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Capteurs d'humidité flexibles à base d'encres de graphène vert imprimèes en Aérosol 
 

 Mohsen KETABI 

 
RÉSUMÉ 

 
Dans cette étude, des capteurs d'humidité entièrement flexibles à base de graphène ont été 
développés et étudiés. Premièrement, trois encres vertes au graphène ont été formulées 
par l'exfoliation en phase liquide (LPE) de graphite dans des stabilisants biocompatibles 
(biopolymères) liés à l'eau ; triton X-100, tween-20 et gélatine.  Ces produits sont 
écoresponsables, car ils sont exemptés de les composés organiques volatils (COVs) et de 
composés nocifs. Les encres au graphène (GGe, GTr et GTw) ont été préparées avec des 
concentrations optimisées de biopolymères de 0,1 mg.mL-1 de gélatine, 1 mg.mL-1 de triton X-
100 et 1,5 mg.mL-1 de tween-20, respectivement. Les films de graphène imprimés par aérosol 
avec une épaisseur de 500 nm ont montré une résistance de couche (Rs) de 2,6 kΩ/□ pour GTr, 
5 kΩ/□ pour GTw et 14 kΩ/□ pour GGe. La faible Rs pour GTr est attribuée à de meilleures 
propriétés mouillabilité et d'adhérence de l'encre sur les substrats en polyéthylène téréphtalate 
(PET). Par conséquent, il a été choisi pour développer les capteurs d'humidité en graphène vert. 
 
L'encre GTr a ensuite été modifiée avec diverses concentrations de gélatine pour améliorer la 
résistance mécanique et les performances de détection d'humidité du capteur.  La concentration 
retenue est de 1 mg/mL et celle-ci est utilisée pour le reste de la recherche.  Cette encre (1Ge-
GTr) a été imprimée sur des électrodes de carbone sérigraphiées sur un substrat PET, ce qui a 
donné un capteur d'humidité en graphène vert et flexible. Le 1Ge-GTr a montré une réponse 
linéaire dans la plage d'humidité relative (HR) de 30 % HR à 90 % HR, une bonne sensibilité 
de 0,55 %/HR% à 25 °C, une réponse ultrarapide en quelques secondes et une indépendance 
par rapport aux variations de température allant de 22°C à 70°C. De plus, le capteur a montré 
une efficacité élevée pour la détection de l'humidité, faisant du capteur un candidat potentiel 
pour la mise en œuvre dans des applications Internet des objets (IoT) réelles. 
 

Mots-clés: Humidité; capteur; graphène; encre; imprimante aérosol; gélatine; triton X-100; 
tween-20 ; électronique imprimée.





 

Flexible humidity sensors based on Aerosol printed green graphene inks 
 

 Mohsen KETABI 
 

ABSTRACT 
 

In this study, fully flexible graphene-based humidity sensors were developed and investigated. 
First, three green graphene inks were formulated by direct liquid exfoliation (LPE) of graphite 
in water bonded biocompatible stabilizers (biopolymer); triton X-100, tween-20, and gelatin. 
Ultimately, green and eco-friendly graphene inks were formulated, which are clean of Volatile 
Organic Compounds (VOCs) and harmful compounds. The graphene inks (namely as GGe, 
GTr, and GTw) were prepared with optimized biopolymer concentrations of 0.1 mg.mL-1 of 
gelatin, 1 mg.mL-1 triton X-100, and 1.5 mg.mL-1 tween-20, respectively. The aerosol printed 
graphene films with 500 nm thickness revealed a sheet resistance (Rs) of 2.6 kΩ/□ for GTr, 5 
kΩ/□ for GTw, and 14 kΩ/□ for GGe. The low Rs for GTr was assigned to better ink wettability 
and adhesion properties on top polyethylene terephthalate (PET) substrates. Therefore, it was 
chosen for the rest of the research to develop green graphene humidity sensors. 
 
The GTr ink was later modified with various concentrations of gelatin to improve the sensor's 
mechanical strength and sensing performance for humidity detection. The final product, 1 
mg.mL-1 gelatin-modified GTr ink (1Ge-GTr), was selected for the rest of the research. The 
1Ge-GTr ink was printed on top of screen-printed carbon electrodes on PET substrate, resulting 
in a green and flexible graphene humidity sensor. The 1Ge-GTr showed a decent linear 
response in the relative humidity (RH) range of 30% RH–90% RH, good sensitivity of 
0.55%/RH% at 25°C, ultrafast response time in a second, and good independence from 
temperature fluctuations ranging from 22°C to 70°C. Moreover, the sensor showed a high 
practical efficiency toward humidity detection, making the sensor a potential candidate for 
implementation in real-life Internet of Things (IoT) applications. 
 

