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Abstract 
For the implementation of sensors with high sensitivity, low measurement uncertainty and high reliability the 
enclosure plays a decisive role in the temperature range up to 1000 °C. In this assembly concept for a temperature 
sensor a glass solder provides the connection between the ceramic components of the housing. 

The resonator is a bulk acoustic wave (BAW) sensor. The propagation of the acoustic waves occurs in the 300 µm 
thick substrate. The sensor material is Ca3TaGa3Si2O14 (CTGS) as a piezoelectric single crystal. With a melting 
point of 1370 °C, CTGS promises sufficient temperature stability. The body oscillation frequency and the 
amplitude change with temperature, which allows a sensor signal to be generated. The resonator has a keyhole-
shaped platinum electrode on the top and bottom sides applied by thick-film metallization. 

Various requirements are placed on this glass solder connection between the housing element and the substrate. 
On the one hand, it should have low electrical conductivity even at high temperatures, since a metal feed-through 
of the sensor contacts through this material is planned. Furthermore, the coefficient of thermal expansion must 
be adapted to the structural elements to avoid high thermomechanical stress. With respect to the hermeticity, the 
glass solder connection represents a component of the encapsulation of the sensor to the outside. It should be 
hermetically tight to protect the sensitive sensor from harsh environmental conditions. 

Therefore, conductivity measurements on glass solder samples are performed in this work. Furthermore, the 
thermal expansion coefficient of the material itself is characterized as well as the expansion in connection with 
the housing components. The hermeticity is determined by helium leakage tests based on complete sensor 
housings. 
Through the presented investigations, functional temperature sensors could be built according to this concept. 
The overall concept provides an excellent platform for further sensor. 

Keywords: High temperature sensors, glass solder, 1000°C assembly and packaging. 

1. Introduction 
A reliable assembly concept for high-temperature sensors requires precise knowledge of the material parameters 
and the behavior of these materials under the influence of temperature. Among the most commonly used materials 
exposed to high temperatures are ceramics and glass solders. Ceramics are available on the market in different 
degrees of purity and thus also differ in their electrical and mechanical properties. Glass solders are multi-material 
mixtures of various ceramic components and can be adapted to the requirements by individual mixing [1,4]. 

In the overall concept of the sensor assembly, the glass solder represents the bonding technology for the individual 
ceramic components. It should be noted that the glass solder covers two parallel conductor tracks on the sapphire 
(Figure 1). Therefore, the electrical properties of the glass solder must also be taken into account in this concept. 

The requirements specified in this paper for the glass solder material are given below: 

● Adhesive strength with a suitable material system 
● Sufficient electrical insulation properties 
● Hermeticity of the housing 
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Fig. 1: Left: Schematic drawing of the sensor setup. Right: Realized sensor housing for the piezoelectric CTGS 
resonator as temperature sensor. 

The design concept is shown schematically in Figure 1 (left). The substrate material is a single-crystal sapphire 
substrate on which platinum tracks are deposited using thick-film technology. Cap and spacer are applied to the 
substrate via a glass solder joint. The CTGS sensor element is fixed on the spacer with glass solder and contacted 
via platinum wire bonds. The final sensor assembly is shown in Figure 1 (right). Uniform outgassing of the 
organic binders of the glass solder can be realized through a hole in the cap. The subsequent closure takes place 
by a ceramic chip using a further glass soldering process step. 

2. Technology and Materials 
In this chapter, the technologies and materials used are explained in more detail. The focus is on the ceramic 
housing elements and the glass solder used for the production of a sensor prototype as a temperature sensor. 

2.1. Ceramic and glass solder 

Ceramic materials based on oxide, nitride and carbide show shock resistance owning to their high thermal 
conductivity, low CTE and high strength. Therefore, they are suitable for high-temperature applications. 
Depending on the purity, alumina can be used up to 1700 °C [1-3]. 

In the work, sapphire (single-crystalline Al2O3), is used as substrate material. This is cut from wafers with a 
thickness of 650 µm. The cap and spacer are manufactured with an ultrasonic milling machine and are made of 
multicrystalline alumina with a purity of 96 %. 

The G18-385 glass solder is a reactive joining glass for high temperature applications. The material proportions 
of the individual components are listed in Table 1. The multi-material mix is fired at 950 °C. 

Material Al2O3 B2O3 CaO MgO SiO2 YO ZrO2 
Weight percentage 1-10 1-10 10-50 1-10 10-50 10-50 1-10 

Table 1: Composition of the glass solder ingredients G18-385. 

2.2. Temperature treatment and shear test 

Two methods are used to analyse the performance of the sensor housing under thermal load. On the one hand, 
thermal ageing of the glass soldered ceramic samples at 1000 °C is carried out. To analyze the thermal shock 
resistance, cycles between 200 °C and 1000 °C are performed using an infrared oven. 

Thermal shock is performed on 2 mm by 2 mm alumina chips on sapphire substrate with 9 chips per cyclization 
stage. The complete packages as shown in figure 1 (right) are subjected to thermal ageing for several hours. 

To analyze the interconnection quality of the glass solder, glass-soldered chips are tested in shear tests. The 
maximum force achieved is determined and divided by the joint area. This results in the maximum shear strenght 
for the respective chip soldered on sapphire. The tests were performed at room temperature and a shear height of 
300 µm. 



Proceedings of SMS/EGF/NanoMed/Sensors 2021Joint Intl. Conference 
Milan, Italy, October 20 – 22, 2021 
DOI: https://doi.org/10.26799/cp-sms-egf-nanomed-sensors2021 

Page 3 

2.3. Electronic Speckle Pattern iInterferometry (ESPI) 

The Electronic Speckle Pattern Interferometry is an interferometric measuring method for non-contact 
measurement of surface deformations. The ESPI system is equipped with a laser with a wavelength of 532.8 nm. 
Speckle images are taken before and after the temperature load. From the difference of the images, the 
deformation image can be evaluated via computer software. 

In this work the ESPI is used to analyze the sapphire alumina connection. Ceramic chips are attached to the 
sapphire with glass solder and then measured during heating up to 500 °C on a hotplate with the ESPI. 

2.4. Electrical measurement  

The conductivity of the glass solder is a crucial variable in the application, since the glass solder connection of 
the housing ring represents a short-circuit between the conductor paths. Therefore, a DC measurement for the 
monocrystalline sapphire and the multimaterial behavior of the glass solder is carried out. The measuring setup 
is similar to a plate condenser. The material thickness of the sapphire sample is 650 µm. The thickness of the 
glass solder chip is 1.2 mm. Both sides of the chip surfaces are coated with platinum thick-film paste and 
electrically contacted with platinum wires with a diameter of 250 µm. 

2.5. Hermeticity testing 

In order to measure the tightness of the housing, a test is carried out in accordance with the standard (MIL-STD-
883G). For this purpose, the complete housing is placed in helium atmosphere with 3,2 bar overpressure for 5 h. 
After removing it from the helium atmosphere, it is checked for leakage using a mass spectrometer. This was 
done both for unaged assemblies and for assemblies thermally aged at 1000 °C in in an oven under vacuum 
atmosphere. 

3. Experimental 
3.1. Thermal shock on glass-soldered alumina chips on sapphire and shear test 

The initial shear strength shows values in the range of 60 MPa (Figure 2). Almost identical values can be obtained 
even after 200 temperature cycles. In addition to shear strength, the cause of failure is also an important criterion. 
During the first 100 cycles, the predominant cause of failure was chip fracture or sapphire fracture. No failure 
occurred in the glass solder layer. 

 
 

 

 
Fig. 2: Left: Sapphire sample with alumina chips. Right: Tested shear strength values after up to 200 thermal 
cycles between 200 °C and 1000 °C. 

Metallographic analysis shows no cracking even after 200 temperature cycles between 200 and 1000°C (Figure 
3). Likewise no layer detachment from sapphire or aluminum oxide ceramics is recognizable. It can be concluded 
that the glass solder connection withstands cyclic thermal load over 200 cycles between 200 °C and 1000 °C. 
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Fig. 3: Left: Glass soldered Al2O3 chip after 40 temperature cycles (200 °C / 1000 °C). Right: Glass soldered 
Al2O3 chip after 200 cycles (200 °C / 1000 °C). 

3.2. Optical analysis – ESPI 

The measurement in figure 4 shows a uniform shift of the chip surface over the individual temperature steps. The 
respective peaks lie on top of each other. This means that there is no chip bending at elevated temperatures over 
the measuring distance. Furthermore, due to the low deformation under temperature load, no high 
thermomechanical stress is to be expected. 

 

 
Fig. 4: Left: Alumina chip measured by ESPI. The red line symbolizes the measuring section for the evaluation. 
Right: Z-Displacement along the section of the chip. 
3.3. Conductivity of sapphire and glass solder at high temperature 

The measurement in Fig. 3 shows significant differences in the conductivity of sapphire compared to the glass 
solder at higher temperatures. The conductivity of the sapphire substrate increases from 9.8⋅10-10 S⋅m-1 at 400 °C 
to 5.3⋅10-7 S⋅m-1 at 900 °C. The increase in the conductivity of the glass solder is from 7.2⋅10-10 S⋅m-1 at 400 °C 
to 8.9⋅10-3 S⋅m-1 at 900 °C.  
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Fig. 5: Conductivity of glass solder and sapphire at temperature up to 1000 °C. 

 
This can be attributed to the generation of carriers and thus to a higher intrinsic conductivity of the glass solder. 
The multi material glass has more cations, vacancies, grain boundaries and dislocations compared to the single 
crystal form of sapphire. Due to the geometric distance of the conductive tracks in the sensor concept, the 
insulating property of the glaslots can be considered sufficient even at high temperatures. 

3.4. Hermeticity of the housing 

The measured values determined by the helium leakage test show values in the range of 10-8 mbar⋅l/s. Samples 
1a and 1b were produced with the identical process steps as 2a and 2b but not in the same oven cycle. Even after 
thermal aging for 112 h at 1000 °C the helium leak rate keeps a value in a range of 10-8 mbar⋅l/s. 

Sample 
0 hours  6 hours  12 hours  24 hours  112 hours 

Leak rate in mbar⋅l/s 

1a  1.5 ⋅10-9 1.2 ⋅10-9 1.5 ⋅10-9 3.0 ⋅10-9 8.0 ⋅10-8 

1b 5.0 ⋅10-8 3.0 ⋅10-8 2.7 ⋅10-8 2.6 ⋅10-8 2.6 ⋅10-8 

2a 3.0 ⋅10-8 1.0 ⋅10-8 1.4 ⋅10-8 2.3 ⋅10-8 8.0 ⋅10-8 

2b 5.0 ⋅10-8 4.0 ⋅10-8 2.0 ⋅10-8 2.1 ⋅10-8 2.5 ⋅10-7 

Table 1: Leakage rates of the enclosures tested in the helium leakage test. Initial and after thermal aging up to 
112 h at 1000°C. 

This confirms the thermal stability of the glass solder layer, which was suspected after the thermal shock tests in 
chapter 3.1. Furthermore, hermeticity of the glass solder connection at temperature load over 112 h at 1000 °C 
can be observed. 

4. Conclusion 
This work has shown the challenges that apply to a glass solder material in conjunction with a sensor housing 
under high temperature. The glass solder can be considered suitable for use in this sensor concept. The glass 
material shows stable shear strength and sufficient insulating properties at high temperature. The metallography 
shows no mechanical failure of the glass solder after 200 cycles with thermal cycling between 200 °C and 
1000 °C. The sensor housing seems to be hermetic over 112 h at a high temperature load of 1000 °C. It can be 
shown by optical analysis that there is similar deformation over the glass soldered chip surface and therefore no 
high thermomechanical stresses at higher temperatures are expected. 
The sensor concept presented represents a platform for other properties to be measured. The setup as a 
temperature sensor has already been functionally tested. Further setups as a pressure sensor or chemical sensor 
are planned. 
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Abstract 
The opportunity to predict and optimize from the expected performances (high Q factor and Signal to Noise Ratio 
- SNR) the geometry of the NMR microcoil would lead to the manufacture of different desired geometries 
(Rectangular, Ellipsoidal, Square and Circular) with the optimal dimensions according to the application. In our 
case, the needle microprobe  (micro-coil + Transmission Line + connecting path) is dedicated to detect small 
samples and low concentrations of analytes using localized NMR spectroscopy (MRS). In This work, we 
demonstrate the relevance of using an Artificial Neuronal Network (ANN) to design the implantable NMR 
microsensors, predicting their performance parameters in terms of Q factor and SNR. We performed an ANN 
model, and reached an accuracy of 99.67% for the model Test (which corresponds to RMSE = 0.0322). Our ANN 
model was trained, validated and tested using a dataset from simulation (6528 data observations), generated 
through the 3D-TLE (Transmission Line Extractor), a GUI (Graphical User Interface) platform developed in 
MATLAB. We will be able to generalize this optimization (multi-parameter) solution dedicated to the NMR 
micro-antenna for any sensor and other applications. 

Keywords: Microcoil, Electrical parameters, Q factor, SNR, 3D – TLE, ANN, ML, NMR Spectroscopy. 

1. Introduction 
One of the main challenges of the Nuclear Magnetic Resonance (NMR)  and, more particularly Nuclear Magnetic 
Resonance Spectroscopy (MRS)  is improving its sensitivity and spectral resolution in the case of weak 
metabolites concentration in a small region of interest (ROI ~ 2µL-3µL for our applications).   

The NMR sensitivity has been a subject of numerous studies for years. Thus, several approaches were already 
proposed for its optimization. Using a higher static magnetic field can improve the sensitivity in terms of Signal 
to Noise Ratio (SNR) [1]. The enhancing of sensitivity of the Radio Frequency (RF) receiver coil. In our case, 
we miniaturize the implantable NMR antenna; thus, the microcoil part will be adapted to the sample dimension, 
improving its filling factor and its SNR performance criteria. However, multiparametric simulation work is 
required to optimize the microprobe (Q factor and an SNR) before its fabrication. 

Nowadays, artificial intelligence (AI), more particularly Artificial Neural Networks (ANN), has been widely used 
in several application areas: Predict the resonance frequency of a rectangular micro-strip Antenna at its 
fundamental mode, for several substrate thicknesses [2]. Change the geometry of the microstrip antenna from a 
rectangular to an equilateral triangle [3]. Recently, ANN has also been used to solve complex problems such as 
antenna parameters extractions. ANN has become an extremely useful tool for modelling complex systems with 
elaborate mathematical functions between inputs and outputs.  The advantages of ANN assisted antenna 
modelling are:  reducing complexity, time, and cost compared to traditional computational modelling, and 
ultimately leading to accurate data set analysis and prediction[4]. These advantages represent a great asset in 
dealing with the complexity of our microprobe structure and the optimization of its performances.  

This work demonstrates how the ANN succeeded in predicting the microprobe performances by training AI 
model with dataset generated by simulations using 3D-TLE (Transmission Line Extractor) according to its 
geometrical parameters, material properties, and working frequency for an NMR spectroscopy application. 
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2. Materials and Methods 
2.1. Microprobe Sensitivity criterion definition 

Microprobe sensitivity can be defined as the ratio of the SNR and the sample concentration ([𝐶]):   

𝑆! = 	 "#$
[&]

                                                     
(1) 

With SNR defined by: 

𝑆𝑁𝑅 = 	 ()*+,-
+.)(/

∝ 𝜔0𝐵0𝑉/
1!
)

2
34".6.$.78

                                       

(2) 

Where  𝜔0 is the angular resonance frequency, 𝐵0 is the static magnetic field,	𝑉/ 	is the volume of the sample, 1!
)
	 

is the RF magnetic field by a current 𝑖, 𝑘1 Boltzmann constant, T is the system temperature, R is the microprobe 
resistance and 𝛥𝑓 the bandwidth. In the literature, the 𝑆𝑁𝑅 formula is reduced to:       

𝑆𝑁𝑅	 ∝ 	1	ɳ	𝑄                                 
(3) 

In the optimal case of the filling factor		ɳ	 ≈ 1, the probe sensitivity is quickly evaluated by the Q factor that is 
easy to calculate from the frequency response of the circuit [5].                              
 

𝑄 = 9:#
$

           
(4) 

When the NMR  micro-coil is miniaturized, the noise would essentially come from the microprobe resistance  
[6],  given the sample noise becomes negligible [5]. Thus, the equivalent microprobe resistance is defined by the 
following equation:  

                                                                           𝑅;& ≈ 𝑅<& + 𝑅= + 𝑅>?.@)A)BC                                                     
(5) 

The AC resistance includes the ‘ohmic’ values of all wires in presence, the static resistance due to the skin effect 
[7] and the one of proximity effect [8] that is usually neglected.   

So, the AC resistance was calculated by:      

𝑅;& = 𝜌 D-$%&
E=(BGHID=)

            
(6)  

Where the skin thickness(	𝛿)  is defined by:    𝛿 = ;
K
EL8

                                                     

(7) 
With:  µ,  Magnetic permeability of the wire [𝐻𝑚I2], 𝑓, alternating current frequency [𝐻𝑧], 𝜌,  electrical 
resistivity [𝑆𝑚I2] and   𝑙,M*, length of the copper stripline [mm]. 

