4m˳ (m0 is electron rest mass), of InN which m*=0.11m˳and 

of GaN which m*=0.2 m˳ [6]. 

I-V characteristics for such devices analyzed at reverse bias using the equation as following [7]: 

𝐼 = ⁡𝐼0⁡𝑒𝑥𝑝(𝑞𝑣/𝑛𝐾𝑇)[1 − 𝑒𝑥𝑝(−𝑞𝑣/𝑘T)] (4) 

 

                                                                                                                                         

Thus, Eq. 4 can be re-written in the form [7] 

𝐼⁡𝑒𝑥𝑝⁡(𝑞𝑣/𝑘𝑇)/𝑒𝑥𝑝⁡(𝑞𝑣/𝑘𝑇) − 1⁡ = 𝐼0⁡⁡𝑒𝑥𝑝⁡(𝑞𝑣/𝑛𝑘𝑇)⁡ (5) 

                                                                                                           

Based on Eq. (5), the plot of ln [I exp (qV/kT)/ exp (qV/kT)-1] against V will give a straight line. 

In this paper the performance of Au, Ag/ Al0.08In0.08Ga0.84N/Au, Ag MSM PDs depend on SBH, n, Responsivity, quantum efficiency, 

and NEP have been examined.  

Experimental Work 

The commercial samples of n- Al0.08In0.08Ga0.84N grown by using molecular beam epitaxy (MBE) on a silicon substrate were employed. 

The Radio Corporation of America (RCA) cleaning at room temperature was carried out before any fabrication process to remove any 

contaminations on the wafers. The procedure includes using NH4OH:H2O=1:20 solutions for 10 minutes, then washed with deionized 

water. Subsequently, the samples were dipped into HF:H2O=1:50 for 10 seconds then, washed again with deionized water. The cleaned 

samples were then chemically etched in boiling aqua regia of HCl: HNO3=3:1 for 10 minutes to reduce the amount of oxygen (O) and 

carbon (C) contamination of the Al0.08In0.08Ga0.84N and Si surface. Wafers were then blown dry with compressed air after cleaning. 

Quaternary Al0.08In0.08Ga0.84N sample must be prepared before depositing the metal contacts and then fabricating the devices. 

Silver (Ag) and gold (Au) metal contacts have been deposited on Al0.08In0.08Ga0.84N film as Schottky contacts because of its high work 

function which equal to 5.4 eV. Au (99.9 purity) Schottky contact deposited on Al0.08In0.08Ga0.84N films grown on Si substrate was 

fabricated using a metal mask of 250 nm by A500 DC sputtering system while Ag contact was fabricated using the screen print method 

which considers as a first time as best our knowledge with the optimal condition to select the best metal for  MSM  photodetectors  (PDs). 

Figure 1 MSM PD structure (top view). 
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Then, the gold contact with a thickness of 200 nm was reached for different temperatures ranged from 400to 600 ºC with different times 

of 15,30, 45 minutes, and 1hour to optimize the best condition for the device. The topography of Au schottky contact with different 

annealing temperatures and various times have been examined and optimized using SEM and AFM spectroscopes   I-V characteristic of 

Au, Ag/n- Al0.08In0.08Ga0.84N /Au, Ag MSM carried out using UIR-210A spectrophotometer range from 200 to 1000 nm wavelengths as 

shown in Figure .2. Using this setting the photocurrent, dark current and I-V measurements were measured and, ideality factors and SBH 

were calculated. 
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Results and discussion  

Au and Ag metals have been used as a Schottky contact in the thin film n- Al0.08In0.08Ga0.84N grown on Si (111) substrate. Effect of 

annealing temperature of As deposit,  400,  500,  and 600 C0  for  30  min on the topography and electrical properties of Au contact have 

been characterized and optimized. 

 
Figure 3 I-V measurements of Au Schottky contact at different annealing temperatures. 

 

 

I-V characteristics to study the effects of these parameters on electrical properties of films examined by calculated SBH. Figure 3 shows 

the I-V property of Au/ Al0.08In0.08Ga0.84N Schottky contacts as deposited, 400, 500, 600 0C for 30 minutes on Si substrates annealing 

temperature were determined and ideality factors were 1.223 eV and 1.773 of Au/AlInGaN at 50C0 annealing temperature for 30 min. 

Also, with the same procedure the effect of annealing time of 15,30,45 minutes, and 1hour have been studied and optimized as shown in 

Figure (4) There results revealed that the best annealing time is 30 min which has the highest SBH. 

To be sure that Au contact is the best selection between metals, the comparison with Ag contact has been done with the optimal condition 

get from the characterization of Au contact. I-V curve of Ag contact deposition AlInGaN prepared by screen print presented in Figure 

(5). 