Keywords: Humidity; sensor; graphene; ink; aerosol printer; gelatin; triton X-100; tween-20; 
printed electronics. 
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INTRODUCTION 
 

The timeline of the Industrial Revolution outlines the major inventions that made a paradigm 

shift in human lives, beginning with the creation of machines throughout technological and 

digital revolutions to the fourth industrial revolution; the Smart Factory (or as called the 

Internet of Things (IoT)), where machines are all interconnected and automated (Figure 0.1). 

 

 

Figure 0.1 The timeline of the Industrial Revolution  
Taken from BFPA (2017)  

 

This rapidly growing technology of IoT combines sensors and electronics (Figure 0.2). The 

information from the physical system is collected by sensors to be then managed and processed 

locally. Then this information is sent to the application layer through the network layer for the 

implementation in their respective fields such as home, health, transportation, and others. 

Accordingly, we started hearing about smart portable medical devices, smart homes, and many 
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other examples. The success of this technology depends on the development of both sensors 

as well as electronics. 

 

  

Figure 0.2 Overview of IoT Architecture  
Taken from Phuyal et al. (2020) 

 

Since access to IoT is mostly limited to advanced electronic devices, the addition of widespread 

sensors to the system is the first brick, which is the reason for the importance of producing 

more chemical and material-detecting sensors and developing low-profile robust wireless 

networks. If some advanced chemical and gas sensors become part of the IoT, such facilities 

could experience a giant leap forward (Gligoric et al., 2019).  

 

On the other hand, printed electronics have sparked considerable interest in recent years due 

to their low e-waste generation, ease of fabrication, and potential for large-scale development 

of multifunctional devices. Various printing innovations have evolved over the years to pattern 

flexible surfaces in developing a variety of electronic devices. Additionally, Printable 

electronic inks materials provide an appealing platform for manufacturing and developing 

electronic devices and circuits for applications such as sensors, smart bandages, e-paper, and 

labels in various industries, including wearables, advertising, food packaging, and biomedical 

applications (Suganuma, 2014). 



 

 

CHAPITRE 1 
 

LITERATURE REWIEW 

 Sensors 

As the industry evolves, reinvention of higher technology and devices is required. Real time 

monitoring and better sensing performances could accelerate and play a critical role in ensuring 

that industrial operations stay competitive and efficient. Therefore, by having a digitally 

interconnected systems powered by sensors and sensing devices will bring the ability to 

monitor and adapt changes continuously in situ.  

  

 History of Sensors 

The invention of the miner’s flame lamp by Sir Humphrey Davy in 1851 (Davy Lamp, (Figure 

1.1) resulted in mine workers' safety and registered his name in history (Henry Pohs, 1995). 

Perhaps he did not know that he marked a turning point in human life with the introduction of 

this lamp. A wick lamp with a flame contained in a lattice plate makes up this lamp. The screen 

serves as a fire retardant barrier. Air (and any available fire retardant) can freely pass through 

the grid, but the holes are too small to allow flame to ignite and any fire outside this lattice 

plate (Henry Pohs, 1995), (James, 1994). 

 

Figure 1.1 The Davy and Geordie lamps are safety lamps for use in flammable atmospheres 
like coal mines, invented in 1815 by Sir Humphrey Davy and George Stephenson  

Taken from Henry Pohs (1995) 
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A year later, George Stephenson improved the lamp on two tenets: 1) The burning firedamp 

moved at a slow speed and 2)"burnt air" (carbonic gas, CO2) would keep explosions from 

spreading (Henry Pohs, 1995). These lamps could be the spark of the invention of gas sensors, 

the invention day of sensors could go earlier than those days like Litmus paper for pH sensing 

(1800) and the thermometer (1612) (Dincer et al., 2019). Figure 1.2 shows a brief history line 

for sensors development (Dincer et al., 2019). 

 

 

Figure 1.2 The discovery and development of various sensors over time are depicted in this 
timeline to materials (green), sensor technologies (blue), and biotechnology (black)  

Taken from Dincer et al. (2019) 
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 Sensor 

Sensors (Figure 1.3) are becoming increasingly important in the current globalized world due 

to the growing demand for rapid, easy-to-access, and trustable information. They have become 

widespread and vital in today's industrial applications ranging from complex industrial 

processes to everyday products. Environmental, pharmaceutical, agricultural, and food 

sciences, as well as wearables and clinical diagnostics, are just a few examples of where such 

devices can be used. Nowadays, online sensing of material properties, merged with real-

time supervision, brings the goal of self-directed, intelligent processing closer to reality 

(Dincer et al., 2019), (“Expand. Vis. Sens. Mater.,” 1995). 