2.2 Microprobe designing and simulation 

The microprobe dataset was generated by performing a numerical simulation of microprobe Resistance and Q 
factor thanks to the 3D-TLE (Transmission Line Extractor) platform and ADS (Advanced Design System) 
software. We simulated the micro-coil part, designing four geometries (rectangular, square, circular and 
Ellipsoidal). 3D-TLE, the homemade software, helped extract the transmission line electrical parameters [9]. So, 
we could deduce the microprobe resistive losses. Figure 1 summarizes the blocks diagrams representing the main 
steps to simulate microprobe performances.   Thanks to this, we generated 6528 observations, used for training, 
validations and test. The microprobe dataset includes four micro-coil geometries, eight working frequencies 
(from 200 MHz to 900 MHz), and two substrate types (glass and silicon). 
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Fig. 1.  Block diagrams of the simulation methodology: TLE user interface to 3D micro-coil mode 
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2.2. ANN Modelling 
The Artificial Neuronal Network (ANN) was developed using the 
MATLAB Toolbox, Deep Learning (DL). Figure 2 shows the ANN shallow 
architecture we used for AI model training. Note that, between the input 
layer (Predictors) and the output layer (Targets), there is only one hidden 
layer that we optimized making trial testing. As hyper-parameters, we use 
a hyperbolic tangent (tanh) function activation for the hidden layer and a 
Rectified Linear Unit (ReLU) for the Output layer. To train our model, we 
developed a custom-made script to automatically test a different number of 
neurons from the hidden layer. That script allows choosing the optimal 
amount of neurons from the hidden layer in terms of RMSE (Root Mean 
Square Error) and Test dataset performance.  

 
Fig. 2.  ANN architecture for 

Microprobe dataset training model.

3. Results 
The following table summarizes the Model Testing performance. We have three prediction cases, 1st model predicting 
both targets together, 2nd and 3rd for each performance parameter separately (Q factor or Resistance). 
 
 
 
 
 
 

Tab.1. Performance from different ANN architecture for three target cases. 

Figure 3 shows that microprobe Q-factor, resistance prediction, and the corresponding true data values from the ANN 
model are in good agreement. Thus, with this ANN model we are able to accurately predict the Q factor and its 
Resistance of any microprobe. 

 
Fig.3. The microprobe parameters prediction and the true value after the trial number optimization 

4. Conclusion 
Throughout our study, we demonstrated that our 3D-TLE platform combined with Machine Learning (ML) represents 
a new and powerful tool to improve NMR microprobes performances. We are able to predict the microprobe 
performance based on its geometrical parameters for four different shapes, materials electrical properties and working 
frequency. We were able to predict the Q-factor very accurately (RMSE = 0.0316, which corresponds to 99.79% of 
the model accuracy in the Test performance). The resistance prediction, in that case, is about 91.34% accurate and 
still need some enhancement. 

Q factor Resistance (Ω) 

 
Targets 

ANN RMSE <R²> 
(%) 

[R_probe   Q_probe] 12 : 52 : 2 0.977 96.56 
[Q_probe] 16: 48 : 1 0.032 99.79 
[R_probe] 15 : 44 : 1 0.042 91.34 
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The proposed ANN Model can be applied to the designing and optimization of RF coils and microcoil used in MRS 
or MRI application. It provides, in short time, very accurate performances parameters information for a rapid 
comparison of different NMR coil designs. 
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Abstract 
Microwave Imaging (MWI) Technique for Early Breast Cancer has been studied during the last years with several 
Microstrip Patch Antennas (MPA) configurations due to their ability to detect the electrical footprint of biological 
tissues. These antennas had shown advantages concerning the space resolution, portability, effective-cost, 
flexibility, and easy-fabrication. This study reports an overview about the essential characteristics to consider 
while designing these Ultra-Wide-Band (UWB) MPA and their variations in the use of Radar configuration for 
MWI. Our work aims the development of optimal RF sensors working inside the unlicensed spectrum frequencies 
defined by the Federal Communications Commission (FCC) and European Telecommunications Standards 
Institute (ETSI). This analysis is done using theoretical formulations about MPA, and data mining from 
automated antenna simulations using CST Microwave Studio and MATLAB API. This research also includes a 
comparison between different dielectric substrates, different dimensions, reflection-coefficient, and discussions 
about gain analysis with manufacturing reproducibility over identical UWB antennas. 

Keywords: Microstrip Patch antennas, Microwave imaging, Microwave measurement, Radar Imaging, Ultra-
Wide-Band, Data mining, Breast-Cancer. 

1. Introduction 
Breast Cancer deaths in 2021 are estimated to be around 43,600 for the USA [1] and more than 93,571 for Europe 
[2]. Today is known that early diagnosis increases the survival chances among patients, and they require less 
extensive treatments [3]. Recently the Microwave Imaging (MWI) System has been confirmed by several authors 
to be one of the most efficient non-invasive, cost-effective, easy-to-use, Breast Cancer detection technique. MWI 
is reported with an accuracy around 80 – 90 % for Breast Tumor detection compared to other systems like X-ray 
with 70.2%, MRI with 72.9%, Ultrasound with 67.8% and Clinical examinations with 63.6% of accuracy to 
detect malignant Tumors [4], [5]. 

However, to work with these MWI systems in Radar Configuration, a UWB antenna is needed as sensor, a key 
part of the imaging system. Our work present different UWB Microstrip Patch antenna variations with working 
frequency shift inside the MW unlicensed spectrum-range as established by the FCC in the USA (3.1-10.6 GHz) 
and the ETSI in Europe (3.4-8.5 GHz) [6]. 

The MWI is typically used in two configurations, Radar or Tomography. Both can create an image from the 
breast; however, they have different advantages.  

i. The Radar is known as a Qualitative Imaging (approximative), because doesn’t require complicated 
computation, only weak a priori information is needed. It has good spatial resolution and is sensitive to 
changes of tissue distribution.  

ii. The Tomography is a Quantitative Imaging (Exact Calculation), which requires complicated computation 
(forward problem), a priori information is usually needed. Tomography has low spatial resolution, and is 
quantitative only in terms of its ability to calculate the value of dielectric permittivity of the imaged object or 
tissue [7]. 

For simplicity, effective cost, and good accuracy, the Radar configuration is more interesting. Its working 
frequency range requires being UWB to transmit Microwaves in different frequencies that will interact differently 
with the sample under test or tissues and will have different penetration depths to make the microwave image.  

2. Materials and Methods 
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2.1. UWB Microstrip Patch Antenna (UWB-MPA) Design 

Microstrip Patch Antenna electrically looks bigger than its physical dimensions because of the fringing effects. 
To avoid this phenomenon, the length of the patch has been extended on each side by ∆L, Fig. 1. 

 
Figure 1 : Diagram of Microstrip Patch Antenna [8]  

∆L is in function of the effective dielectric constant εeff and the width-to-height ratio (W/h). Then the effective 
length of the patch is given by equation (1), where (L) is given by equation (2). 
 

	𝐿!"" = 	𝐿	 + 	2∆𝐿	 (1) 
𝐿 = 	𝜆	/	2	 (2) 

Another way to avoid the fringing effects, one can use an effective dielectric constant (εeff), and the (Leff) to 
calculate the real (L) length with the real dimensions [8]. First is required to specify (εr’) substrate dielectric 
constant, (fr) resonance frequency in Hz (or fc = central frequency in our case of UWB), and (h or SH) thickness 
of the substrate. Then it is possible to determine the following elements using the design procedure described in 
Fig. 1 and the equations numbered from (3) to (13). The Microstrip Patch Antenna dimensions and characteristics 
are: (W) Width of the patch, (εeff) Effective dielectric constant, (∆L) Length difference, (Leff) Effective length, (L) 
Length of the patch, (Fi) Feeding inset, (Gpf) Gap patch-feedline, (ML) Microstrip-feedline length, (Wg) 
Substrate width, (Lg) Substrate length, (GL) Ground length, and (Wf) Width of feed.  

The design procedure is done by resolving the following formulas in the presented order. 
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𝑐

2𝑓#>𝜀!""
 (6) 

𝐿 = 𝐿!"" − 2∆𝐿 (7) 
𝐿𝑔 = 2	 × 	𝐿 (8) 
𝑊𝑔 = 2	 × 	𝑊 (9) 

𝐹𝑖 =
(6ℎ)
2  (10) 

𝐺𝑝𝑓 ≈ 0.25 < 𝐺𝑝𝑓 < 	1 (11) 
𝑀𝐿	 = 	𝑊 (12) 
𝐺𝐿	 = 	𝐿𝑔 (13) 

 
Where c is the free-space velocity of light, Gpf is usually 1 mm, Wf is found using a matching simulator to have 
50Ω of input impedance transmission line (like CST impedance matching assistant), fr is the frequency of 
resonance and all the other determined values are specific distance-constrains for the microstrip patch antenna 
(Fig. 1) [8], [9]. 

2.2. Antenna Fabrication and Characterization setup 

The designs and simulations of these antennas were done using CST Microwave Studio, after considering the 
previous formulas. Our specific working frequency was defined ranging from 3.4 GHz to 4.5 GHz because of the 
overlapping Unlicensed Frequencies (3.4 GHz - 8.5 GHz) & our Vector Network Analyzer (VNA) measurable 
frequency range (200 MHz – 4.5 GHz). 
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Figure 2 – (a) Generic Microstrip Patch Antenna CST Simulation, (b) SolidWorks Exploded view, (c) specific 
UWB for our application of Early Breast Cancer Detection. 

This study includes the simulation of generic UWB-MPA parametric analysis to understand the overall behaviors 
of these kind of antennas (Fig. 2). For all our UWB-MPA antennas, we selected the substrate FR-4 with dielectric 
constant of 4.3, thickness of 1.6 mm, and double 35 µm layer of copper. 

3. Results: Generic UWB-MPA Characterization and Parametric Analysis  

 

 
Figure 3 – UWB MPA Parametric frequential analysis: (a) substrates dielectric constant, (b) substrate thickness, 
(c) width of patch, (d) width of substrate, (e) length of patch, (f) length of substrate. 

Various UWB MPA antennas were simulated using CST MW Studio. Their behavior was recorded and analyzed 
by changing individually each of their following parameters (SH), (Mt), (W), (Wg), (L), and (Lg).  
An identified tradeoff exists between the dielectric constant and the thickness of the substrate, (Fig. 3 (a) & (b)). 
The desired substrate for larger bandwidth is with lower (εr) and higher thickness, but at expense of bigger size 
[8]. The metal layer thickness did not show any significative impact in the Microstrip Patch antenna resonance. 
Wider patches (W) resulted in a bigger bandwidth.  

However, the dimensions of the other parameters need to be optimized at the same time than (W) changes to 
avoid resonance loss. For UWB antennas, less wide (Wg), substrates (Fig. 3 (d)) were better, as they increase the 

(a) (b) (c) 

(a) (b) (c) 

(d) (e) (f) 
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resonance of the antenna with minimal bandwidth reduction. The length of the patch is usually known as L=λ/2, 
but for UWB this can be taken as the ƒc (central frequency) of the bandwidth. A common sense is to increase (L) 
for lower frequencies, or lower (L) for higher ones (Fig. 3 (e)). For the parameter Substrate length (Lg), more it 
is increased more it increases the efficiency of the transmit power (Fig. 3 (f)). 

4. Conclusion 
In this paper, we have presented the design and parametric analysis of a generic UWB Microstrip Patch Antenna 
in free space medium conditions with the objective to diagnose early breast cancer. The proposed antenna is 
relatively small with the size of 12 x 18 x 1.6 mm3. The calculated return loss coefficients show that this antenna 
has a good ability to detect tumors inside the breast using a working multi-frequency range. The future work is 
to adapt this behavior of UWB antennas to keep a working frequency inside the 1 GHz to 4.5 GHz interval (range 
of our VNA), and inside 3.4 GHz to 8.5 GHz (the unlicensed range of Europe and USA), with enhancements of 
gain, radiation efficiency and specific absorption rate, for authorized clinical trials tests. 
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Abstract 
CRIM-TRACK, an artificial sniffer dog, employs a colourimetric sensor system to monitor the colour change of 
chromic dyes when in contact with the vapours of illicit molecules (analytes) for detection and identification of 
substances. Within, the interaction of illicit chemicals and chromic dyes have been studied in solution using 
Proton Nuclear Magnetic Resonance (1H NMR) spectroscopy and Ultraviolet-Visible (UV-Vis) 
spectrophotometry, to validate data generated from detection experiments using CRIM-TRACK sniffer. 1H-NMR 
revealed the colour change mechanism induced by benzyl methyl ketone (BMK), a precursor chemical of 
methamphetamines, was hydrogen bonding between the BMK and specific dye molecules. It also revealed that 
hexamine (HEX), an explosives precursor, induced a colour change by formation of ion pairs with the specific 
dye molecules. The colour changes detected by CRIM-TRACK were confirmed by UV-Vis where a shift in 
absorption wavelength and/or a change in absorbance occurred. 

Keywords: chemical precursors, detection, colourimetric sensor, CRIM-TRACK sniffer system, NMR, UV-Vis 

1. Introduction 
The manufacture, trafficking, selling and use of illicit drugs, explosives and their chemical precursors are 
controlled internationally to try and reduce their socio-economic impact on society. Examples of these impacts 
include the €30 billion a year European Union illicit drug market [1], and the Manchester Arena bombing that 
killed 22 [2]. To minimise the impact of these substances, instrumental techniques such as ion mobility 
spectroscopy, and trained dogs are the main methods currently employed by law enforcement agencies to detect 
explosive and illicit drug materials [3]. 

A complimentary detection device, the CRIM-TRACK sniffer device, is currently in development [4], [5]. This 
device utilises a colourimetric sensor system to detect and identify illicit substance by monitoring and analysing 
colour change of chromic dyes printed on a chip during contact with the substance’s (analyte’s) vapour. Data 
obtained using the CRIM-TRACK sniffer device with the analytes benzyl methyl ketone (BMK), a 
methamphetamine precursor and controlled chemical, and hexamine (HEX), an explosives chemical precursor. 
It reported that 4-methoxy-4’-hydroxyazobenzene (DAB4) and bromocresol green (SP6) dyes respond – change 
colour – to BMK and HEX, whilst 1-hydroxyanthraquinone (AQ2) does not.  

Validation of sniffer results was performed by characterising selected dyes from the chip and analytes in solution 
using NMR spectroscopy and UV-Vis spectrophotometry, then characterising analyte:dye mixtures at different 
ratios, and comparing the mixtures’ data to the single components’. NMR spectroscopy revealed structure 
changes and UV-Vis to colour changes through wavelength and absorbance variations of the analyte:dye 
mixtures. This allows investigation into the analyte-dye interactions and confirmation of colour changes detected 
by CRIM-TRACK sniffer, something that has not been previously investigated by other research groups who 
also study colourimetric sensor systems using chromic dyes for detection purposes [6].  
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2. Experimental 
2.1 Materials 

4-Methoxy-4’-hydroxyazobenzene (97% purity, DAB4) was synthesised in house at Cranfield University [7]. 
Bromocresol green (95%, SP6) benzyl methyl ketone (99%, (BMK)) and hexamine (99%, HEX) were obtained 
from Sigma-Aldrich, 1-hydroxyanthraquinone (>95%, AQ2) from Tokyo Chemical Industry, Ltd. Chloroform 
(CHCl3) (stabilised with 0.6% ethanol) and deuterated chloroform (CDCl3) (with molecular sieves; D, 99.8% and 
0.025% v/v tetramethylsilane (TMS)) were obtained from Sigma-Aldrich and Cambridge Isotope Laboratories, 
Inc respectively. All commercially sourced chemicals were used as provided.  

2.2 Methods 
1H NMR spectra were recorded on a Bruker Ascend 400 MHz spectrometer in CDCl3, with TMS as reference, at 
ambient temperature for 32 scans. 2 mM dye and 0.25 M analyte solutions in CDCl3 were freshly prepared before 
the experiments. 750 μl dye solution was placed in a standard 5 mm NMR tube and the spectra recorded. 6-300 
μl aliquots of the analyte solution were then added, and the NMR spectra recorded at 1:1, 5:1, 10:1, 50:1 and 
100:1 mol/mol analyte:dye ratios. Processing and analysis of data was carried out using Bruker’s TopSpin 
software. 

UV-vis spectra were recorded using a Cary 50 & Thermo Scientific Evolution 220 UV-VIS spectrophotometer 
and a far UV silica cuvette with 10 mm path length at room temperature. 0.025 mM and 0.05 mM 2 mM dye 
solutions and 2.5 mM and 5 mM analyte solutions in CHCl3 were freshly prepared before the experiments. 

Mixtures at 50:1, 100:1, 150:1 and 200:1 mol/mol analyte:dye ratios were prepared using the 0.05 mM dye and 
5 mM analyte solutions. The 0.025 mM dye and 2.5 mM analyte solutions were recorded to provide the curves 
of the single components for the creation of a predicted 100:1 curve. These are the same concentrations that are 
present in 100:1 mixture. The predicted 100:1 is the sum of these curves, assuming additive behaviour. All UV 
spectra were recorded in triplicates and the data averaged. 

3. Results & Discussion 
BMK and HEX were chosen as analytes as they have ketone and amine functional groups respectively, so were 
expected to potentially interact differently with the dyes. They are common chemical precursors for the 
manufacturing of methamphetamine and explosives respectively. DAB4, SP6 were chosen to represent two 
different families of responsive dyes on the CRIMTRACK microchip (colour changing) while AQ2 dye was 
chosen as negative non-responsive dye on the microchip. The chemical structures of these chemicals are shown 
in Figure 1. 