 

 

Figure 2 A typical set up of the spectral response measurements of Al0.08In0.08Ga0.84N -based MSM UV PDs 
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Figure 4 I-V measurements at effect of annealing time of Au Schottky contact deposited on the thin film Al0.08In0.08Ga0.84N grown 

on then-Si substrates. 

 

 

                                      Figure 5:  I-V curve of Ag contact at 50 0C deposit on AlInGaN. 

 

These results of the Au and Ag metal at 500 0C annealing temperature for 30 min showed that the Au metal at 500 C0 annealing 

temperature for 30 min has the highest SBH and low ideality factor in comparison with Ag metal contact as shown in Table 1.  

Table 1  SBH, ideality factor of Schottky contacts of films n- Al0.08In0.08Ga0.84N grown on Si substrate with different temperature. 

Electrode Annealing temperature (0C) Time (min) Schottky barrier highest SBH (eV) Ideality factor (n) 

Au 500 30 1.223 1.773 

Ag 500 30 1.021 1.883 

 

To confirm the I-V characteristics of the previous results regarding Au contact the topography test have been examined on As deposited, 

400, 500, and 600 0C for30 min which including Average diameter, Root mean square, and Roughness Despite, different annealing 

temperatures have been used, there is no phase change was observed, therefore the optimal annealing temperature is 500°C due to its 

high RMS which makes more incident beam absorbed inside the layers by increased the quantum confinement probability since its 
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crystalline size is 41 nm depend on Sherrier’s formula [8]  and bring the quantum effect to appear clearly as shown in Figures 6 and 

Table (2) 

 

                                As deposited 

 

 

         At 400 0C 

 

   At 500 0C 

 

 

 

 

At 600 0C 

Figure 6: AFM measurements of Au Schottky contact at various annealing temperatures. 
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Table 2: Average diameter, RMS, and Roughness of the Au contact of Al0.08In0.08Ga0.84N films on Si substrate. 

 

 

Figures 7 and 8. Shows the responsivity as a function of the wavelength of the Au and Ag/ Al0.08In0.08Ga0.84N MSM photodetector grown 

on Si substrate, respectively. Responsivities photodetector is constant over the energy bandgap (UV region from 300 nm to 370 nm) with 

two orders of magnitude high cut-off drop in wavelength at 360 nm. The responsivities of Au, Ag/ Al0.08In0.08Ga0.84N /Au, Ag MSM 

photodetectors were 0.201 A W-1 and 0.153 A W-1. In addition, QE of Au, Ag/ Al0.08In0.08Ga0.84N /Au, Ag MSM photodetector son the 

Si substrate was 71.5% and 57%, respectively. 

 

Figure 7: Responsivity of Au / Al0.08In0.08Ga0.84N MSM photodetectors grown on the Si substrate. 

 

  Sample    d(nm) RMS (nm) Roughness 

As deposited 58.19 2.89 1.7 

400 119.09 9.22 7.36 

500 91.63 10.3 8.11 

600 75.46 4.95 3.79 
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Figure 8 Responsivity of Ag/Al0.08In0.08Ga0.84NMSM photodetectors grown on Si substrate. 

 

noise equivalent power (NEP) of Au,Ag/ Al0.08In0.08Ga0.84N /Au,Ag MSM photodetectors were on the Si substrate3.55×10-4 and 

1.45×10-3 W-1, respectively, as shown in Figures 7 and 8, calculated that Au metal has the high SBH and high QE of samples grown on 

Si substrates as summarized in Table3. 

 

Table (3): Dark and illumination current, responsivity, QE, ideality factor and SBH of Au, and Ag/ Al0.08In0.08Ga0.84N MSM 

photodetectors grown on the Si substrate. 

Electrode Id(A) Iph(A) R(AW
-1

) ɳ% n SBH(eV) 

Au 6.87*10
-5

 7.14*10
-5

 0.201 71.5 1.773 1.223 

Ag 2.20*10
-4

 2.22*10
-4

 0.153 57 1.883 21.2 

 

 

Conclusion 

High work function metals Au successfully used as Schottky contact on n-Al0.08In0.08Ga0.84N thin film which grown on Si (111) 

substrate. The effect of annealing temperature of 500 ͦc for 30 min. The electrical characteristics of these effected as well were examined 

through I-V measurements and their SBH values were computed. The SBH value can be deduced directly from the I-V curves, the 

computations of SBH and ideality factor (n) at the Au/ Al0.08In0.08Ga0.84N interface for the sample annealed at 500 ºC. Au contact 

have a higher barrier height when the annealing was performed at 500 °C for 30 minutes which yielded around 1.223 eV.  

The ideal characterization of Au /AlInGaN/Au MSM PD Si substrate based on responsivity of 0.201 A W-1, quantum efficiencies of 

71.5% . 

Au metal has the highest SBH, the highest QE and a low dark current for the samples grown on Si substrates. 
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