 

 

Figure 1.3 Sensor - Printed and Flexible Sensors 2017-2027_ Technologies, Players, 
Forecasts_ IDTechEx  

Taken from Gligoric et al. (2019) 
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 Classification of Sensors 

Each sensor has a different operating concept based on the physical design and the physical 

parameter being measured. All sensors have one common: they transform a physical quantity 

(such as humidity) into a readable signal such as electrical, optical, acoustical, etc. 
 

Sensors can be classified in many ways, depending on the type of output signal or the physical 

parameters they measure or considering particular circumstances that affect result collection. 

But, in general, and by their working mechanism, they could be divided into active and passive 

categories. An active sensor is a sensing device that an external source must power. In contrast, 

passive sensors can monitor and react to the signals from the external surroundings. The other 

classification form focuses on the sensor's detection method, such as chemical, electric, 

radioactive, biological, and other detection methods. The converting phenomena, i.e.., the input 

and output, is the basis for another classification like thermo-optic, electrochemical, 

photoelectric, electromagnetic, or thermoelectric. Analog and digital sensors could be termed 

a division. Analog Sensors generate an analog output, a continuous output signal (generally 

voltage, and other quantities such as resistance, etc.) related to the quantity being measured. In 

comparison, digital sensors work with precisely defined or digital data. The data in digital 

sensors, which is used for converting and transmitting, is of the digital variety (Stefan et al., 

2004). 

 

 Type of Sensors 

Various sensors have been developed and manufactured based on application and necessity 

and can be classed using the previously described classification. Almost all IoT applications 

and electronic equipment contain at least a couple of sensors that provide feedback for physical 

property. Considering the desired parameter to measure with additional factors like accuracy 

and budget can lead to choosing, assigning, and employing the best sensor for any intended 

application. Sensors are: humidity sensor, Pressure sensor, Temperature sensor, Light sensor, 
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Gas sensor, Accelerometer, Touch sensor, Colorimetric sensor, Magnetic sensor (Hall Effect 

sensor), and Ultrasonic sensor. 

 

 Humidity Sensor 

Based on the measurement techniques, humidity parameters are classified into relative and 

absolute humidity (Farahani et al., 2014). Absolute humidity (AB) units are used for the 

primary measurement in which H2O content is measured. It is determined from the ratio of the 

mass of H2O in gaseous environments to the volume of the gas (Farahani et al., 2014). 

Primarily, it is used for tracing moisture measurement as a primary humidity (Z. Chen & Lu, 

2005)(Kulwicki, 1991). Relative humidity (RH) is temperature-dependent and classified as a 

secondary measurement of humidity (Farahani et al., 2014). It defines the ratio of the humidity 

content of air to the maximum humidity at a given temperature and pressure of the gas. 

Compared to AB sensors, RH sensors are the most frequently used in industry or individually 

because they have a simple design process and are cost-effective (Kulwicki, 1991). Humidity 

sensors have been in development for decades based on various hygroscopic sensing materials. 

Such sensors can either depend on physisorption or chemisorption mechanisms to monitor 

humidity (Mujumdar, 1987). 

 

 Classification of Humidity Sensors 

Figure 1.4 shows that humidity sensors can be classified based on the type of the sensing 

material and their operating principle. Chen et al. (Z. Chen & Lu, 2005) classified sensors 

based on the sensing materials to ceramic, semiconductor, and polymer humidity sensors. 

Yamazoe et al. (Yamazoe & Shimizu, 1986) modified Chen’s sensor classification to 

electrolytes, organic polymers (impedance, capacitance-type), and porous ceramics. Rittersma 

et al. (Rittersma, 2002)(Lee & Lee, 2005) classified humidity sensors into capacitive, resistive, 

hygrometric, gravimetric, and optical humidity sensors based on the sensing principles. 

Recently, humid sensors are classified into ceramic, resistive (ionic, electronic type), 
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capacitive, Polymer-based, surface acoustic waves (SAW), optical, mechanical, piezoelectric, 

thermal conductivity humidity sensors (Yadav, 2018). 

 

 

Figure 1.4 Humidity sensors classification based on the design and used techniques 
 Taken from Sikarwar & Yadav (2015) 

 

Figure 1.5 classifies humidity sensors based on the type and the sensing principle (Sikarwar & 

Yadav, 2015). Among all, capacitive and resistive sensors are commonly used in humidity 

measurement techniques (Ertu, 2012). In contrast, resistive sensors depend on the impedance 

change caused by adsorbing humidity on the sensor's surface (Stefan et al., 2004). Capacitive 

sensors depend on the change of the dielectric constant related to absorbing humidity on their 
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bulk (Decaens & Vermeersch, 2016), changing the capacitance for sensors. Typically, 

capacitance linearly increases with increasing humidity (Stefan et al., 2004). Mainly, cellulose 

eaters and polyimide resins are used in the capacitive sensors. 