 
Figure 1: Structures of analytes (BMK and HEX) and dyes (DAB4, SP6 and AQ2) with carbons numbered for 
DAB4 and SP6 
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3.1 BMK: Dye Interactions 

During preparation of NMR mixture samples, no visible colour change was observed. The dye solutions remained 
same the pale yellows on addition of BMK. No formation of a new product is seen in the NMR spectra of the 
BMK:dye mixtures, nor any changes in the chemical shift of the BMK peaks. Downfield shift of the hydroxyl 
peaks of DAB4 and SP6 by 0.01 ppm at 1:1 BMK:dye ratio was discerned which increased in magnitude with 
increase in the ratio of BMK (+0.6 ppm and +0.4 ppm at 100:1 respectively). No effect on the chemical shifts of 
AQ2’s protons was seen at any ratio, confirming AQ2’s assignment as a non-responsive dye from the sniffing 
data.  

No visible colour change was observed during the preparation of the UV-Vis mixture samples. Non-additive 
behaviour was indicated in both DAB4 and SP6 mixtures as the experimental 100:1 and predicted 100:1 curves 
did not align - there was a hyperchromic shift (to greater absorbance). Additive behaviour was however observed 
with AQ2. Isosbestic points (where curves of mixtures at different ratios cross, Table 1) in all BMK:dye mixtures 
confirms that only the single components are present in the solution, and that there is not a third covalently formed 
product. There was no shift in λmax of DAB4 or AQ2, but for SP6 there was a hypsochromic shift (to shorter 
wavelength) by 3 nm. 

The NMR and UV-Vis data combined indicates weak electrostatic interactions between BMK and DAB4, and 
BMK and SP6 in solution. After consideration of the structures (Figure 1), it is believed that there is weak, non-
covalent and reversible hydrogen bonding interaction between hydroxyl groups of dyes and ketone of BMK. This 
would account for the deshielding of the hydroxyl protons. This does not occur with AQ2 as it has a stronger, 
intramolecular hydrogen bond in place already between the ketone and adjacent hydroxyl group (Figure 1). 

 

Table 1: UV-Vis Spectrophotometry Data 

3.2 HEX: Dye Interactions 

 
Figure 2: 1H-NMR (CDCl3, 400 MHz) spectra of HEX:DAB4 0:1 (black line, bottom) and 1:1 (red line, 

top). 

 

 Wavelength, λ (nm) 
DAB4 BMK:DAB4 HEX:DAB4 SP6 BMK:SP6 HEX:SP6 AQ2 BMK:AQ2 HEX:AQ2 

λmax 357 357 357 412 409 415 406 406 406 
Isosbestic 

point  308 245  318 252  317 241 
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Figure 3: Aromatic region of 1H-NMR (CDCl3, 400 MHz) spectra of HEX:SP6 0:1 (black line, bottom), 1:1 (red 
line, middle) and 5:1 (green line, top). 

The pale yellow SP6 chloroformic solution became a bright yellow mixture upon addition of HEX, but no colour 
changes of DAB4 and AQ2 mixtures were visible by eye. As in the BMK:dye mixtures, the NMR data illustrated 
that there was no formation of a new product and no changes to the chemical shift of the analyte, HEX. On 
addition of HEX to DAB4 from 1:1 and SP6 from 2:1 onwards, the hydroxyl proton peaks’ intensity decreases 
to 0. In DAB4, a minor upfield shift (-0.01 ppm) of the chemical shifts of aromatic protons attached to carbon 
atoms 3’ and 5’ is observed (Figure 2), determined to be due to greater inductive effect by O-

 than OH, caused by 
deprotonation by HEX. The chemical structure of SP6 changes on addition of HEX – the sulphonate ring opens. 
This is clearly indicated by the additional peaks and changes in the chemical shifts and multiplicities of the 
aromatic peaks at 1:1 and 5:1 ratios (Figure 3). In the same manner of BMK:AQ2, no effect on the chemical 
shifts of AQ2’s protons was seen at any ratio. 

The same colour change of pale yellow to bright yellow was observed during the preparation of the HEX:SP6 
mixtures for UV-Vis as was observed during the NMR experiments. As with the BMK:dye mixtures, HEX:DAB4 
and HEX:SP6 indicated non-additive behaviour due to hyperchromic shift, and HEX:AQ2 displayed additive 
behaviour. Isosbestic points (Table 1) in all HEX:dye mixtures confirms that only the HEX and dye are present 
in the solution and that there is not a third product. Once more, there was no shift in λmax of DAB4 or AQ2, but 
for SP6 there was a bathochromic shift (to longer wavelength) by 3 nm. 

The observations gained from NMR and UV-Vis together indicates that chemical interaction, in solution, occurs 
between HEX and DAB4 and HEX and SP6, but not between HEX and AQ2. It is believed that there is strong, 
non-covalent, irreversible ion-pair formation by deprotonation of the hydroxyl protons which cannot occur with 
AQ2 due to its strong, intramolecular hydrogen bonding. 

4. Conclusions 
The interactions of analytes, benzyl methyl ketone (BMK) and hexamine (HEX) with three dyes, 4-methoxy-4’-
hydroxyazobenzene (DAB4), bromocresol green (SP6) and 1-hydroxyanthraquinone (AQ2) were investigated in 
chloroformic solutions. Proton NMR spectroscopy of the mixtures determined the detection mechanism of BMK 
to be hydrogen bonding and the detection mechanism of HEX to be ion-pair formation by deprotonation when 
using DAB4 and SP6 dyes. UV-Vis spectrophotometry of the mixtures recorded colour changes not seen by eye 
and determined cause of colour change: change in absorption amount and/or change of wavelength absorbed. 
BMK did not induce a visible colour change in the dyes but had a slight increase in absorption whereas HEX had 
both, changing from pale yellow to bright yellow at a different wavelength in solution. This has validated data 
from CRIM-TRACK sniffer experiments that reported that DAB4 and SP6 dyes responded to BMK and HEX, 
whilst AQ2 did not. 
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5. Future Work 
Using the methodologies laid out in these proceedings, it is planned to analyse the interactions of other illicit 
substances such as methamphetamine hydrochloride, cocaine, and precursor chemicals with responding chromic 
dyes to further validate sniffer data. 
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Abstract 
In this study, we aim to develop graphene-based resistive gas sensors decorated with nanoparticles for 
the detection of sulfur containing pollutants. In this paper we prepared reduced graphene oxide (RGO) 
by chemical reduction of graphene oxide (GO) using a reducing agent. We achieved an efficient 
decoration of the RGO with metallic nanoparticles (NPs) such as Cu, Pd by chemical route and 
physical route through thermal evaporation. The decorated material (RGO/NPs) is deposited by drop 
casting on interdigitated electrodes and used as resistive sensors. After the morphological and 
electrical characterization of these layers, we discuss the sensing performance of the RGO/NPs under 
H2S. The sensing behavior of the RGO under H2S exposition at room temperature and high 
temperatures is discuss and a specific behavior related to n-p transition is highlighted. 

Keywords: graphene oxide, graphene, gas sensors, H2S, reduced graphene oxide, resistive sensors, 
metal decoration 

1. Introduction 
Hydrogen sulfide (H2S) is a pollutant that affects health and environment. It is considered as toxic gas, 
and fatal if inhaled at higher concentrations. H2S is emitted by several sources as industrial processes 
and decomposition of organic matter, the effects on human body go from a pungent odor, irritation of 
eyes and breathing system, impairment of nervous system to death [1]. This gas is regulated in 
occupational environment, for example in France the exposure limit value for H2S on a short period 
(15 minutes) is 10 ppm [2]. So for all these reasons, its control and monitoring in air quality for safety 
and health is necessary. The sensing material chosen for our sensors is based on graphene and its 
derivatives. Graphene is a two dimensional material, is a one-atom-thick layer of carbon atoms. It’s 
used in gas sensors applications for its large surface area available for interaction with gaseous species 
and for its electrical properties especially in resistive gas sensors [3]. However, its applications are 
limited because of its zero bang gap [4]. One solution is to oxidize the graphene to open or tune the 
gap [5], [6]. Thus, the generation of oxygenated groups through oxidation allows to create active sites 
for our resistive gas sensors. But depending on the oxidation level, GO can become too resistive, and 
less interesting for our purpose. For this reason, reduction processes are used to limit the oxidation 
rate. This reduction process works as the removal of a part of the oxygen containing functional groups, 
producing a less resistive material. Due to its defects and functional groups, RGO, is a good candidate 
for gas sensing applications. The decoration by metallic nanoparticles is widely used for the 
improvement of the sensitivity and will allow to target toxic gases such as H2S [7]. Furthermore, by 
creating specific interactions with these gases the decoration seems to be a key point to solve the 
sensor selectivity problem inherent to all sensors. In this study, the RGO is prepared by chemical route 
and decorated by two methods, chemically and physically. After the morphological and electrical 
characterization, the sensing materials are deposited on resistive transducers and exposed to H2S. 

2. Materials and methods 
2.1.  Preparation of RGO and metallic decoration 

In this work, GO flakes are chemically reduced with sodium citrate to produce RGO used as sensing 
material. 175mg of GO are firstly dispersed in water (150ml) and ethanol (30ml) and homogenized by 
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alternating heating and ultrasonic treatment to ensure a better dispersion. Then the reducing agent is 
added (1.6g sodium citrate in 15ml of water) to the dispersion which is maintained at 80°C under 
stirring. The resulting mixture is then filtered, washed and dried. The decoration was achieved in two 
ways: chemically and physically. The chemical decoration consists in reduction of metal ions using 
NaBH4 on the RGO. And the second was achieved by thermal evaporation of metals generating NPs 
on the RGO.  

To test sensing materials towards H2S, the RGO/NPs obtained chemically and physically are then 
deposited by drop casting on interdigitated electrodes. The resulting resistive sensors are then exposed 
to H2S at different concentrations and temperatures. 

2.2.  SEM and TEM characterization 

In order to morphologically characterize the RGO and the decorations, scanning electron microscopy 
and transmission electron microscopy (SEM and TEM) analysis was carried out and represented in the 
figure 1. 

Figure 1: SEM images of RGO (A) and chemically decorated RGO/Cu (B); TEM images of RGO 
(C), chemically decorated RGO/Pd (D) and physically decorated RGO/Pd (E). 

We observed graphene sheets which naturally present some ripples as in many graphene materials 
(figure 1A and 1C). Examples of SEM and TEM images showing the achievement of physical 
decoration of RGO are presented in figure 1E while those concerning the chemical decoration 
presented in Figure 1B and 1D. Apart from the ripples that are naturally occurring in graphene, we can 
identify in the images dots representing the nanoparticles decorated on the RGO matrix. Both physical 
and chemical decoration seem to highlight the decoration efficiency. The physical method presenting 
the more homogeneous distribution (figure 1E) than the chemical one (figure 1B and 1D) showing 
more aggregates. 

2.3. Electrical characterization 

The Current-voltage (I-V) characteristics were carried out before sensing performances studies. It is 
clear from the obtained curves shown in figure 2 that whatever the decoration method (chemical and 
physical), the sensing layers present ohmic behavior.  



Proceedings of SMS/EGF/NanoMed/Sensors 2021Joint Intl. Conference 
Milan, Italy, October 20 – 22, 2021 
DOI: https://doi.org/10.26799/cp-sms-egf-nanomed-sensors2021 

Page 3 

 
Figure 2: I-V characterization of RGO chemically (blue) and physically (orange) decorated with Pd. 

This ohmic behavior is also attested by the linearity and the R2 values and validates their use as 
resistive sensors. The figure 2 represents the case of Pd decoration, however decoration by other 
metals present also similar behavior. 

3. Sensors responses to H2S exposure 
3.1. Sensors responses of chemically decorated RGO 

The curves in Figure 3a and 3c represent the sensor responses of the RGO and chemically decorated 
RGO/Cu at 100°C towards H2S in the range 50 ppm to 90 ppm. The RGO alone in Figure 3a shows a 
decreasing resistance under H2S, indicating an n-type behavior. Indeed, H2S is a reducing gas, such a 
resistance decrease results from an electron charge transfer from the gas to the layer. In the same way, 
the chemically decorated RGO/Cu in figure 3c presents also a decreasing resistance indicating a n-
type behavior. In this case, of RGO, we also observed a continuous decrease of the resistance base 
line, that can be associated to the additional reduction of the matrix by the temperature [8]. The 
calibration curves (plotted as ΔR/R0 = (RGas-R0)/R0) represented in figure 3e allow to compare the two 
sensitivities. We note that the RGO/Cu shows a better sensitivity. In fact, we estimated from the 
calibration curves a sensitivity of 0.036%/ ppm for RGO/Cu against 0.018% for RGO. 

3.2. Sensors responses of RGO with physical decoration 

The sensor response of physically decorated RGO (RGO/Pd) towards H2S in the range 30 ppm to 90 
ppm at room temperature is represented on the Figure 3d. The RGO response after a thermal treatment 
in figure 3b, shows a decreasing resistance under H2S indicating an n-type behavior. The RGO/Pd 
follows the same tendency corresponding to an n-type behavior. The calibration curves in Figure 3f, 
allow to compare the two sensitivities at room temperature. Here again, at room temperature, the RGO 
decorated with palladium shows a better sensitivity than the RGO alone with a sensitivity of 
0.056%/ppm for the decorated RGO/Pd against 0.040%/ppm for the RGO. 

These results show the efficiency of the two decoration methods on the improvement of the 
sensitivity. The physical method because of its room temperature responsiveness and its higher 
sensitivity seems to be the best method. However, further investigations of these two methods with 
other metals need to be undertaken to conclude in the efficiency of one method over the other.  
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3.3.  Sensor responses of non-decorated reduced graphene oxide 

The last results to discuss is the behavior of RGO alone, exposed to H2S at room temperature, before 
and after thermal treatment (100°C). The sensor responses represent the variation of the resistance 
with time for RGO before and after thermal treatment. The responses as presented in figure 4a, show a 
p to n type transition due to the thermal treatment. In fact, the sensor response of RGO without 
thermal treatment shows an increase in resistance under H2S, indicating a p-type behavior, while after 
thermal treatment, the resistance of the matrix decreases, showing a n-type. This phenomenon 
indicating a change of the RGO type doping behavior is caused by the temperature. We presume that 
this behavior can be attributed to reduction process and is caused by the remaining oxygenated groups. 
We also note a loss in sensitivity after the transition (Figure 4b) and this could be explained by the 
additional reduction of the matrix by the temperature, thus reducing the rate of active sites. Studies are 
currently under investigation to explain the origin of this intriguing behavior. 

Figure 3: Sensor responses of the chemical and physical decoration of the RGO. Sensor 
response at 100°C a) and RT b) of the RGO non-decorated, sensor response at 100°C of the 

chemical decoration with Cu c), sensor response at room temperature of the physical decoration 
with 40Å of Pd d). calibration curves at 100°C e) and RT f). 

Physical  Chemical 
decoration 

a b 

e f 

d c 
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4. Conclusion 
We prepared reduced graphene oxide by chemical route and decorated it by metal nanoparticles 
chemically with reducing agent, and physically by thermal evaporation. We achieved an efficient 
decoration both chemically with Cu and physically with Pd. The sensors response of the RGO/NPs 
confirmed the improvement of the sensitivity of the material with these decoration methods. We also 
observed that the RGO doping type can be tuned with the temperature. The further investigations will 
be on the selectivity towards other pollutants, the optimization of the decoration to achieved a higher 
sensitivity and selectivity, and the understanding of the p-n transition.  
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Abstract 

Our research focused on the study of 50 nm CuPc thin films as a sensing layer for the development of 
ultra-sensitive microsensors for NO2 monitoring in the ppb range. Gas sensor characterizations under 
pollutant highlight very sensitive, repeatable and reproducible response towards NO2 even at low 
temperature. A very low detection limit of 4 ppb is performed at 60°C. Such microsensor can be used 
for high resolution air quality mapping in an urban environment. It can also be used in an early detection 
system for NO2 before the critical concentration. The effects of humidity and other interfering gaseous 
pollutants (H2S, SO2, O3 and COVs) on the sensor responses have been investigated. 

Keywords: Phthalocyanine, Nitrogen dioxide, ppb concentration range, Gas microsensor, Pollutant 
monitoring. 

1. Introduction 
Nitrogen dioxide, NO2, is one of the main gaseous pollutants that contributes to the formation of ozone 
and acid rain. Its presence into the troposphere contributes to the formation and modification of other 
air pollutants [1-3]. Taking into consideration its toxicity for human as well as on environment even at 
low levels and the non-significant decrease of its concentration in air, it's imperative to ensure a 
continuous monitoring of this gas into the low atmosphere. For such an application, the development of 
lower cost sensors than satellite experiments and sensors based on chemiluminescence for the detection 
of NO2 at the ppb level has attracted considerable attention in recent years as illustrated by many 
scientific papers on this topic and the increasing economic market of gas sensors. 

Encouraging performances have been performed on thin films based on molecular organic 
semiconductors, in particular free-phthalocyanine (H2Pc) and its metal complexes (MPcs) due to their 
special electrical and optical properties [6-10]. Their p-type semiconductor behavior is of great interest 
for NO2 detection in the practical environment because of their great reactivity with oxidizing species 
and its very low sensitivity towards reducing species. Their cheap synthesis, easy layering process and 
the great diversity of available molecules (diversity of central metal atom as well as peripheral grafting 
groups) make them attractive for the development of low-cost and conformable devices. Among 
metallophthalocyanines, Copper Phthalocyanine (CuPc) has been widely used for the detection of 
oxidizing pollutants, in particular NO2 with success and sustainability [10]. 

This paper deals with the sensing potentialities of nanometric layers of CuPc (thickness: 50nm) 
associated to conductimetric transducers aimed to developed high sensitive, selective and high-
resolution monitoring of nitrogen dioxide in air. 

2. Material and methods 

b-form Copper(II) Phthalocyanine (C32H16CuN8), named as CuPc, was purchased from Sigma- Aldrich 
company with a purity higher than 90%. Nanometric layers (CuPc: 50nm) were performed by thermal 
evaporation under secondary vacuum (P = 5.10−6 mbar). An automatic deposition control system 
associated with an in-situ quartz oscillator has allowed us to both control the thickness layered on the 
samples as well as the evaporation rate at 0.2 nm/s to achieve homogenous layers. After the deposition 
process, the layer thicknesses were confirmed by ellipsometric measurements. Such sensitive layers 
were realized onto 15mm² alumina substrates where were screen-printed interdigitated platinum 
electrodes on the upper side and a platinum resistive heater on the lower side. During each deposition 
process, the substrates were maintained at room temperature and no post-deposition thermal annealing 
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was performed. Interdigitated electrodes were polarized via 5V D.C and a data acquisition system 
(Keithley model 2700) acquired a voltage image of the electronic conductivity of the CuPc nanometric 
film.  

Infrared spectra of powdered materials and thermally evaporated thin films on silicon substrate were 
recorded by FT-IR spectrometer (Thermo Nicolet 5700). Surface morphology was probed using a 
scanning electron microscope (SEM) on thin film processed onto gold substrates. The SEM micrographs 
were obtained from a Cambridge Scan 360 SEM operating at 3 kV. 

For the determination of sensor responses and the assessment of gas detection performances, all the fluid 
circuit and measuring cell were made with PTFE in order to minimize the adsorption and decomposition 
of gas molecules on the internal surfaces. The carrier gas is generated from ambient air through silicate 
gel cartridge as dessicant and activated carbon columns as gas purifier to obtain dry and depolluted air 
named zero air. The pure and dry nitrogen dioxide NO2 is delivered by commercial cylinder of calibrated 
concentration purchased from Linde. For experiments, NO2 is diluted into zero air by computer-
controlled mass flow controllers. An in-situ temperature and humidity sensor (hydroclip HC2A from 
Rotronic) is used to have continuous information about temperature and relative humidity into the 
exposure chamber where implemented gas microsensor. 

Fig. 1:  Schematic of phthalocyanine-based conductimetric gas sensor 

3. Results and discussion 
The deposition of phthalocyanine thin films by thermal evaporation at low deposition range on substrates 
maintained at room temperature performs highly homogenous and amorphous layers. In order to 
characterize the morphology as well as the molecular organization of the surface, scanning electron 
microscope (SEM) was used on CuPc layers deposited onto a gold substrate maintained at room 
temperature. Images of the surface for two magnifications are reported in Fig. 2. At x104 enlargement 
(microscopic scale), the CuPc layers are globally smooth and constituted by fine grain crystallites on 
the surface (Fig. 2a). At nanometric scale (x105 enlargement), growth germs of nanowire are revealed 
by SEM micrograph in Fig. 2b. If columnar arrangements of the CuPc macrocycles are well-established 
for thicker layers (higher than 300nm), global amorphous organization is predominant for nanometric 
films (thickness < 100nm). Such amorphous organization increases the number of available gas 
adsorption sites into the layer volume, which further increases its sensitivity to gas. 
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Fig. 1:  SEM micrographs of CuPc layer with 104 (a) and 105 (b) enlargement, respectively 

The sensing performances at low temperature of a conductmetric sensor implementing 50 nm of CuPc 
exposed to low concentrations of NO2 were measured. The response of phthalocyanine-based gas 
microsensors strongly depends on the operating temperature and the time of NO2 exposure. Indeed, 
temperature strongly influences the adsorption/desorption ratio of gaseous species. As a consequence, 
the exposure time/ recovery time ratio must be selected to benefit from a significant variation of sensor 
signal as compared to noise (high signal/noise ratio) and a good level of reversibility to achieve 
repeatable measurements. To favor gas adsorption leading to higher conductivity variations and to 
prevent sensor drift induced by potential outdoor temperature variations, the optimized working 
temperature was set to 60 ° C for all measurements. Regarding the exposure times, the ratio 15min of 
NO2 exposure / 60 min for recovery has been was selected. The choice of this long recovery time, 
compared to the exposure time, is justified by the difficulty of removing the NO2 species adsorbed on 
the Phthalocyanine layer at low temperature with dry air. The sensor response was firstly determined in 
the 0-30 ppb range. Fig.3a shows the conductivity variations of microsensor versus time for NO2 
increasing concentrations. Six cycles were successively recorded, corresponding to six different NO2/air 
ratio ranging from 0 to 30 ppb with a concentration step of 5 ppb. As shown in the figure, the 
conductivity of the CuPc film increases during exposure to NO2 due to the oxidizing nature of the gas, 
even at very low concentrations. This is a typical response of a p-type semiconductor to an oxidizing 
analyte. The signal/noise ratio is high and despite the non-complete desorption of NO2 molecules from 
the sensing layer during recovery step under clean air, the magnitude of conductivity variation measured 
during proportionately increases with NO2 concentration. Fig. 3b depicts the NO2 calibration curve 
obtained from the results reported in Fig. 3a. It is defined by the variation of the conductivity of the 
CuPc-based sensor during exposure step with respect to the NO2 concentration in the range of 0 to 30 
ppb. The calibration curve is linear with a determination factor greater than 0,99. The sensitivity, 
calculated from the slope of the linear fitting is equal to 6,76.10-10 (Ω.cm.ppb)-1). If the sensitivity seems 
low, it is important to mention that metallophthalocyanines have very weak intrinsic conductivity too. 
However, their reactivity with oxidizing gases is high. Doping by gaseous molecules make them 
semiconductor with high extrinsic conductivity. From data reported from fig. 3, the threshold as well as 
the resolution are greater than 5 ppb. Moreover, these microsensors exhibit low power consumption 
because of low working temperature requested and low current due to the high resistivity of the sensing 
layer. The enhanced detection properties are probably due to the easy diffusion of gas molecules to the 
high density of available adsorption sites present into the sensing layer volume because of the reduced 
phthalocyanine layer thickness. 
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Fig. 2: (a) Typical dynamic responses of CuPc (50nm) based sensor in presence of NO2 (0–30 ppb) and 
dry air. (b) Conductivity variations of the sensor versus NO2 concentration. The operating temperature 
was set to 60°C. 

In order to assess the level of repeatability and to investigate a potential hysteresis, measurement during 
exposures to different increasing and decreasing concentrations have been performed.  Fig. 4a shows 
the conductivity of 50nm-CuPc layer maintained at 60 °C versus time for successive exposures to NO2 
with consecutive recovery under zero air in the 4-20 ppb concentration range. Moreover, two 
consecutive sequences were achieved in order to evaluate the repeatability of the microsensor. At first, 
the figure highlights that the evolution of conductivity with time during exposure steps are closely 
similar for the two sequences. Secondly, desorption profiles during recovery steps are closely similar 
too. The kinetics of adsorption and desorption remain unchanged as well as the magnitudes of 
conductivity variations. A very good repeatability is performed. Thirdly, as established by the calibration 
curve depicted in fig. 4b from the dynamic results reported in figure 4a., the change in conductivity 
versus concentration is linear. The small dispersion of experimental points for each NO2 concentration 
indicates clearly that the resolution is higher than the experimental concentration step chosen, i.e. 4 ppb. 

 
Fig. 3: response of the CuPc-based microsensor as a function of NO2 concentration at 60°C. The 
concentration range is 4–20 ppb with a 4ppb incremental step. (a) Conductivity variation versus time 
for two consecutive exposure sequences with increasing and decreasing concentration, (b) Conductivity 
variations extracted from results reported in fig. (a) versus NO2 concentrations. 

Fig. 5 reports the conductivity of the CuPc thin film maintained at 60°C as a function of time for five 
pollutants: Nitrogen dioxide NO2, Ozone O3, Sulphur dioxide SO2, Xylene C8H10 and toluene C7H8).  
The experiments were carried out successively on the same CuPc layer and the sensor was maintained 
at 60°C. It is therefore possible to compare the experimental results obtained for successive switchings 
between 50 ppb of each pollutant considered for 15min and dry air for 1h. These curves emphasize a 
partial selectivity, the microsensor being completely insensitive to interfering gases such as Xylene, 
Toluene, SO2, and H2S (not shown in the figure). In contrast, the great sensitivity of CuPc layers to 
oxidizing gases like NO2 and O3 is well known and confirmed in this low concentration range. Both 
NO2 and O3 produce a significant increase in conductivity, even at ppb level and low working 
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temperature. Although NO2 and O3 are two strongly oxidizing gaseous species that induce the creation 
of free charge carriers in the CuPc layer, a higher sensitivity to NO2 is noticeable. It can be seen from 
the figure that exposure of the CuPc layer to ozone results in an irreversible decrease in sensor 
conductivity. Such behavior is attributed to the irreversible breaking C-C double bonds of the 
macrocycles according to an ozonolysis process leading to the slow degradation of the surface as 
consequently the decrease in the density of active sites. Thus, mainly responsible of the decrease in 
sensor lifetime, O3 is the most prejudicial interfering gas when measuring NO2 in the real atmosphere 
for a CuPc-based gas sensor. Both to achieve a complete selectivity towards NO2 and to prevent 
premature ageing of the sensing layer by O3, chemical filters based on indigo, nanocarbons and hybrid 
materials can be implemented upstream microsensors as on-line pretreatment for selective ozone 
removal [11-13]. 

 
Fig. 4: Conductivity variations versus time of CuPc-based sensors maintained at low temperature (60°C) 
and exposed to 50 ppb of 5 different pollutants: NO2, O3, SO2, Xylene and Toluene. 

4. Conclusion 
Gas sensor characterization under pollutant highlight a very sensitive, repeatable, and reproducible NO2 
gas sensor with a very low detection limit of 4 ppb at 60°C. The effect of interfering air pollutants (H2S, 
SO2, O3, and BTEX) on the sensor response has been assessed: no sensor response was observed. A high 
level of selectivity was reached. It constitutes a great advantage for sensors aimed to be distributed in 
real environment. 
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Abstract 

The development of novel and highly active electrocatalysts for fuel cells towards the oxygen reduction reaction 
(ORR) is a core challenge for the widespread commercialization of such energy conversion technologies. 
Considerable efforts and significant achievements have been made in the field leading to the development of 
numerous ORR electrocatalysts with exceptional performance. However, most of these studies are focused on 
the performance of these catalysts on the rotating disk electrode (half-cell) level and only few data are available 
at a complete-cell level. In this work, we applied a simple microwave assisted method to realize platinum-cobalt 
alloyed nanoparticles, abbreviated as Pt3Co NPs, uniformly distributed on mixtures of nitrogen-doped graphene 
(NG) and Vulcan carbon (XC). The obtained Pt3Co NPs/NG-XC hybrid materials were complementary 
characterized and deposited onto the gas diffusion layer (GDL) towards the preparation of the membrane 
electrode assemblies (MEAs). The morphology and the surface properties of the catalyst layer were thoroughly 
examined. The effect of the NG to XC ratio on the polymer electrolyte membrane (PEM) fuel cell performance 
was investigated. According to the results, the optimum XC to NG ratio was found to be 10:90 and the 
corresponding catalyst exhibited a maximum power density of 0.4 W cm-2 at an operating temperature of 60 oC 
and Pt loading of 0.2 mg cm-2, outperforming not only the NG and XC based references but also the benchmark 
Pt/C catalyst. Notably, the exceptional performance was attributed to (i) the alloyed structure of Pt3Co NPs, (ii) 
the intriguing properties of NG as catalyst support as well as (iii) the unique 2D/3D micro-architecture and 
increased hydrophobicity of the catalyst layer. Overall, Pt3Co NPs/ XC-NG (90-10) is a highly efficient ORR 
electrocatalyst, revealing huge potential for application in practical energy conversion devices. 

Keywords: Polymer Membrane Electrolyte Fuel Cell; Electrocatalysis; Oxygen Reduction Reaction; Nitrogen-
doped Graphene; Alloyed Nanoparticles 

1. Introduction 
Nowadays, unprecedented energy demands have forced the research community to invest in alternative energy 
sources, including fuel cells. Polymer electrolyte membrane fuel cells (PEMFCs) have emerged as the most 
promising and environmentally friendly power sources for application in automobiles and portable electronics. 
The commercialization of such systems requires the development of new highly efficient and durable cathode 
electrocatalysts to accelerate the kinetically sluggish oxygen reduction reaction (ORR). In this regard, much effort 
has been devoted during the past decade aiming at either the development of catalytic nanoparticles with complex 
nanostructures (i.e., alloyed, core-shell) or the exploration of novel supports. Among the different supporting 
materials, graphene due to its large surface area, excellent electrical conductivity, and good chemical stability 
has been widely used as a platform for the construction of ORR electrocatalysts [1]. For most graphene-based 
electrocatalysts, their performances have been only evaluated in the half-cell test, showing a great potential for 
further use in PEMFCs; however, they cannot be accurate as they do not represent their activities and durability 
under real operating conditions. The main reasons can be summarized as following: (i) the mass transfer 
resistance (O2 diffusion) which is significantly eliminated in half-cell tests (rotating disk electrode, RDE, 
measurements) is dominant under PEMFC conditions; (ii) the lower active sites accessibility at the MEA level 
due to the triple-access (gas-liquid-solid) requirements; (iii) the high O2 concentration at PEMFC level results in 
water and heat management issues and last (iv) the different operating conditions (i.e. temperature, humidity, 
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etc.) of the fuel cells [2-3]. Therefore, there is a compelling need to be conducted more research on the 
performance of graphene-based electrocatalysts under practical conditions before their application in commercial 
PEMFC devices. 

Herein, we take the advantage of the excellent ORR electrocatalytic performance of the alloyed Pt3Co NPs at 
half-cell level [4] and we go beyond the state of the art by investigating the effect of different catalytic NP 
supporting materials on their PEMFC performance. In more detail, we enable mixtures of nitrogen-doped 
graphene (NG) and Vulcan carbon (XC-72R) at different ratios as platforms for the Pt3Co alloyed NPs aiming at 
a deeper understanding of the role of graphene as supporting material under real conditions. Overall, these results 
clearly suggest the incorporation of graphene nanosheets into the currently used Vulcan carbon support toward 
the development of high performance ORR electrocatalyst under practical PEMFC conditions and pave the way 
for the commercialization of the fuel cell technology. 

2. Experimental Part 
2.1. Microwave-assisted synthesis of Pt3Co NPs/ NG-XC hybrids 

Pt3Co nanoparticles supported on mixtures of N-doped graphene and Vulcan XC 72R were synthesized through 
a two-step dry-state microwave reaction followed by a post-annealing treatment. First, the appropriate amount of 
platinum(ii) acetylacetonate (Pt(acac)2) and cobalt(ii) acetate tetrahydrate ((CH3COO)2Co·4H2O), were dispersed 
in tetrahydrofuran (THF) and afterwards mixed with the proper ammonium nitrate (NH4NO3) dissolved in 
methanol.   The solution was poured into an agate mortar containing mixtures of NG and Vulcan XC 72R and 
ground until a completely dry powder had formed. The designed Pt to Co atomic ratio was 3:1 and the % Pt 
loading at the final hybrids 20% wt. Samples containing 0, 5, 10, 20 and 100 % NG were prepared. Next, the 
powder was loaded into a quartz crucible and placed in a dead-ended quartz tube connected to a custom modified 
household microwave oven (800 W), capable of supplying gases into the reaction vessel. After 1 h purge in a 
flow of Ar, the microwave oven was set to full power for 5 min. Afterwards, the chamber was purged with 5% 
H2 in Ar for at least 30 min after which the microwave oven was set to 50% power for 1 h. At the last step, the 
samples were placed in a tubular furnace and treated at 700 oC under 5% H2 in Ar atmosphere for 2 h.  

2.2. Physical Characterization 

X-ray diffractograms were acquired with a Panalytical X'Pert3 Powder diffractometer using a CuKα (λ = 1.5406 
Å) source. X-ray photoelectron spectra (XPS) were acquired with a Kratos Axis Ultra DLD spectrometer using 
a monochromated Al Kα source operated at 120 W. Scanning electron microscopy (SEM) imaging was carried 
out with a Zeiss Merlin field emission SEM operating with an accelerating voltage of 4 keV. Transmission 
electron microscopy (TEM) was performed with a JEOL-1230 microscope with an accelerating voltage of 80 kV. 
For the contact angle measurements, small individual water droplets were placed on the dry catalyst and measured 
with anoptical tensiometer from Biolin Scientific. The angles were fitted by the Young Laplace method using 
Attension software. 