 

Resistance-type humidity sensors use hygroscopic materials. These materials can show 

changes in their electrical resistance to humidity's adsorption/desorption process on the 

surface. In cyclic environments of dry and humid air, sensing materials can adsorb water in the 

presence of humidity and loses it in dry conditions in a repeatable way(Montgomery & 

McDowall, 2008). Common sensing materials employed in resistive sensors are ceramics 

(Al2O3, SiO2) (Z. Chen & Lu, 2005), semiconductors (TiO2(Sun et al., 2009), SnO2 (Kuang et 

al., 2007), ZnO (Ates et al., 2013)); polymers (MAJEWSKI, 2016), 2D materials (Zhao et al., 

2017), black phosphorus (Yu et al., 2020), and carbon materials (carbon nanotubes, and 

graphene) (Lv et al., 2019). 

 

 

 

Figure 1.5 Capacitive and resistive humidity sensors  
Taken from Ertu (2012) 
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 Printed Electronics 

Printed sensors and flexible devices are rapidly emerging into the industry. Therefore, the 

market for completely printed sensors is expected to reach $4.9 billion by 2032. As a result of 

the development of numerous new applications and technologies, the overall category's market 

expansion is facilitated. There are numerous variables driving the adoption of multiple kinds 

of printed/flexible sensors. The increasing use of 'IoT' and 'Industry 4.0' is crucial, as they will 

necessitate huge networks of frequently wirelessly connected low-cost and unobtrusive 

sensors. Furthermore, the thin-film form factor and conformality of printed/flexible sensors 

allow them to be included within smaller devices, giving designers more opportunity to 

differentiate their products and perhaps new use cases (Dyson, 2021). 

 

 Review 

Printed electronics (PE) are in continuous development since 1950s (Suganuma, 2014). 

Numerous involvement and efforts of many researchers and engineers through decades 

resulted in the discovery, development methods, and tremendous advancements in the 

twentieth century. PE is a platform that combines electronics fabrication with text and 

schematic printing. With such technology, it is possible to create high quality electronic 

components that are thin, flexible, stretchable, portable, of various sizes, and cost-effective 

(Suganuma, 2014). 

 

A variety of printing methods have already been used in traditional electronics fabrication. 

Aerosol-jet printing (AJP), screen-printing, ink-jet printing, gravure printing, flexography 

printing, and offset printing are among them. Table 1.1 presents a comparison between 

different types of printing methods (Helmut Kipphan, 2001).  
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Table 1.1 Comparison between the printing technologies  
Taken from Kipphan (2001) 

Printing process Transfer 
method 

Drop 
Size / 

applied 
Pressure 

 

Dynamic 
viscosity 

Ink 
thickness 

on a 
substrate 

Notes 

Offset printing Rollers 1 MPa 40–100 
Pa·s 

0.5–
1.5 μm High print quality 

Rotogravure Rollers 3 MPa 50–200 
mPa·s 0.8–8 μm 

Thick layers 
possible, 
excellent image 
reproduction, 

Flexography Rollers 0.3 MPa 50–500 
mPa·s 

0.8–
2.5 μm 

High quality 
(now HD) 

Letterpress printing Platen 10 MPa 50–150 
Pa·s 

0.5–
1.5 μm Slow drying 

Screen-printing 

Pressing ink 
through 
holes in the 
screen 

 
1000–
10,000 
mPa·s 

< 12 μm Versatile method, 
low quality 

Liquid 
electrophotography 

Image 
formation by 
Electrostatics 

   
excellent image 
reproduction, 
very thin image 

Electrophotography Electrostatics   5–10 μm Thick ink 

Ink-jet printer Thermal 
5–30 
picolitres 
(pl) 

1–5 
mPa·s[37] < 0.5 μm 

Special paper 
required to 
reduce bleeding 

Ink-jet printer Piezoelectric 4–30 pl 5–20 
mPa s < 0.5 μm 

Special paper 
required to 
reduce bleeding 

Ink-jet printer Continuous 5–100 pl 1–5 
mPa·s < 0.5 μm 

Special paper 
required to 
reduce bleeding 

Transfer-print 

Thermal 
transfer film 
or water 
release decal 

   

method of 
applying an 
image to a curved 
surface 

Aerosol-jet printer 
Aerosolized 
inks carried 
by the gas 

2–5 
microns 
in 
diameter 

1–1000 
mPa s < 1 μm 

Good printing 
resolution, 
High quality 
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 Aerosol-Jet Printer (AJP) 

In contrast to other printing techniques, AJP is a newer enhancement to the printing suite of 

tools and is being used in academic studies for upwards of a decade in various rallies. AJP, on 

the other hand, has considered a highly effective method for microscale digital printing 

technology using functional nanoparticles inks. Whereas the academic community has 

indicated credible capabilities in the latest years, Scientific analyses are used to promote inks 

and processing parameters. This has resulted in general qualitative standards and correlations 

for both ink and machine (Secor, 2018). 