2.3. Membrane electrode assembly (MEA) fabrication and characterization 

The fabrication of 5 cm2 membrane electrode assemblies (MEAs) was made by sandwiching pre-treated 
membranes (Type N212) between the anode and cathode electrodes. The cathode electrode was prepared by 
decorating a gas diffusion layer (type 28 BC carbon paper, Sigracet®) with the produced Pt3Co NPs/ NG-XC 
catalysts (loading of 0.2 mgPt cm-2). Catalyst deposition took place by spraying the appropriate catalyst ink (5 mg 
ml−1 catalyst in a mixture of Nafion solution (DuPont, Ion-Power 5 wt. %), distilled water and 2-propanol in 
0.3 : 8.7 : 1 volumetric ratio), followed by drying at 60 °C. The same procedure was followed for the preparation 
of the anode electrode using the commercial available 20% Pt/C catalyst instead. Membranes were pre-treated 
by heating for 1 h at 80 °C consequently in 3% H2O2, H2O DI, 0.5 M H2SO4 and H2O DI respectively and finally 
stored in H2O DI until usage. The MEAs were finally produced by hot-pressing with a pre-treated N212 
membrane for 4 min at 130 °C at 60 kg cm−2 pressure with a Stahls Hotronix® 6” × 6” heat press. The as produced 
MEAs were loaded into a cell fixture (quickCONNECT, Baltic FuelCells GmbH) with serpentine flow fields 
connected to a Scribner 850e fuel cell test system. The fuel cell was operated at 60 °C and 95% RH on both anode 
and cathode with gas flows of 100 ml min−1. Break-in procedures took place by operating the cell at constant 
potential of 0.55 V until reaching stable performance. 
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3. Results and discussion 
Alloyed Pt3Co nanoparticles with a 3:1 Pt to Co atomic ratio decorated on mixtures of NG and Vulcan XC 72R 
at different ratios (0:100, 5:95, 10:90, 20:80 and 100:0) were obtained in a two-step dry-state microwave reaction. 
In more detail, a dry mixture of the carbon supports (NG and Vulcan), metal precursors and NH4NO3 (oxidative 
agent) were successively exposed to microwaves under Ar and 5% H2 in Ar atmosphere, followed by a post-
annealing treatment in reductive atmosphere. The presence of NH4NO3 contributes to the controlled oxidative 
removal of carbonaceous species in the very initial stages of the NP formation yielding NPs with significant 
higher electrochemical active surface area (ECSA) according to our previous work [4].  The final post-annealing 
step not only allows the further reduction of the NPs but more importantly contributes to a better alloyed structure. 
The morphology of the as produced hybrid electrocatalysts was investigated via transmission electron microscopy 
(TEM) imaging. No significant differences between the samples were detected. A representative TEM image of 
Pt3Co NPs/ XC-NG (90:10) is shown in Fig. 1a. As it can be seen, the Pt3Co NPs are uniformly distributed on 
both carbon supports while their size was approximately 5 nm. The X-ray diffraction (XRD) patterns show an 
upshift of all Pt fcc peaks compared to the commercial Pt/C indicating the incorporation of the Co into the Pt 
lattice. The absence of separate peaks attributed to Co or Co oxides further confirms the alloyed structure of the 
Pt3Co NPs. Furthermore, X-ray photoelectron spectroscopy was employed to gain insight into the hybrids 
elemental composition. According to the results, C, O, Pt and Co were detected in all samples while N (as 
pyridinic N, pyrrolic N and graphitic N) was also detected in samples containing NG. The Pt : Co atomic ratio 
derived from the XPS was calculated around 2.6 : 1.0 in all cases, being close to the designed 3 : 1.  

The catalyst films were deposited onto the gas diffusion layer (carbon paper) via spraying method. Their 
microstructure and surface properties (hydrophobic behaviour) were thoroughly investigated by means of SEM 
imaging and contact angle measurements, respectively. Interestingly, SEM imaging revealed a 3D/2D porous 
micro-architecture for all Pt3Co NPs/ XC-NG based catalyst layers (Fig. 1b) due to the unique combination of 
NG and Vulcan XC 72R supports (NG acted as a spacer) contrasting the layer composed of the Pt3Co NPs/ NG 
catalyst. In that case, a compact structure of stacked 2D NG sheets was formed (Fig. 1b, inset). Next, contact 
angle assays suggested an increased hydrophobicity for all Pt3Co NPs/ XC-NG specimens. In more detail, their 
contact angle was found between 135o and 140o, being significantly higher than to that of Pt3Co NPs/ NG (115o) 
and Pt3Co NPs/ XC (118o) catalyst layers. 

The PEMFC performance of all Pt3Co/XC-NG catalysts was evaluated at an operating temperature of 60 oC and 
Pt loading on both anode and cathode of 0.2 mg cm-2. According to the results (Fig. 1c), the optimum XC to NG 
ratio was found to be 90:10 and the corresponding catalyst exhibited a maximum power density of 0.4 W cm-2, 
being 40 % and 15 % higher compared to that of Pt3Co/XC reference and commercial Pt/C catalyst, respectively. 
Actually, the addition of NG to the Vulcan not only allowed us to exploit the exceptional properties of NG (i.e. 
high electrical conductivity, affinity with metal NPs, chemical stability) [1] but also acted as spacer by yielding 
a catalyst layer with increased porosity and hydrophobicity. Both characteristics are essential when considering 
the application at MEA level as they ensure both a high utilization efficiency (accessibility of active sites) and 
an effective water management within the MEA (avoiding the flooding phenomena that typically lead to reduced 
performance) [2-3]. On the other hand, the surprisingly low maximum power density of 0.1 W cm-2 for the 
Pt3Co/NG hybrid was primarily ascribed to the low accessibility of the active sites due to the compact 
microstructure (stacked NG nanosheets) of the catalytic layer [3]. The later result highlights the significance of 
evaluating the electrocatalyst performance at full-cell level instead of only reporting their ORR activity at RDE 
level. 



Proceedings of SMS/EGF/NanoMed/Sensors 2021Joint Intl. Conference 
Milan, Italy, October 20 – 22, 2021 
DOI: https://doi.org/10.26799/cp-sms-egf-nanomed-sensors2021 

Page 4 

 
Fig. 1: (a) TEM image of Pt3Co / XC-NG sample; (b) SEM image of the Pt3Co / XC-NG catalyst layer. Inset: 
image of Pt3Co / NG catalyst layer; (c) PEMFC performance of all Pt3Co catalysts as compared with that of 
commercial Pt/C catalyst. 

4. Conclusion 
In summary, the fabrication of the Pt3Co/XC-NG hybrids, with different XC-to-NG ratios, as potential 
electrocatalysts for ORR, through a simple dry-state microwave-assisted procedure, was accomplished. TEM 
imaging along with complementary spectroscopic techniques (XRD and XPS) confirmed the successful 
formation of uniformly distributed alloyed Pt3Co NPs (with average size of 5 nm) onto the different carbon 
supports. The addition of NG to the Vulcan not only allowed us to exploit the exceptional properties of NG but 
also acted as spacer by yielding a catalyst layer with increased porosity and hydrophobicity as proved by SEM 
imaging and contact angle measurements. The hybrid material with the optimum XC-to-NG ratio, namely 
Pt3Co/XC-NG (90:10), demonstrated an excellent PEMFC performance (0.4 W cm-2 at an operating temperature 
of 60 oC and Pt loading on both anode and cathode of 0.2 mg cm-2), outperforming not only the XC and NG based 
references but more importantly the benchmarked Pt/C catalyst. Such exceptional performance was ascribed not 
only to the alloyed structure of Pt3Co NPs and the intriguing properties of NG but more importantly to the unique 
2D/3D micro-architecture and increased hydrophobicity of the resulting catalyst layer which ensure the 
accessibility of the active sites and the efficient water management at the MEA level. 
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Abstract 

Flexible and biocompatible memristive devices are particularly attractive for bioelectronic systems due to the 
interest in improving computing capabilities and the motivation to interface electronics with biological systems 
including drug delivery, neural interfaces and biosensors.  Structures made of more unorthodox, organic material 
can address different issues due to their characteristics: flexibility, conformability, biocompatibility and simple 
and low-cost fabrication. It has been observed that gating Graphene/Ionic Liquid (IL) devices leads to the 
formation of an electrical double layer (a thin layer of ions with a thickness of a few nanometers) at the 
graphene/IL interface due to the local potential difference which also controls the local conductivity. This 
structure provides a memristive mechanism based on a dynamic p-n junction formation along the channel. 
Motivated by this memristive behavior, graphene/IL devices were assembled with the aim of demonstrating 
memristive behavior and associative learning. This work investigates memristive properties of flexible graphene/ 
ionic liquid devices on polymer substrates. The I-V characteristics of these novel devices and switching 
mechanism are investigated. Two distinct topologies (single input, single output and double input, single output) 
of devices are manufactured and tested to mimic conditioning. It is observed that the application of voltage pulse 
trains of both positive and negative polarities increases the device conductance and allows larger currents to pass 
after repetitive excitation. This characteristic was exploited to condition devices and emulate associative learning. 

Keywords: memristor, graphene, ionic liquid, associative learning, neuromorphic applications 

1. Introduction 
There has been a shift in the evolution of electronics; while area constraints remain ever present, there is also an 
interest in improving the functionality of devices. The memristor is a fine example of a device which satisfies 
both requirements: it is small and has properties which introduce new functionality to electronics such as memory 
and nonlinear behavior, making it suitable for bioinspired circuits. Following this trend, biocompatible electronic 
material is increasingly being applied to biomedical applications. The key motivating factor here is that organic 
material is particularly suitable for interfacing electronics with biological systems including drug delivery, neural 
interfaces and biosensors [1]. Structures utilizing poly(3,4-ethylenedioxythiophene) doped with 
poly(styrenesulfonate) (PEDOT: PSS) [2] and ion gel [3] have yielded biocompatible and conformable circuits 
which allow healthy measurements without having to penetrate tissue by binding well to the curvilinear surfaces 
(such as the surface of the neocortex and hippocampus). Though memristors are more commonly fabricated with 
CMOS compatible processes, alternative material, as mentioned previously, is being investigated such as 
perovskites [4], chalcogenides [5], organic materials [6] and graphene [7], [8]. Structures employing more 
unorthodox, biocompatible material are fabricated to offer flexibility, conformability, biocompatibility and 
simple and low-cost fabrication. These devices can have diverse topologies, some reportedly have areas in the 
range of mm2 [9] and even cm2 [3]. The devices fabricated and investigated in the present work benefit from the 
low-cost, simple fabrication methods. 

Graphene/IL devices have been investigated due to their optoelectronic properties [10]. Electrical and optical 
properties of graphene can be electrostatically tuned [11]. When used with electrolytes or IL, gating graphene/IL 
devices leads to the formation of an electrical double layer (a thin layer of ions with a thickness of a few 
nanometers)  at  the graphene/IL interface [10] due to the local potential difference which also controls the local 
conductivity as seen in Fig. 1 (a). This structure provides a memristive mechanism based on a dynamic p-n 
junction formation along the channel. At low bias voltages, the p-n junction blocks the current flow through the 
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graphene and yields high resistive state (HRS) as seen in Fig. 1 (b). This self-formed p-n junction is under forward 
bias, therefore increasing the bias voltage lowers the potential barrier and enhances the current. Furthermore, the 
Dirac point shifts to negative voltages which increases the local doping. Combination of these competing effects 
yields a threshold voltage. After this threshold voltage, the device enters the low resistive state (LRS) where the 
condition for p-n junction is broken. As a result of this mechanism, it has been observed that 
graphene/electrolyte/graphene structures exhibit capacitance and resistance which are strongly dependent on 
input voltage [10]. This behavior is attributed to gate-induced change of Fermi energy of graphene due to the bias 
voltage. Maximum resistance (and minimum capacitance) is observed when carrier concentration is at a 
minimum. This quality is in fact very similar to the ionic movement in memristive devices [12]. It is not surprising 
that hysteretic I-V behavior has already been observed in other similar structures [13] as well as the graphene/IL 
devices studied in this work, since as with memristors charge carriers move due to an excitation signal and 
concentrate on one side of the device which leads to a time dependent resistance variation, upon reversing the 
polarity of the excitation signal, ions move to the opposite side of the device and opposite (incremental or 
decremental) change in resistance in time is observed. 

The graphene/ IL devices on flexible polymer substrates presented in this work exhibit I-V responses which are 
nonlinear and memristive with clear high resistive and low resistive states (HRS and LRS respectively). The 
devices assembled for the purposes of this work are not of the conventional sandwich-like memristor variety. 
They have a lateral dynamic doping profile which generates a lateral p-n junction as shown in Fig. 2. 

 
Fig. 1 Mechanism of ionic gating and hysteresis in graphene and graphene/IL devices (a) Variation of the sheet resistance 
of graphene with the gate voltage applied to the electrolyte. Graphene shows ambipolar transport for both electrons 
(VG>VD) and holes (VG<VD). Dirac point is around 0.1V. (b) Graphene/IL memristor:  I-V curve of graphene memristor 
depicting low (LRS) and high resistance state (HRS) with pinched hysteresis. Device layout is shown in the inset. (c) 
Schematic representation of a dynamic p-n junction formed on the graphene channel. The variation of the local potential 
redistributes ions in the electrolyte and forms dynamic doping on graphene (d) Variation of the local potential along the 
channel under a bias voltage. Ionic liquid behaves as a floating gate which yields position dependent gating. 

Associative learning is a process during which two seemingly independent experiences are mentally linked to 
one another. A familiar example of associative learning is the Pavlov’s dog experiment, where a bell is rung each 
time Pavlov’s dog is given food until finally the dog begins salivating at the sound of the bell even when there it 
is not presented with food. This learning mechanism whereby the body or brain begins to expect a certain type 
of stimulus after experiencing an independent stimulus is also called conditioning. This type of learning behavior 
which can be observed in memristive devices of various forms have been reported [14], [15]. 

Motivated by the myriad of intriguing qualities (tunable thermal radiation, electrochromic, memristive 
characteristics) of graphene/IL devices we assembled two different configurations of such devices with the aim 
of demonstrating memristive behavior and conditioning. These features could enable complex neuromorphic 
circuits that can emulate signal processing and conditional learning. 
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Fig. 2 Graphene/IL self-gated devices on flexible polymer substrates (a) Single input-single output device (b) 
Double input-single output device 

2. Device Characterization 
The graphene/IL devices are considerably different compared to majority of devices which are being and have 
been investigated with regards to memristive behavior, and are in the vein of the newer, biocompatible, flexible 
and low cost organic material based memristive devices. Their structure does not follow the common recipe of 
metal/oxide/ doped oxide/ metal [12]; therefore, it was important to conduct preliminary measurements to 
characterize these devices. The measurements presented in this work are taken from large samples (area in the 
order of cm2) as opposed to nano/micrometric devices. Another important reason for these preliminary 
measurements is to determine the input signal amplitude and frequency range for the experiments to follow. Not 
having much prior information with regards to where these devices operate, it was crucial to pinpoint frequency 
and amplitude response to determine pulse lengths and strengths. 

Graphene/IL devices were assembled on flexible polymer substrates. I-V measurements were performed by 
applying ac voltage signal of different frequencies to observe hysteresis and the variation of device behavior due 
to differing driving frequencies. A drawing of the single-input single-output devices measured in this capacity is 
depicted in Fig. 2 (a). 

3. Results and Discussion: Pulse Train Measurements for Learning Mechanism 
Fig. 4 shows the measurement results recorded after the application of identical pulse trains to flexible polymer 
substrate graphene/IL devices. What is expected from a typical bipolar memristive device is that its memristance 
will decrease due to a positive excitation signal (for a voltage driven device this will mean measured current will 
increase in value due to continuous positive driving voltage) and a negative input signal will lead to an increase 
in memristance (lowering the resulting measured current value). However, the graphene/IL devices exhibit the 
same switching direction in both positive and negative input cycles. As such, while the measured current response 
to positive voltage pulses is as expected (a decreasing memristance: HRS to LRS), the response to negative pulses 
indicate decreasing memristance. The memristance of the devices seems to increase during polarity switches, 
then decreases for both negative and positive inputs. Absolute value of current magnitude due to repetitive 
application of both negative and positive pulses increase. Once the driving signal is 0V, the device resets. It can 
be said that the current response is symmetrical. 

Fig. 3 depicts the characteristic pinched hysteresis loops for graphene/IL devices. The devices exhibit passive 
behavior: their I-V characteristics are limited to the 1st and 3rd quadrants. The frequency dependency is also as 
expected; higher frequencies lead to more linear behavior, hysteresis loops get wider for lower frequencies.  

It is also important to note that conditioning is demonstrated with these simple pulse train experiments. Voltage 
pulses periodically rise to 10V and fall back down to 0V. Had these devices merely exhibited linear resistance, 
the measured currents would look like a scaled version of the pulse trains, reaching a certain constant current 
value for every pulse. However, the nonlinear, time dependent I-V characteristic of the memristive graphene/IL 
devices is apparent in Fig. 4. The excitation is 0V between each pulse; thus, when the device resets, the measured 
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current is also 0A. Following the reset after both positive and negative cycles, the magnitude of measured current 
of the device begins to increase while being applied repeated pulse trains of the same polarity. This behavior is 
due to the increasing conductance of the graphene/IL devices resulting from being applied repeated pulses. 
Similar to physiological systems where the increase in channel conductance translates to more current being 
delivered to the post-synaptic neuron [16], the conductance of this device too increases due to repeated excitation 
and thus larger current flows through the device. 

 
Fig. 3 Hysteresis plots of Graphene/IL devices at 3 distinct driving signal frequencies. The plots get wider as 
driving frequency diminishes. The switching direction is denoted with arrows. 

 
Fig. 4 Flexible polymer substrate Graphene/IL device excited with repetitive positive and negative 10 V pulse 
trains. Current response shown in red. 

3.1 Two input one output device 

A two input one output graphene/IL device is assembled as shown in Fig. 2 (b). This configuration is different to 
the typical memristor topology; yet similar to multi-gated devices seen in literature [3]. This configuration allows 
mimicking associative learning. It is also useful in observing the behavior of different geometries of graphene/IL 
devices. 

Each pulse in Fig. 5 is 0.1s long. The graphene/IL device is driven with two distinct voltage pulse sources V1 and 
V2 shown in black and blue in Fig. 5 respectively. The resulting current through the device is measured and 
shown in red. This figure demonstrates that: repeated positive input, increases synaptic weight, increases the 
conductance of channels, applying two input voltage pulses simultaneously leads to a higher current through the 
device. These results contribute to the observation of behavior that is analogous to associative learning. When 
the device is driven with V1=-10V alone initially, the measured current is -2.66mA. When V1=V2=-10V is applied 
simultaneously, current through the device increases as mentioned above. Then when V1=-10V is applied alone 
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again, the measured current is 2.8mA, goes up to 2.84mA before it decreases to 2.78mA. This increase is due to 
the fact that the device has been conditioned to expect a second pulse simultaneously. Even though, it is only 
driven by V1, the device behaves as if it is being applied V1 and V2 simultaneously and therefore the current 
through it is larger than it was when it was originally applied the same amplitude of the single input voltage. 

 
Fig. 5 The response of a 2-input terminal 1-output terminal flexible polymer substrate graphene/IL device to 
voltage pulses. 

4. Conclusion 
The switching properties of IL were utilized in this work for the purpose of achieving memristive I-V 
characteristics. IL with graphene, on flexible polymer substrates yield flexible, low cost devices that are simple 
to assemble. We show in this work that these devices exhibit repeatable memristive behavior and that these 
switching qualities can be harnessed to demonstrate learning. Some key findings particular to these devices are 
that they exhibit pinched hysteresis loops which vary with frequency (higher frequencies lead to more linear 
behavior, lower frequencies widen hysteresis loops and lead to more nonlinear behavior). Secondly, these 
graphene/IL devices’ conductance responds to positive and negative stimuli in the same way. Pulse train 
measurements demonstrate memory: repetitive pulses led to decreasing conductance and gradually increasing 
current output pulses. The two input terminal one output terminal device measurements point to associative 
learning, following simultaneous excitation from both terminals, the conductance decreases, after removing one 
of the voltages, the conductance increases again but once the single pulse is sent again, the device, expecting the 
second pulse simultaneously, becomes more conducting again. 

The graphene/IL devices presented in this work are novel memristive devices which are different to CMOS 
compatible, semiconductor memristors. The measurement results demonstrate that the graphene/IL devices are 
very promising for further applications where devices can be trained with electrical signals and be made into heat 
or light sensitive devices to act as compact sensor/ processor units. 
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Abstract 

Acrylated hydrophobic coating was prepared from palm oil based urethane acrylate (POBUA) by using the 
UV-curing technique. The purpose of the study was to investigate wetting properties and the application of 
this UV-curable palm oil resins for wood coating. Five different sample formulations were prepared that used 
nanosilica as the roughness agent, PFOA as the modifier and IC-500 as the photoinitiator. Surface contact 
angle and IR spectroscopy were characterized for each sample. IR spectroscopy confirmed the presence of 
POBUA resins in all samples. Nine hydrophobic coatings are obtained and the highest water contact angle 
value acquired is 116.29° which can be considered as a good hydrophobicity value for a wood coating 
application. 

Keywords: acrylated hydrophobic coating, pobua, palm oil resin, uv-curable palm oil resin 

1. Introduction 
For the last few decades, bio-based polymers and resins have seen growing demands in industrial applications 
because of their potential reduced cost and environmental effect. When compared to traditional petroleum-
based polymers, such polymers have numerous advantages and massive benefits towards green environment. 
Presently, Malaysia is known as the second largest producer and exporter of palm oil in the world after 
Indonesia. Global palm oil production increases tremendously in the past decades, almost doubling every 10 
years (Khatun et al., 2017). Due to palm oil industry developing rapidly in Malaysia, it is taken as the subject 
for research and invention process. 

Palm oil and its derivatives such as palm olein and stearin, have unsaturation levels that are half or less than 
half of that of soybean oil. As a result, it has never been considered as a suitable raw material for the production 
of resins. Nevertheless, it was interested in knowing the application of palm oil or its derivatives compared to 
linseed oil, soybean oil, and other oils. Materials from the palm oil products can be modified into radiation 
curable oligomers or resins, namely acrylated oils. Ibrahim et al. reported that the epoxidation of palm oil 
products produced compounds such as epoxidized palm oil products (EPOP) that can be used as a plasticizer 
and plastic stabilizer (Ibrahim et al., 1987). Acrylated palm oil is produced using the acrylation method, in 
which acrylic acid is inserted into the oxirane group of the EPOP. This method is similar to that used to produce 
epoxy acrylate (Husin et al., 1990). Palm oil based urethane acrylate (POBUA) can then be synthesized from 
the epoxidized palm olein acrylate (EPOLA) by isocyanation process. The potential application of POBUA is 
as a UV-curable palm oil resins for coating. UV–radiation curable coating is an environmentally friendly 
method that avoids or minimizes the emission of volatile organic compounds and harmful air pollutants. It is 
a fast-drying process that turns a reactive liquid chemical system into a non-tacky solid crosslinked at room 
temperature by using UV light to produce polymerization (Mehnert et al., 1998). This form of coating requires 
three components which are polymerizable resin, a photoinitiator, and a UV radiation source (Rosli et al., 
2003). Since most radiation curable resins on the market today are derived from non-renewable, petroleum-
based synthetic resins, there is an urgent need for developing new radiation curable resins based on renewable 
resources for wood coating, printing ink, and pressure sensitive adhesive applications.  
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In this study, the characteristics and wetting properties of UV-curable palm oil based urethane acrylate 
(POBUA) as a wood coating were investigated and discussed. The application of palm oil coatings in the 
current market is also evaluated. The goal for starting this study is to gain a better understanding of the explored 
system, which will be valuable for researchers working on developing this coating for technologically 
promising applications requiring hydrophobic property. 

2. Materials and Method 
Materials 

The chemicals used in this study were palm oil based urethane acrylate, POBUA (Nuklear Malaysia), 1H, 1H, 
2H, 2H-Perfluorodecyl acrylate, PFOA namely, nanonanosilica, (Sigma), Irgacure-500, IC-500 and acetone. 
All chemicals were used as received.   

Preparation of resins formulations 

The formulations of the resins involve four main materials which are POBUA as the oligomer, PFOA as the 
modifier or monomer, nanosilica as the roughness agent and IC-500 as the photoinitiator. All formulations 
have a fixed weight of POBUA which is 15g and photoinitiator was 5% of the total weight of POBUA. 
Meanwhile the compositions of PFOA and nanosilica were varied as shown in Table 1. The materials are 
mixed together by stirring the mixture at 200-250 revolutions per minute (rpm) using the mechanical stirrer 
until all the mixture are fully miscible. Then, the resins are left overnight at room temperature. 

Table 1: Composition of SiO2 and PFOA for the preparation of UV-curable film at fixed dose of 
POBUA and IC-184 

Sample POBUA content 
(g) 

PFOA content % Nanonanosilica 
content (%) 

IC-500 content 
(%) 

A 15 - - 5 
B 15 0.25 - 5 
C 15 1.0 - 5 
D 15 1.0 0.1 5 
E 15 1.0 0.5 5 

Coating and UV-curing process 

Figure 1 shows the coating and UV-curing process of the sample. Acetone was used to clean the substrate and 
bar coater before the coating process. All formulation samples were coated on a 7.4 x 6.4 cm wood substrate 
using a bar coater into a 250 μm thickness of film. The films were then exposed to UV radiation using IST UV 
radiation machine. The UV conveyor’s speed was set at 10m/min for each pass and the current was at 7.5 
Ampere. Each sample was passed for 2 times to be cured and the characteristics for each cured sample were 
analyzed. 

Figure 1: Coating and UV-curing of the sample 
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Characterization 

The properties of all cured films were studied from several tests. The thermogravimetric analysis (TGA) 
records the weight fluctuation, which the weight loss during heating as a function of temperature. Optical 
contact angle tests were performed on coating samples via Attention Theta Lite Optical Tensiometer (Biolin 
Scientific, TL 100) by sessile drop method. Fourier transform infrared (FTIR) spectra to determine the 
chemical bonds and molecular structure of cured samples.  Meanwhile the gel contents test was done using 
Soxhlet method with acetone as the solvent. In each case a small mesh packet containing the sample was 
suspended vertically in the Soxhlet extractor such that it is lower than the siphon arm level. The solvent is then 
boiled for 20 hours. The films then were dried in a vacuum oven at 60℃ and finally reweighed the films. The 
gel content was calculated as follow: 

Gel	content,%	 = 	
Mass	of	sample	after	extraction,			g
Mass	of	sample	before	extraction,			g	

	× 100 

3. Results and discussion 
Water Contact Angle Studies 

 
Figure 2: Contact angle for different POBUA formulations 

Figure 2 shows the optical contact angle for the wood substrates that have been coated and cured with different 
POBUA formulations. From the figure, it can be summarized POBUA formulation showed the lowest 
hydrophobicity at 85.8o and it is due to the unavailability of any modifier and roughness agent (Harun et al., 
2018). When POBUA was introduced with the 0.25% PFOA modifier, the coating exhibited hydrophobic 
properties with water contact angle obtained was 93.9o. When the modifier was increased up to 1.0%, the water 
contact angle slight increased at 94.4o. The formulations then were introduced with roughness agent which 
was nanonanosilica and the amount of nanonanosilica improved the hydrophobicity with water contact angle 
obtained for 0.1% Nanonanosilica was 97.64o and for 0.5% Nanosilica 101.1o respectively. In summary, an 
optimum composition for each component in the formulation is needed to obtain a higher value of surface 
hydrophobicity. For example, if the amount of nanosilica is increased, the amount of PFOA also need to be 
increased to compensate each other and then good hydrophobicity will be obtained and in turn improve the 
wood coating formulation. 

FTIR 

FTIR analysis results in an absorption spectrum which provides information about the chemical bonds and 
molecular structure of a material. The chemical composition of different hydrophobic coatings coated on wood 
was studied by FTIR spectroscopy using ATR technique in transmission mode. The functional groups of 
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POBUA, nanosilica and PFOA were determined by FTIR spectroscopy and results are shown in Figure 3. The 
FTIR spectra of POBUA shows clearly strong band of CH3 and CH2 stretching at 2923 cm−1 and 2853 cm−1 
respectively. C=O (carboxylic group) at 1727 cm−1. Absorption band at 1636 cm−1, 1409 cm−1 and 809 cm−1 
ascribed to C=C stretching, scissoring and out-of-plane bending of the C=C of the vinyl moieties of the acrylate 
groups. Si-O-Si symmetric vibration mode is noticed at 1060 cm−1 and 1068 cm−1 for 0.5% Nanosilica in 
POBUA-SiO2, meanwhile C-F stretching shows at 1000 cm−1 for the addition of 1% PFOA. The conversion 
of double bond that occurred within palm oil acrylate coating during the polymerization reaction under UV 
radiation was observed. The disappearance of the reactive C=C bond upon cured was detected at 1660-1600 
cm−1 and 809 cm−1. Before UV radiation, the FTIR spectrum showed unsaturation C=C bond peak at 1636 
cm−1, 1409 cm−1 and 809 cm−1. Due to the consumption of C=C of POBUA vinyl group in the curing reaction, 
no more traces for their IR bands detected after being cured (Saharudin et al., 2018). 

 
Figure 3: IR spectra of different acrylated POBUA formulations 

Degree of Crosslinking 

Gel content allows the measurement of swell ratio which a measure of the degree of cross-linking in the gel 
phase. The film was extracted with acetone solvent to determine the crosslinked portion which the insoluble 
fraction that produced from the film. Table 2 tabulated the gel content percentage of UV-cured film for all 
compositions. The gel content of all UV-cured films increases with the increasing amount of nanosilica and 
PFOA. Furthermore, the crosslinking percentage of palm oil-based cured coating for all compositions was 
greater than 90%. This indicated that POBUA and the modifiers was compatible to each other (Nik Salleh et 
al., 2019). 

Table 2. Gel content for different composition of hydrophobic coating surfaces at different passes of UV 
exposure 

Samples 
Gel Content (%) 

3 6 10 

POBUA 93.83 94.90 96.97 

0.25% PFOA 94.83 98.55 99.10 

1.0% PFOA 91.73 93.90 97.14 

0.1% Nanosila 96.83 98.33 99.67 

0.5% Nanosilica 93.10 94.52 97.01 

Thermogravimetric analysis (TGA) 

Thermal properties of the POBUA coating films were evaluated by TGA. Figure 4 shows TGA thermograms 
of the POBUA coating surfaces. The thermograms for all surface coating exhibits a same degradation 
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temperature (Salih et al., 2015). TGA thermograms reveal that the decomposition of palm oil-based acrylate 
coating was two-stage degradation. The first stage occurred at the temperature range at 150°C, and can be 
attributed to the loss of the volatile compounds or the photoinitiator; The total weight loss at this stage (at the 
end of the stage at 208°C) was found to be around 4% of the total weight for POBUA with nanosilica and 
PFOA while POBUA with nanosilica and POBUA with PFOA film lost around 5% of its total weight. The 
onset temperature of this stage in POBUA films was 50°C. The major decomposition of the polymer films 
occurred in the second stage, which was attributed to the decomposition of the organic polymer chains. The 
onset temperature for this stage was 260°C for all surface coating. From 260 °C to 450 °C, the weight loss was 
dramatic decrease at ∼85% and was attributed to the decomposition of the cured POBUA; the rest was the 
SiO2 component and carbon. 

 
Figure 4: TGA thermograms of the POBUA coating formulations 

Conclusions 
POBUA formulations with different compositions of SiO2 and PFOA were successfully prepared along with 
the same composition of IC-500 in all samples. These formulations were successfully cured onto the wood 
substrate to obtain a coating using the UV-curing technique. Water Contact Angle test was conducted to 
identify the surface wetting properties of the cured POBUA samples. The samples containing nanosilica 
showed the highest water contact angle indicates the significant contribution of roughness agent in repelling 
water from being contacted with the coated surface. Based on the film properties, the palm oil acrylate coating 
was successfully cured as the peak for C=C disappeared after being cured. The results of gel content showed 
the percentage of cross-linking within the palm oil acrylate and the modifiers was more than 90%. These results 
proved the polymerization and crosslinking of the POBUA resins during the curing process. In conclusion, a 
hydrophobic acrylated coating from POBUA was successfully obtained by using the UV-radiation technique. 
From the analysis conducted, the POBUA resins can be a potential hydrophobic coating for wood applications 
in the industry. 
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Abstract 

A model of a multilayer optical coating with a four-level transmission coefficient has been developed. Based on 
the calculated data the values of the thicknesses were determined, at which the greatest change in the 
transmittance occurs for modulated optical radiation at a wavelength of 1550 nm. Experimental samples of 
coatings with thin films of GeTe and antireflection films of ZnS have been prepared and their optical transmission 
characteristics have been investigated. Combinations of the parameters of multilayer structures for the 
implementation of contrast levels of transmission have been determined. The results of the study represent the 
implementation of a multilevel weight function based on thin film of phase-change materials for artificial optical 
synapse. 

Keywords: multilayer coating, phase-change material, optical synapse, neuromorphic system 

1. Introduction 
The most promising are information systems that combine the processes of storing and processing information. 
Artificial neuromorphic systems are built on these principles, in which neurons are connected by synapses [1]. 
Synapses have the form of scalar weights, the values of which affect the activation of the neuron (Fig. 1). 

 

 
Fig. 1: Neural communication across the synapse 

The development of neuromorphic processors is carried out in the direction of increasing the levels of registration 
of the weight coefficient at the synapse by software algorithms, where the weighting factor is written in four 
integers in one artificial synapse, and the computing core is implemented using classical semiconductor 
technology [2]. Another way to improve recording is to use materials that change their electrical and optical 
properties when exposed to heat. Nonvolatile memory technology is realized through reversible phase transitions 
in thin films of chalcogenide materials and allows reproducing several levels of electrical conductivity [3]. The 
advanced development of neuromorphic systems is possible due to the transition to optical computational 
technologies, including due to laser induction of materials with a phase transition. Optical synapses are 
technologically implemented on fibers [4] or planar waveguides [5], where the main principle of the device is 
high-speed modulation of transmission. 
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2. Model 
Chalcogenides are one of the phase change materials for neuromorphic applications. As an example, we have 
chosen the well-studied compound of germanium telluride (GeTe). Due to the high absorption in the visible 
range, laser induction of thin GeTe films is possible by pulsed sources with a wavelength in this range. 
Modulation wavelength is in the C-band due to the low value of the extinction coefficient for an amorphous GeTe 
film (Fig. 2). 
 

 
a 

 
b 

Fig. 2: Complex refractive index of GeTe film, a - refractive index, b - extinction coefficient [6]. 

Measurement of the optical properties of thin films made of phase change materials by photometric and 
ellipsometric methods allows to optimize various parameters of multilayer structures using software methods for 
calculating the optical characteristics of reflectance, transmittance and absorption [7]. The initial data are the 
dependences of the refractive index and the extinction coefficient on the wavelength. The refractive index of the 
GeTe film increases after crystallization and the reflection coefficient at the boundaries with silicon dioxide 
(SiO2) waveguides can reach 50% due to the difference in refractive indices. And the extinction coefficient of the 
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GeTe film increases too. The Fig.3 shows the calculated dependences of absorption on the thickness of the GeTe 
film in two states.  