 

In AJP, liquid inks containing solvents and dispersed nano particles are atomized and 

forwarded to the medium surface by a carrier gas, deposited with great precision. Because it is 

contactless, printable, and observable simultaneously, and easy to fabricate patterning, AJP has 

synergistic advantages over many traditional methods and is being used in applied research 

fields such as transistor fabrication, complex circuits boards, and photovoltaic metallization. 

 

It brings many benefits; AJP has a few downfalls that are excellently known to everyday users. 

Even though the process tolerates a wide range of inks, defining optimal print parameters is 

frequently a delicate process. In this regard, consistency and replication are challenging to 

achieve. They may necessitate drastic measures, such as frequent ink observation and 

replacement, optimization printing parameters for a specific ink that does not usually translate 

to new materials, nuzzle blocking, and spattering ink over the substrate (Secor, 2018). 

 

 Graphene and Sensors 

Since the discovery of graphene, known as a magical material, it has been researched 

extensively due to electrical, mechanical, and chemical (Lau & Hui, 2002). Graphene is a 

single-layer sheet with sp2 hybridized carbon atoms (Jarosz et al., 2016) produced by methods 

summarized as top-down or bottom-up methods (Figure 1.6). In this sheet, the in-plane δ bond 

is one of the strongest bonds, and the out-of-plane is the π bond, which creates a delocalized 
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network resulting in electron conduction. It exhibits a semi-metal feature with a zero-band gap, 

different from the metallic behavior of graphite (Chernozatonskii et al., 2006). Graphene has 

a specific surface area (2630 m2 g-1 ) and thermal conductivity (5000 Wm-1 K-1 ) (Tung et al., 

2017). Single-layer graphene has an optical transmittance up to 97.7% with a low sheet 

resistance of 30 Ω sq-1 (Ma & Zhi, 2019). It has excellent mechanical properties, higher than 

steel’s tensile strength, which could be used in flexible, stretchable. Therefore it had strongly 

nominated for the development of wearable electronics (Lv et al., 2019) (Bhuyan et al., 2016). 

Accordingly, It has attracted attention to various applications, including electronics, 

optoelectronics, and chemical sensors (Bhuyan et al., 2016). 

 

 

Figure 1.6 The different processes of Graphene synthesis  
Taken from Bhuyan et al. (2016) 

 

Graphene has been found a promising sensing material for humidity due to its high electron 

mobility, high specific surface area, and low electrical noise (Lv et al., 2019). Typically, in 

resistive sensors based on graphene, H2O molecules will adsorb onto the graphene surfaces 

upon exposure to a humid environment. This causes a change in the electrical resistance of the 

graphene, which is proportional to humidity. Consequently, RH can be determined by 

measuring the changes in the electrical resistance RH2O/Rair. Significantly, sensors resistance 

can increase or decrease depending on the graphene derivative; pristine graphene, graphene 

oxide (GO), or reduced graphene oxide (rGO). Also, H2O molecules' interaction with graphene 

is tricky. Whereas H2O can withdraw electrons from pristine graphene, increasing the holes' 
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concentration and conductivity in flakes (C. Chen et al., 2018; Khalifa et al., 2020; Schedin et 

al., 2007; Shojaee et al., 2018). This results in a resistance reduction upon exposure to 

humidity. They can donate electrons to GO, and rGO leading to the opposite observation 

indicated for pristine graphene. Thus, a resistance elevation can be observed for sensors based 

on GO and rGO upon exposure to humidity. 

 

Figure 1.7 shows a schematic illustration of a humidity resistive sensor that consists of a 

sensing material between two conductive electrodes on an inert substrate. The electrodes have 

an interdigitated structure to improve the sensing area and sensitivity. The graphene can be 

deposited onto the substrate with patterned electrodes by spin-coating, spray-coating, dip-

coating, drop-casting, and printing (Wassei & Kaner, 2010). The sensitivity of graphene-based 

humidity sensors can be improved by increasing surface areas or adding functional groups 

sensitive to water molecules (Lv et al., 2019). 