 
Fig. 3: Calculated dependency of absorption of a GeTe film for the thickness in the amorphous (GeTe A) and 

crystalline phases (GeTe C) based on the extinction coefficient 

The thickness of the GeTe films is selected based on the calculated absorption in the crystalline state. To minimize 
reflectance, we used antireflection layers of zinc sulphide (ZnS). This approach will reduce the required energy 
density of the initiating laser radiation and increase the contrast of the transmission levels for the modulated 
optical signal. The first structure with an amorphous film GeTe of 97 nm and antireflection layers ZnS of 170 
nm provides a transmittance of 95%. Upon transition to the crystalline state, the absorption increases and the 
transmittance decreases to 65%. The second structure an amorphous film GeTe of 194 nm and antireflection 
layers ZnS of 170 nm transmits 90%, but during the phase transition, the absorption increases even more, and the 
transmittance decreases to 42%. The combination of such structures and laser induction of individual GeTe films 
gives us four levels of contrast transmission (Fig. 4). This model will ensure the reproducibility of the 
transmittance values during multiple cycles of recording the weight coefficient into an artificial optical synapse. 

 
Fig. 4: Four calculated constructions with contrast transmittance T.  

3. Experiment 
We have obtained antireflection amorphous GeTe films with antireflection layers of ZnS by sputtering in a 
vacuum at a temperature of 130 ̊C. We heated individual samples in a vacuum at a temperature of 300 ̊C for 
three hours to obtain a reference crystalline phase. The measured optical characteristics of the obtained structures 
differ for two thicknesses of GeTe films and their phase state in accordance with the calculation model. 
Combinations of these structures provide four contrast levels of transmittance (Fig. 5). 
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Fig. 5: Optical characteristics of the fabricated three-layer structures and the corresponding transmittance levels 
of combinations of these structures. 

This approach will make it possible to technologically implement a two-bit optical synapse. The switching rate 
depends on the rate of change in the phase state in thin films of germanium telluride and the parameters of laser 
radiation. 

4. Conclusion 
To create an artificial optical synapse, it is necessary to ensure minimum reflectance losses, signal contrast, high 
switching speed with a simple design based on proven technologies. Calculation of the optical characteristics of 
thin films of GeTe in multilayer structures makes it possible to create models of multilayer coatings with a four-
level transmission coefficient. The calculated data were used to determine the thicknesses for the antireflection 
layers of ZnS, equal to 170 nm, and the thicknesses of GeTe films, equal to 97 and 194 nm, at which the greatest 
change in transmittance occurs for modulated optical radiation at a wavelength of 1550 nm. The optical 
characteristics of experimental samples of coatings of GeTe films with antireflection ZnS layers demonstrated 
similarity with the calculation model. The results of the study will make it possible in the future to implement 
multilevel switching of transmittance for modulating an optical signal at fast reversible laser-induced phase 
transitions in phase-change materials. 
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Abstract 

Research and development activities carried out by Centro Rham Srl together with innovative SME iInformatica 
concerned the design and experimental prototyping of innovative sceneries for the treatment of fears using virtual 
reality headsets in conjunction with the use of binaural audios and biofeedback-monitoring devices. This 
wearable device is a prototypical headset that allows to manage sceneries together with audios characterized by 
pink noise (relaxing) components and binaural beats (alfa, theta, delta) aimed at a therapeutical treating of 
phobias.  Thanks to spectrogram analysis it is possible to understand the frequency and intensity components that 
characterize a certain acoustic stimulus, with the aim, together with a tactile/visual aid, to evoke a cognitive 
response. Biofeedback is acquired and monitored in real time using more wearable sensors. Research also 
concerned digital sceneries and tactile devices prototyping for an upgrade of cognitive abilities. This prototypical 
acoustical-sensorial experience is given by the union of binaural audios focused on the improvement of 
mnemonic abilities together with the use of cards and of an haptic pneumatical matrix to stimulate different 
cognitive functions of orientation (temporal and spatial), attention (visive and tactile), memory (visuospatial, 
visive-for related objects, episodic and associative), logic and reasoning (correlation with acoustic and tactile 
inputs). Furthermore, the spectrogram analysis is fundamental for lexical and phonetic analysis. 

Keywords: biofeedback, acustic experience, fear treatments, binaural beats 

1. Introduction 
This Paper aims to introduce the potential of audio analysis tools (both spectral and its components) with a 
particular focus on the properties of binaural audio [8], particularly used for meditation purposes, and to induce 
sensations in the listener. In order to introduce the concept of audio waveform, it is necessary to point out that 
the human ear perceives sounds in the range between 20 Hz and 20 KHz. Such a range characterizes the frequency 
responses of commercial earphones, consequently these sound output devices will be the instruments targeted by 
our acoustic investigation activity, thanks also to the possibility of managing acoustic stereo channels. Frequency 
is the number of repetitions (cycles) of vibrations made in one second, and is measured in Hz (one hertz is 
equivalent to one pulse per second). If a sound wave repeats 50 times per second it will have a frequency of 50 
Hertz. 

The spectrum of audible audio frequencies is divided into three categories: low, medium, and high: 

1. 1 – 20 Hz: Non-perceivable subsonic frequencies 
2. 20 – 60 Hz: Sub-low 
3. 60 – 250 Hz: Low 
4. 250 – 500 Hz: Medium-low 
5. 500 Hz – 2.500 Hz: Medium 
6. 2.500 – 5.000 Hz: Medium-high 
7. 5.000 – 20.000 Hz: High 
8. > 20.000 Hz: Ultrasounds, not perceivable by humans 

It is therefore possible to reproduce sub-low sounds for the human ear using earphones. The sound pressure level 
(SPL) is the pressure change generated by the headphones in relation to the intensity of a sound and is measured 
in decibels (dB SPL). The intensity of a sound represents the vibration amplitude, that is the variation of the 
sound wave from the zero-base line, that is not sound (0 dB). The greater the amplitude of the sound wave the 
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louder and more audible the sound will be, on the contrary the lower the amplitude at the same frequency the 
weaker the sound will be. The threshold of pain is set at 130 dB. 

Considering the frequency ranges of the human brain, they have been divided into 5 frequency ranges: 

* gamma (30 > 70 Hz): are rare and emitted during states of ecstasy, compassion and deep inspiration; 
* beta (14 > 30 Hz): are very typical, emitted during normal daily activities; 
* alpha (8 > 13,9 Hz): are those emitted when we daydream or are intensely inspired and focused in creative 
activities; 
* theta (4 > 7.9 Hz): are present during the REM phase of sleep, when we are dreaming; 
* delta (0,1 > 3,9 Hz): are released during deep sleep. 

It is therefore evident that, considering a ‘sound-brain wave’ correlation, it is impossible to reproduce sounds in 
the delta-alpha range. It is instead possible to emit and listen to continuous sounds in the beta and gamma audible 
range. 

However, using the rhythm it is possible to induce waves in any desired range. The repetition of tones at regular 
intervals (Hz) is called isochronic beat and is characterized by intermittence. It is one of the simplest methods of 
neuro-acoustic stimulation and represents one of the most immediate systems of induction, realizable in the form 
of rhythm at regular intervals. The low tones (range 150 - 180 Hz) are particularly suitable for such induction 
(isochronic frequency on audible carrier). A possible solution to tone generation in subsonic frequencies (that 
coincides with the delta-theta-alpha ranges) is represented by the theory of binaural beats. Binaural beats are 
beats that are perceived by the brain when two sounds with a frequency below 1500 Hz and a difference of less 
than 30 Hz are heard separately through earphones. It is important to point out that these beats are not a 
consequence, as it normally happens, of a physical superposition of sound waves (which is impossible using 
earphones), but are generated directly in the brain. This phenomenon was identified in 1839 by Heinrich Wilhelm 
Dove. Human auditory frequencies are approximately restricted to perception in the range between 20 and 20 
000 Hz, while the frequencies detected for cognitive brain activities are below 30-40 Hz, making natural input 
through hearing of frequencies near or below the lower human acoustic threshold difficult or impossible. In order 
to trigger such frequencies, for example on 10 Hz as the Alpha waves normally detected in the phases of 
relaxation, it is usually applied a beat of 315 Hz in one ear and a beat of 325 Hz in the other, so that the brain 
generates a third beat with a frequency of 10 hz. An alternative to binaural tones is Monaural Beats, which are 
similar to Binaural beats, with the difference that the two carrier tones are mixed before being sent to the ear. 
When two slightly different beats, appropriately interwoven into a single low-intensity sound, are submitted to 
the same ear, the brain processes and perceives a third beat equivalent to the difference of the two beats heard. It 
is a very effective technique and does not require the use of stereo headphones. However, unlike binaural beats, 
they need amplitude (higher volume) and can be less pleasant to listen to. The purpose of this research work is to 
carry out a review of the documentation on this phenomenon, addressing the aspects of binaural audio with 
therapeutic and marketing of materials purposes, introducing experimental development prototype concrete 
applications, developed by innovative SME iInformatica in the research and development paths carried out with 
the Centro Rham S.r.l. company. 

2. Binaural beats 
A common format of a spectrogram is a graph with two geometric dimensions: one axis (e.g., the abscissa) 
represents time and the other axis represents frequency; a third dimension indicates the amplitude of a particular 
frequency at a particular time, and is represented by the intensity or colour of each point in the image. A 
spectrogram is thus represented as a "heat map", that is, as an image where the intensity is shown by varying the 
colour or brightness. 

However, it is often quite difficult to interpret the spectrogram on a linear scale. A useful solution for the 
representation of audio waveforms is to change the scale used to represent frequencies, so that equal frequency 
intervals no longer correspond to equal intervals on the x-axis. This corresponds to using a non-linear scale, that 
is a scale for which the distances are related to the magnitude to be represented by means of a non-linear 
relationship. One of the most widely used nonlinear scales is the logarithmic scale. In music, the presence of 
gamma components are often found in songs, continuously or isochronously associated with rhythm. The analysis 
of the spectrogram of pink and white noise is particularly interesting. The spectrogram of applause is a classic 
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example of pink-white noise, a symbol of expression of chorality and similar to that of sea waves (pink noise) or 
hair dryer. 

Among the state-of-the-art reference software there is the Brainwave Generator software. 

The possibility of having a dynamic binaural beat is particularly interesting, so as to have a decrease/increase of 
the functional frequency to the state to be induced. This is particularly common in the documentation in order to 
gradually move from a state of initial clarity (beta) to a state of relaxation (alpha/theta). 

As mentioned in the introductory paragraph, binaural beats are the result of two sounds with a frequency of less 
than 1500 Hz and a difference of less than 30 Hz, which are heard separately through earphones and generated 
directly in the brain. These sounds have been the topic of numerous scientific publications. The following is a 
brief documentation review on the subject. 

In the paper [1] patients who underwent listening prior to cataract surgery showed a decrease in surgical anxiety 
using audio treatment at 20 Hz for the first 5 minutes and then for 55 minutes at 10 Hz. 

The paper [2] shows as a case study the stimulation of people with binaural beats at a frequency of 9.55 Hz. This 
showed an improvement in WMC (working memory capacity). An important confirmation of the possibilities to 
improve problem solving using binaural audio comes from the paper [3]. 

The paper [4] shows important correlations between listening to binaural audio and EEG signals. 

In the paper [5], cognitive enhancement effects were found in the presence of monoaural and binaural beat 
stimulation. By using a neuro-feedback device to transmit impulses, it is possible to see how a rhythmic impulse 
is received by the brain in the form of an electrical impulse. This phenomenon is known as FFR (Frequency 
Following Response). 

3. Case study on cognitive enhancement and treatments of fears 
The research and development activities carried out by Centro Rham Srl [7], together with the innovative SME 
iInformatica, concerned the design and experimental prototyping of innovative scenarios for cognitive 
enhancement, orthoptic treatment, treatment of fears through the use of virtual reality visors in conjunction with 
the use of binaural audio and biofeedback monitoring devices. The wearable device is a prototype visor that 
allows interactive scenarios to be administered together with audio characterised by pink noise components 
(relaxing) and binaural beats (alpha, theta, delta) targeted to the therapeutic treatment of phobias. By analysing 
the spectrogram, it is therefore possible to understand the intensity and frequency components that characterise 
a given acoustic stimulus with the aim of evoking a cognitive response, together with tactile/visual support. 
Biofeedback is acquired and monitored in real time via additional wearable sensors. 

Considering the treatment of phobias, it is possible to verify the level of neurofeedback (EEG) of the user during 
the administration of virtual reality scenarios related to a particular phobia, together with the use of binaural audio 
that have the purpose of managing anxiety using theta-type frequencies, typical of meditation. Using a neuro-
feedback device (wearable EEG) it is then possible to detect trends of gamma, beta, alpha, theta and delta waves 
in relation to the visual-acoustic stimulus presented. The research also involved the prototyping of digital 
scenarios (Introspecto) and tactile tools (Box Ricorda) for the enhancement of cognitive skills. The Introspecto 
software aims to objectively evaluate selective attention and visual sustained attention, verifying the contribution 
of the administration of binaural audio in terms of improved performance. The HMI can be used both via tablet 
and visor, in order to perform appropriate orthoptic evaluations. Box Ricorda [6] is a further deliverable of the 
research, and represents a prototypal acoustic-sensorial experience given by the evaluation in terms of cognitive 
improvement through the administration of binaural audio aimed at the enhancement of memory skills, together 
with the use of cards and a haptic matrix for the stimulation of different cognitive functions of orientation 
(temporal and spatial), attention (visual and tactile), memory (visual-spatial, visual-object related, episodic and 
associative), logic and reasoning (correlation with acoustic and tactile input). 
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Fig. 1: The figure shows virtual reality devices combined with binaural audios for the treatment of phobias and 
to an improvement of cognitive abilities monitored through neuro-feedback (left) and the Ricorda box, 
implemented experimental prototype (right). 

4. Conclusion 
The purpose of the paper is to present the potential of binaural beats through the analysis of waveforms, the state 
of the art and prototypes created during the research and development activities carried out by the innovative 
SME iInformatica together with Centro Rham (in the area of health care and therapy). This overview shows how 
important this technical-scientific field can be for the design and implementation of new solutions in many 
different scenarios. The methods and systems presented are protected by industrial patents. We hope this reading 
was interesting and may open up opportunities for dialogue and comparison for new interesting solutions and 
applications.   
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Abstract 

The rapid development of additive manufacturing technologies has improved the choice of materials in various 
industrial sectors, specifically relating to friction materials for brakes application in the aeronautical sector. 
Currently, materials for aircraft brakes range from the low-cost sintered friction pad/liner material vs sintered rotor 
disc material to the high-cost carbon fiber material vs carbon fiber material. The subject of this paper was 
developed in the framework of a European project (E-BRAKE). One of the objects of this scientific research 
regards the potential use of thermal spray additive manufacturing technologies to produce a thin film of friction 
material onto low-carbon steel surface to allow its use as potential composite material for brake units. 

In this research friction composite surface coatings were deposited with two different thermal spray additive 
manufacturing technologies, respectively the High Velocity Oxygen Fuel (HVOF) and the Atmospheric Plasma 
Spraying (APS), for the purpose of creating high friction and wear resistance composite surface coatings onto low-
carbon steel surface. Tribological properties (friction coefficient and wear rate), thermal conductivity, and 
diffusivity as well as metallographic structures and adhesion to the low-carbon steel surface of these surface 
coatings were evaluated to assess their potential use as brake materials. 
Keywords Additive Manufacturing Technologies,  High Velocity Oxygen Fuel,  Atmospheric Plasma 
Spraying, Composite surface coatings, Wear-resistance surface coatings, Friction material coatings 

1. Introduction 
The object of our study is related to materials for small aircraft brake application. A brake is a mechanical device 
that inhibits motion by absorbing energy from a moving system. It is used for slowing or stopping a moving 
vehicle most often accomplished by means of friction. A typical multi-disk aircraft brake is schematically shown 
in Figure 1. As can be seen in this figure, the brake consists of series of discs; the stators, which are stationary units 
connected to the wheel axle or leg, and the rotors, which form the rotating part, connected to the wheel. Under the 
action of hydraulic pressure, these series of discs get compressed, forcing the wheel to slow down due to friction. 
The discs are typically provided with slots for better heat dissipation at high temperature. During the braking 
action, the brake is activated by the hydraulic system pressure, which compresses the heat stack. In this way, the 
rotors and the stators are squeezed together by hydraulic pistons and the brake produces torque by virtue of friction 
forces generated at the rubbing interface between the rotors and the stators. 
 

Figure 1. Aircraft brake system. 

In a recent report of Umbria Aerospace System (UAS), [1] a scenario of the materials usually adopted for A/C 
braking system design for small aircraft is discussed. Friction material selection is based on the following main 
aspects: 

• Weight requirements. Wheel brake assembly total weight is one of the key points and guideline on 
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friction material selection. 
• System performance requirements. Dynamic braking performance (maximum temperature, dynamic 

friction coefficient, dynamic braking pressure, friction material wear rate) and parking condition 
performance (static friction coefficient, parking pressure) 

• Cost aspects. The selection of friction material has a direct implication on cost aspects. Both non 
recurrent and recurrent costs, including scheduled maintenance costs, drive the selection. 