 

 

Figure 1.7 Graphene-based resistive humidity sensor  
Taken from Lv et al. (2019) 

 

 Resistive Sensors Based on Graphene 

Andric et al. (Andrić et al., 2021) fabricated chemiresistive graphene-based humidity sensors 

on PET and ceramic substrates. The graphene sensors, which were approximately 80% 

transparent, showed resistance fluctuations of up to 10% with increasing humidity, linear 

performance over RH ranging from 8% to 95%, and response times of 30 ms. Jeong et al. (Y. 

Jeong et al., 2021) investigated the humidity detection properties of an ink-jet printed sensor 

based on graphene quantum dots (GQDs), which were deposited locally on the interdigitated 
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CG-FG area (floating-gate (FG) interdigitated with control-gate (CG)). The humidity sensor 

responded to RH from 17.5% to 81.3%, with a response of 78% for RH ≈ 81.3%. Hajian et al. 

(Hajian et al., 2020) fabricated a resistive humidity sensor based on fluorinated graphene (FG) 

solution over silver (Ag)-based interdigitated electrodes (IDEs) screen-printed on a flexible 

polyimide substrate. The FG-based humidity sensors exhibited a 13.3% change in the relative 

resistance, a sensitivity of 0.22%/%RH, and response/recovery times of 82 s / 125 s, when the 

RH changed from 20% to 80%. Table 1.2 summarizes further examples for graphene-based 

chemiresistive humidity sensors. 

 

Table 1.2 Comparison of graphene-based chemiresistive humidity sensors  
Adapted from Barmpakos & Kaltsas (2021)  

 
Active Material Electrodes Substrate (%RH) Sensitivity  Ref. 

Gravure printed 
MWCNTs 

Screen-printed, 
Ag PI 30–60 

0.96% 
/%RH 

(X. Zhang 
et al., 
2019) 

Gravure printed 
MWCNTs 

Screen-printed, 
Ag PI 10–90 – 

(Xingzhe 
Zhang et 
al., 2020) 

Drop-cast TiO2 
nanoflowers Gravure, Ag PI 20–95 

485.7 
/RH% 

(H. Jeong 
et al., 
2019) 

Screen-printed 
MEPAB/ 
CMDAB/MMA 
copolymer 

Screen-printed, 
Ag/Au PI 20–95 

0.0586 
logW 
/% RH 

(M.-J. 
Kim & 
Gong, 
2012) 

Screen-printed 
epoxy/IPN 
polyelectrolyte 

Chemical Etching 
Plating (Ni/Au) PI 20–95 

0.046 
logW 
/% RH 

(Lim et 
al., 2013) 

Drop-cast 
SnO2/rGO 

Chemical Etching 
Plating (Cu/Ni) PI 11–97 

15.19– 
45.02% 

(D. Zhang 
et al., 
2016) 

Spin-coat 
PEDOT:PSS (15%) 
+ PVA (SAW) Photolithography LiNbO3 0–80 

350 W 
/% RH 

(Choi et 
al., 2015) 

Spin-coat 
PEDOT:PSS (5 
wt%)  
+ ZnSnO3 (5 wt%) 

Photolithography, 
Au LiNbO3 0–90 – 

(Aziz et 
al., 2015) 
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Table 1.2 Comparison of graphene-based chemiresistive humidity sensors 
Adapted from Barmpakos & Kaltsas (2021) [Continued] 

 
Active Material Electrodes Substrate (%RH) Sensitivity  Ref. 
Screen-printed 
MDBBAC/MMA 
(70/30) 
Polyelectrolyte 

Screen-printed,  
Ag–Plating 
(Cu/Ni/Au) 

Glass 
Epoxy 20–95 

0.0349 
logW 
/% RH 

(Ahn et 
al., 2012) 

EHD 
Graphene/methyl 

Ink-jet-printed, 
Ag PET 5–95 96.36% 

(Ali et al., 
2016) 

Drop-cast Pt/MoS2 
(0.25:1) 

Photolithography, 
Au Ceramic 35–85 

85 % 
 RH 

(Burman 
et al., 
2018) 

Gravure printed 
CNT 

Screen-printed, 
Ag PET 20–80 

0.1% 
/% RH 

(V. S. 
Turkani et 
al., 2018) 

Screen-printed 
TiO2-Cu2O-Na2O 

Screen-printed, 
Pt Al2O3 20–95 – 

(D.-U. 
Kim & 
Gong, 
2005) 

Ink-jet-printed 
PANI – Polyester 20–96 – 

(Kulkarni 
et al., 
2012) 