• Maintenance aspects 

Considering the main criteria three different solutions underlining advantages and disadvantages for each 
solution are reported: 

• Sintered friction material VS steel 

• Sintered friction material VS Sintered friction material 

• Carbon fiber material VS carbon fiber material 

In the first configuration either stator and rotor are made in steel (carbon steel or stainless steel) and only stator or 
rotor discs are equipped with a thin film of friction material. Two types of sintered material are usually 
implemented: Iron based sintered material and copper based sintered material. Both solutions are characterized by 
a good dynamic friction factor. Friction factor decreases for increasing temperature. Mean dynamic friction value 
in normal braking condition is equal to about 0,21-0,23. In high energy condition, where maximum temperature 
reaches 800÷900 °C, friction factor becomes equal to 0,18-0,20 (reduction up to 16-18%). Maximum operating 
temperature allowed is below 900÷950 °C. Temperature higher than the specified one may cause thermal 
distortion of the discs and degradation of the mechanical properties of the disc material. Heat sink mass relevant 
to this configuration is very high if compared with heat sink mass relevant to carbon fiber solution. Heat sink 
mass is related to material specific heat (about 600-620J/(kg*K) in high energy condition) and material density 
(equal to about 4,8kg/dm3 for sintered friction material and equal to 7,8kg/dm3 for steel). Static friction factor, 
adopted for parking condition, is usually above 0,32-0,35 (high static friction factor). Parking condition is 
assured applying a low pressurization. Usually parking condition is verified without particular problems. Wear 
parameter, defined as ratio between wear material and kinetic input energy is variable from 1,10 and 1,35 
grams/MJ. Number of allowed braking is lower than carbon fiber disc solution. 

Table 1. Sintered material coating vs Steel Properties 
 

Sintered material VS steel 
Design Parameter Rating 
Dynamic Friction Coefficient Low 
Friction Coefficient VS Temperature Decreasing with temperature 
Dynamic braking pressure High 
Static Friction Coefficient Good 
Max allowed temperature 900 °C 
Heat sink mass / brake weight High 
Wear parameter Medium 
Number Allowed Braking Medium 
Cost Low 

In case of sintered material vs sintered material (both rotor and stator disc equipped with friction material) max 
allowed temperature are aligned with the previous scenario and below to 900-950°C. Main advantage to adopt 
this solution is to obtain higher friction coefficient and a better thermal stability of friction coefficient at different 
operating temperature. Mean friction factor achievable adopting this technology is typically within the range 
0,24-0,27. The two presented solutions are heavier (3,5÷4 times) than carbon fiber solution. The 
implementation of sintered material both on stator and rotor discs is more expansive than solution implementing 
friction material only on rotor or stator disc. 
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Table 2. Sintered material coating vs Sintered material coatings Properties 
 

Sintered material VS sintered material 
Design Parameter Rating 
Dynamic Friction Coefficient medium 
Friction Coefficient VS Temperature Stable with temperature 
Dynamic braking pressure medium 
Static friction coefficient Good 
Max allowed temperature 900 °C 
Heat sink mass / brake weight high 
Wear Parameter medium 
Number Allowed braking medium 
Cost Medium/Low 

The last configuration is the lightest solution. Carbon fiber material is characterized by low density (1,80 kg/dm3) 
and very high material specific heat (from 1500J/kg*K for normal braking condition up to 1900J/kg*K in high 
temperature condition). Mean friction factor are typically in the range 0,23-0,33, with maximum value up to 0,38-
0,40. Dynamic friction factor increases with the material temperature, so the braking capability is better for high 
energy braking conditions. Other advantage of carbon fiber solution is the wear rate. Discs durations typically 
3–4 times than discs made in steel and sintered friction material. In low temperature condition material friction 
factor is low. For that reason, carbon fiber material solution shows low performance for parking brake conditions 
(high parking pressure is required). One of most important disadvantage points is represented by unitary cost. 

Table 3. Carbon Fiber Brakes Properties 
Carbon fiber material 

Design Parameter Rating 
Dynamic Friction Coefficient High for high energy condition 
Friction coefficient tVS Temperature Increasing with temperature 
Dynamic braking pressure Low 
Static friction coefficient Bad 
Max allowed temperature 900 ÷950 °C 
Heat sink mass / brake weight Low 
Wear parameter Low 
Number Allowed braking High 
Cost High 

With the aim of improving the state of art related to aircraft brake materials, starting with the results provides by 
UAS, the innovative solution proposed is to use rotor and stator discs made in steel, both equipped with a thin 
coating (e.g. 0.5 mm), obtained with two different thermal spray additive manufacturing technologies, 
respectively the High Velocity Oxygen Fuel (HVOF) and the Atmospheric Plasma Spraying (APS), of a suitable 
friction material. In this way the main brake material is steel covered with a noble coating. 

The coatings reported in this scientific poster are made by using two different Thermal Spray additive 
manufacturing technologies, namely High Velocity Oxygen Fuel (HVOF) and Atmospheric Plasma Spraying 
(APS). The first technology was used to create coatings in Stellite, Colmonoy 6 and Tungsten Carbide, while the 
APS spraying technology was used to create a coating with a CoNiCrAlY alloy bond coat and a Chromium Oxide 
layer topcoat. Once created the different coatings the parameters investigated were Tribological Properties 
(Friction Coefficients and Wear Rate), Structural Properties (Adhesion of coatings on the low- carbon steel 
substrate, Metallographic Structures and Coating Hardness) and Thermal Properties (Thermal Conductivity and 
Thermal Diffusivity). An extent of this investigation is recently reported in the literature [2]. 

 

2. Thermal Spray Technologies and Friction coatings 
The first thermal spray technology investigated is High Velocity Oxygen Fuel (HVOF). This is a thermal spray 
coating process, which is used to improve or restore a component's surface (properties or geometry). This surface 
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engineering technique better enables life extension of equipment by increasing erosion and wears resistance, and 
corrosion protection. 

HVOF spraying was developed in the 1980s and is a subset of thermal spraying. A common combustion of 
Kerosene and pure oxygen produces a Mach 2 jet that projects the powder on the substrate giving the highest 
bond value between coating and substrate (Figure 4). 

The HVOF thermal spray process is schematically reported in Figure 4. It’s characterized by very high gas and 
particle velocities, followed by a low gas temperature, as compared to plasma spray processes [3]. Typically, a 
common combustion of Kerosene and pure oxygen produces a Mach 2 jet that melts or partially melts the powder 
and projects them on the substrate giving the highest bond value between coating and substrate. These techniques 
combine high velocity powder particles with low temperature to build up a dense and tightly adherent coating 
with low oxidation and residual stress [4,5]. Therefore, hard friction material can be applied on many different 
substrates such as steels, plastic materials, titanium, copper, aluminium, and other different metallic alloys [5]. 
The application of ceramic coatings obtained via HVOF improves the coated substrate properties, such as 
corrosion resistance, wear-resistance, hardness or combinations of these to extend product life, to increase 
performance and to reduce production time and costs. The coating quality, such as physical and mechanical 
properties of HVOF sprayed coatings are strongly influenced by its structure that depends on the process 
parameters such as the fuel/oxygen ratio flow rate, nozzle geometry, spray distance and powder size distribution 
[6]. 

Figure 2. High Velocity Oxygen Fuel scheme process 

Coating produced with the HVOF technology present several advantages such as, high density (low porosity) due 
to greater particle impact velocities, high strength bond to the underlying substrate and improved cohesive strength 
within the coating, low oxide content due to less exposure time, smoother as-sprayed surface due to higher impact 
velocities and smaller powder sizes, great wear resistance due to harder, tough coatings, improved corrosion 
resistance due to less through thickness porosity. On the other hand, HVOF spraying process presents some 
disadvantages. The sprayed coatings result extremely complex, with their properties and microstructure depending 
upon numerous processing variables; powder sizes are restricted to a range of about 5 - 60µm, which implies a 
difficulty in finding the feedstock powders as well as their high cost. As with all the thermal spraying processes, 
special health and safety concerns must be addressed. HVOF spraying usually needs to be done in a specialized 
thermal spray booth, with suitable sound attenuation and dust extraction facilities. Furthermore, HVOF spraying 
requires experienced, qualified personnel to ensure safe operation and to achieve consistent coating quality. 
Another important factor is HVOF equipment that requires more investment than other thermal spraying processes, 
such as example flame and arc spraying. Deposition of coatings is difficult or impossible to achieve on to internal 
surfaces of small cylindrical components, or other restricted access surfaces, because HVOF spraying needs line 
of sight to the surface and a spray distance of 150-300 mm. 

The second thermal spray process investigates is Atmospheric Plasma Spraying (APS). Atmosphere Plasma 
Spraying scheme is reported in Figure 5. Despite the purpose is the same as for other thermal spray processes, the 
philosophy at the base of the APS technology is completely different, and surely is the most sophisticated and 
fascinating one between them. 



Page 5 

Proceedings of SMS/EGF/NanoMed/Sensors 2021Joint Intl. Conference 
Milan, Italy, October 20 – 22, 2021 
DOI: https://doi.org/10.26799/cp-sms-egf-nanomed-sensors2021 

 

Figure 3. Atmosphere Plasma Spraying scheme. 

In fact, gas such as Ar, H2, N2, He, are flowed through an electric arc that drives the gas to become plasma. The 
result is to produce heat and pressure waves that, investing the powder, transfer kinetic and thermal energy useful to 
project it onto the substrate. With these technologies it is possible to use a wide range of powders for the realization 
of different coatings and the choice depends on the properties that the coating must exhibit. The mains are WC 
(tungsten carbide), CrC (chromium carbide), Cr2O3 (chromium oxide), Nickel-based alloys, Cobalt-based alloys. 
The material precursor of the coating could be in the form of powders, wires, melted materials, solutions, or 
suspensions. What distinguishes the plasma spray process from other technologies is its applicability and capacity 
to process a wide variety of materials, including metallic and refractory materials at atmospheric pressure. The 
coatings properties are improved by deposition of coatings with finer microstructure, which is are more suitable 
for mechanical and thermal stresses than the lamellar microstructure of conventional plasma-sprayed coatings. It is 
widely used to deposit thick coatings (from hundreds of micrometers up to a few millimetres) in a substrate to 
protect in aggressive environments or to improve its function. APS is commonly used in many industrial sectors, 
including aeronautics, energy, automotive, mining, biomedical, and electronics. The synthesis of coatings by APS 
technique occurs by stacking the lamellae resulting from the impact, flattening, and solidification by the colliding 
molten particles. The material precursor of the coating can be in the form of powders, wires, melting materials, 
solutions, or suspensions. In this technique, a carrier gas conducts the material particles by injecting them at high 
velocity through the plasma, where they are molten or partially molten, taking the form of droplets that settle and 
solidify on the surface being coated. The material to be deposited is carried in the form of a solution or powder to 
a torch with sufficient enthalpy to generate a plasma jet to melt the particles. The parameters of the plasma spraying 
process, as well as the characteristics of the precursor (solids or liquids) used for coating, influence the properties 
of the deposited materials. Characteristics of the coatings such as porosity, atomic structure, roughness, cohesion, 
and adhesion are fundamentally related to the interaction of the precursor with the plasma jet. The main driving force 
for the manufacture of thick coatings by APS is their high deposition rate; a few kilograms per hour of raw material 
can be processed with torches, with a power level of a few tens of kilowatts at a relatively low operating cost. 
Plasma spray is probably the most versatile of all thermal spray processes because there are few limitations of 
materials that can be sprayed or on the material, size, and shape of the substrate. 

3. Result and Discussion 
Figure 6 shows the optical microscope morphologies of coatings obtained with the HVOF and APS technologies, 
respectively. These sprayed specimens have a light grey colour on the entire coated surface, while the Plasma 
sprayed ones exhibit a dark grey colour on the entire coated surface. As reported in Table 6, the HVOF spray 
coatings present a very low level of porosity (less than 1%), absence of un-melted particles, a very low present of 
oxides and no cracks. No interface separation and contamination between the different materials present into the 
coatings were observed. 
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Figure 4. Left: Metallographic examination of Stellite 1, Colmonoy 6 and Tungsten Carbide. To the right 
metallographic examination of CoNiCrAlY bond coat and Chromium Oxide topcoat. 

In addition to the microstructures, the adhesion between coating and low-carbon steel substrate was also evaluated. 
The Scratch tests on Stellite 1, Tungsten Carbide and Colmonoy 6 coatings are performed. Two different critical 
loads were evaluated. Critical load 1 (or Lc1) represents the load in which the formation of cracks within the 
coatings begins; critical load 2 (or Lc2) represents the load where the total detachment of the coating begins. In 
Figure 7 it is reported the comparison of the two different critical loads of the coatings produced. As shown in 
this figure, Tungsten Carbide coating shows better adhesion to low-carbon steel substrate. The results show a 
critical load at the beginning of cracks at about 10 N and a critical load of separation at 65 N. 

 
 

Figure 5. Critical load of cracks begin (blue) and detached (red). 

Friction and wear test were carried out on low-carbon steel samples to obtain a comparative starting baseline. 
Alumina ball wear imprints diameters, for all the tribological test, were in the range between 0.8-0.85 mm. Figure 
8 shows the friction coefficients histograms and wear test histograms of each coatings exanimated are shown in 
figure 8 and 9 respectively, while their values are reported in Table 6. 
 



Page 7 

Proceedings of SMS/EGF/NanoMed/Sensors 2021Joint Intl. Conference 
Milan, Italy, October 20 – 22, 2021 
DOI: https://doi.org/10.26799/cp-sms-egf-nanomed-sensors2021 

 

 

Figure 6. Friction coefficient histograms of thermal spray coatings. 
 

 

Figure 7. Wear rate average histograms of thermal spray coatings. 

By comparing the average friction coefficient values among the coatings investigated it is observed that the higher 
values were exhibited by the Tungsten Carbide at 5 and 10 N, while Colmonoy 6 samples showed much higher wear 
resistance compared to Stellite 1, while Cr2O3 exhibited a higher wear resistance. 
The wear rate results exhibited by the Tungsten Carbide coating were not reported in this figure due to the 
impossibility to measure wear tracks in this case. The reason of the lack is due to the impossibility to measure wear 
tracks. In fact, tests carried out for Tungsten Carbide coatings at both tests (5 and 10 N), the surfaces of the 
specimens were only flattened. 
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Table 4. Friction coefficient and wear average 
 

 Friction Coefficient Average Wear Rate Average (mm3/Nm) 

Stellite 1 0.68 2,00∙10-4 

Tungsten Carbide at 5N 0.87 N/A 

Tungsten Carbide at 10N 0.84 N/A 

Colmonoy 6 0.60 1,80∙10-4 

CoNiCrAlY bond coat and 

Chromium Oxide top coat 

(OC) 

 
0.39 

2,50∙10-5 

Figures 11 and 12 show, respectively, the thermal conductivity and diffusivity histograms of the produced 
coatings. 

 
Figure 8. Thermal conductivity and thermal diffusivity of analysed coatings. 
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Figure 9. Thermal diffusivity if analysed coatings. 

As a matter of fact, all coatings analysed exhibit lower thermal properties compared to that shown by the low- 
carbon steel substrate, except for the tungsten carbide. In fact, as reported in Figures 16 and 17, considering the 
thermal conductivity and diffusivity results at the same time it can be concluded that the Tungsten Carbide coating 
presents the better thermal properties compared to the other investigated coatings. 

4. Conclusion 
In this presentation, different coatings for aircraft brake application produced with two thermal spray technologies 
were analysed. Results obtained in this investigation can be summarized as follows: 

1. The HVOF sprayed specimens’ structures present a light grey colour on the entire coated surface, while the 
Plasma sprayed one’s exhibit a dark grey colour on the entire coated surface. The coatings present a very 
low level of porosity (less than 1%), absence of un-melted particles, a very low present of oxides and no 
cracks. No interface separation and contamination between the different materials present into the coatings 
were observed. Similar hardness values were obtained for all the tested coatings. 

2. All the coatings produced, except for Cr2O3, exhibit higher friction coefficient and wear resistance 
compared to the low-carbon steel substrate. Among all tungsten carbide shows the highest friction 
coefficient (0.84). 

3. All the coatings show higher wear resistance compared to the low-carbon steel substrate. It is worth to 
mention that the results shown by the tungsten carbide coating were not reported due to the impossibility 
to measure the wear tracks at both the nominal loads employed (5 and 10 N). 

4. Scratch tests results showed a high adhesion of coatings on the low-carbon steel substrate. In fact, all the 
specimens exhibit high critical loads related to the crack initiation and the detachment of the coating. Also 
in this case, tungsten carbide coating presents the better adherence to low-carbon steel substrate. The results 
show a critical load at the beginning of cracks at about 10 N and a critical load of separation at 65 N. 

5. All analysed coatings exhibit lower thermal properties compared to low-carbon steel, except for the 
tungsten carbide. In fact, tungsten carbide coating exhibit high thermal conductivity (about 110 W/mK) and 
diffusivity (about 2.34∙10-5). This means that coatings made in tungsten carbide has high capacity in 
propagate the thermal field even in non-stationary conditions without accumulating it into the braking rotor-
stator interfaces avoiding the overheat of the friction surfaces with catastrophic consequences. 

Carrying out a comparative analysis of the results obtained, it can be concluded that the tungsten carbide coating 
exhibits superior properties compared to the other investigated coatings. Therefore, a small tungsten carbide 
thickness (0.5 mm) can improve the braking action without greatly altering the brake weight. The application of 
this coating presents an additive cost, but thanks to its high properties, the braking action improves, and the brake 
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wear is reduced, and its life in-service is improved. 

In the light of these results, for the future work, analysis about the variation of friction coefficient and wear rate 
of the coting materials reported as a function of temperature can be performed. Furthermore, another fundamental 
aspect may concern the stability of friction coefficient (dynamic and or static) and, also, the wear rate stability of 
the friction coatings analyzed. 
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