Micro-pipette 
deposited Nafion 

Screen-printed, 
Ag on PU 

Polyester 
cotton  30–90 – 

(Kutzner 
et al., 
2013) 

Gravure printed 
FMWCNT/HEC 
(1:6 w/w) 

Screen-printed, 
Ag PET 20–80 

0.048 
/% RH 

(Vikram 
S. Turkani 
et al., 
2019) 

Ink-jet-printed  
PEDOT:rGO-
PEI/Au NPs – PET 11–98 

7.41– 
51.60% 

(R. Zhang 
et al., 
2018) 

Spin-coated Fe2O3 
Ink-jet-printed, 
Ag PET 0–100 ~88.89% 

(Khan et 
al., 2020) 

fluorinated 
graphene (FG) 

Screen-printed, 
Ag 

flexible 
polyimide 20-80 

0.22% 
RH 

(Hajian et 
al., 2020) 

graphene quantum 
dots (GQDs) 

Ink-jet-printed, 
Ag Sio2 17-81 30-40% 

(Y. Jeong 
et al., 
2021) 

liquid phase 
exfoliated graphene 

interdigitated 
electrodes 

PET, 
ceramic 8-95 5%RH 

(Andrić et 
al., 2021) 

Aerosol printed 
graphene (LPE) Screen-printed, C PET 22-90 0.55%   
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 Graphene Inks 

Elevated ink advancement has piqued the interest of emerging printed and flexible devices for 

industrial and commercial applications. Graphene-based inks have incredibly become the most 

researched as a key player in this area owing to their excellent properties such as, but not 

limited to, excellent conductivity and mechanical strength. Furthermore, graphene has 

demonstrated a high potential for engineering (for example, chemical and physical 

functionalization, coating metals, and so on), letting the characteristics of graphene be 

controlled and adapted to a wide range of devices. As a result, researchers thoroughly 

investigated their use as an alternative to conventional materials in various applications. 

 

Currently, polar and high-boiling-point solvents are used to make inks, such as N-methyl-2-

pyrrolidone (NMP) (B. Liang et al., 2021), dimethylformamide (DMF) (Tkachev et al., 2021), 

cyclohexanone (Barmpakos et al., 2021), terpineol (D. S. Kim et al., 2021), toluene (Htwe et 

al., 2021), and tetrahydrofuran (THF)(Salavagione et al., 2020). Graphene has a surface energy 

of 46.7 mJ.m-2 and Hansen solubility parameters (HSPs) of 18, 12.3, and 7.2 MPa1/2 for the 

dispersive (D), polar (P), and H-bond (H) parameters, respectively. (A. Al Shboul et al., 2017; 

A. M. Al Shboul et al., 2018; Hernandez et al., 2010). The solvents mentioned above were 

efficient in formulating dispersant-free graphene inks relying on the close match between their 

surface tension (33-48 mN.m-1) and the HSPs (17-18 MPa1/2 for D, 5-12 MPa1/2 for P, and 

5-26 MPa1/2 for H parameters) to those for graphene. Knowing that additives (ex. Polymers) 

can negatively impact graphene films' electrical properties (A. Al Shboul et al., 2017), these 

solvents are ideal for preparing colloidally stable free-additives graphene inks. 

 

However, these solvents are not without issues. As a result of the slow evaporation rate, the 

energy consumption, toxicity, and contribution to greenhouse gas emissions (Byrne et al., 

2016), scientists pursued their endeavors to develop conductive graphene inks using more 

suitable and/or green solvents while keeping devices functioning. To address the issues 

mentioned earlier and promote public/environmental health, researchers are working to reduce 
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solvent consumption or replace it in ink composition with greener options (Kamarudin et al., 

2021). 

 

Water is the best environmentally-friendly green solvent for boosting green chemistry in 

electronics manufacture (Hartonen & Riekkola, 2017). Water's valuable role as a solvent is 

related to its characteristics, such as high abundance, low-cost, non-flammability, and zero 

health impact (Filly et al., 2016). However, water and graphene are not soluble because of the 

surface energy and surface tension of water (72.7 mJ.m-2) (Carl L. Yaws, 2008; Shin et al., 

2011; The Chemical Rubber Company, 1969), far from the one for graphene (46.7 mJ.m-2) 

(Wang et al., 2009). Additives were used to balance the surface energy between graphene and 

water. In this work, biocompatible dispersants such as gelatin, triton X-100, and tween 20 were 

employed in the graphene inks’ formulation intending to exclude harmful materials. As a 

result, green graphene inks were produced, leading to green sensors that prevent releasing 

harmful materials to the environment or contact vital subjects such as human skin. 

 

In developing green graphene inks, Chen et al. (H. Chen et al., 2021) develop multipurpose 

graphene aqueous inks with high conductivity based on sand-milling exfoliation of raw 

graphite for screen-printing. This method produces 62.8% graphene dispersed in water at high 

concentrations of up to 25.1 mg.mL-1 for application in supercapacitors and heaters. The 

graphene layer exhibits a fast-ramping temperature (171.9 °C) at 8 V in 75 s in the heating 

device and high areal capacitance (1.36 mF.cm-2) in the MSCs due to its outstanding 

conductivity (up to 870 S.cm-1 after annealing). In another approach by Htwe et al. (Htwe & 

Mariatti, 2021), graphene conductive inks were synthesized by combining deionized (DI) 

water with several surfactants (SDS, PVP, and GA) for ink-jet printing technique. The film 

was printed on a PET with a 125 μm thickness for wearable electronics. In this research, when 

the bending force was released after 100 bending cycles, the initial electrical conductivity of 

5.2 × 103 Sm-1 only decreased by roughly 0.2 percent. Nayak et al. (Nayak et al., 2021) 

formulated the graphene solution using ethanol and water by LPE technique and created a 

conductive graphene ink with no coffee ring formation for practical ink-jet printing. The film's 

resistivity was measured at 200 °C to be 35 Ω-cm, which drops to 1.06 Ω-cm when the 
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temperature is raised to 300 °C. Table 1.3 provides more examples for aqueous graphene inks, 

besides the inks formulated in low-harmful solvents such as IPA and ethanol. 

 

Table 1.3 Selected examples of the graphene-based inks and their printable applications 
Adapted from Hu et al. (2018) 

  Solvents 

Binders 
& 
additives Substrates Applications Ref. 

Ink-jet inks 

Graphene IPA – 
PET, 
Polyurethane FETs 

(Carey et al., 
2017) 

Graphene 
Water 
/Ethanol – PET Conductive inks 

(Capasso et al., 
2015) 

Graphene 
Water 
/Ethanol – Si/SiO2 – 

(Bianchi et al., 
2017) 

Graphene Water 
SDBS, 
PANI Carbon Supercapacitors 

(Y. Xu et al., 
2014) 

Graphene Water 
PEDOT: 
PSS Carbon Gas sensors 

(Sriprachuabwon
g et al., 2012) 

Graphene Water PS1 Si/SiO2 
Photodetectors,  
memory 

(McManus et al., 
2017) 

Graphene 

IPA, 
NMP, 
Terpineol 
/CHO 

Ethyl 
cellulose PET Photodetectors 

(Hossain et al., 
2017) 

Graphene IPA PVP Si3N4 
Humidity 
sensors 

(Santra et al., 
2015) 

Graphene IPA PVP FTO glass Solar cells 
(Dodoo-Arhin et 
al., 2016) 

Graphene IPA PVP 
Kapton, 
glass Thermoelectrics 

(Juntunen et al., 
2018) 

Graphene 
IPA/n-
butanol 

Plasdone 
S-630 Paper Conductive inks 

(Arapov et al., 
2014) 

Graphene 
Terpineol 
/Ethanol 

Ethyl 
cellulose 

Si/SiO2, 
glass FETs (Li et al., 2013) 

Graphene 

Ethyl 
lactate/oct
yl acetate 

Nitro- 
cellulose 

Glass, 
Kapton Conductive inks 

(Secor et al., 
2017) 

Graphene 

Diethylen
e glycol 
/Ethanol 

PEDOT: 
PSS Polyurethane 

Temperature 
sensors 

(Vuorinen et al., 
2016) 
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Table 1.3 Selected examples of the graphene-based inks and their printable applications 
Adapted from Hu et al. (2018) [Continued] 

  Solvents 

Binders 
& 
additives Substrates Applications Ref. 

Graphene Water 
SDS/ 
PVP PET 

Wearable 
electronics 

(Htwe & Mariatti, 
2021) 

Graphene 
Water 
/Ethanol EG/EC Glass, SiO2 

Practical 
applications 

(Nayak et al., 
2021) 

Flexographic inks 

Graphene Water/IPA Na-CMC ITO PET Solar cells 
(Baker et al., 
2014) 

Gravure inks 

Graphene 
Terpineol 
/Ethanol 

Ethyl 
cellulose Kapton Conductive inks 

(Secor et al., 
2014) 

Screen inks 

Graphene Ethanol 
PTFE, 
PANI PET Supercapacitors 

(Y. Xu et al., 
2013) 

Graphene 
Terpineol 
/Ethanol 

Ethyl 
cellulose 

Si/SiO2, 
Kapton Conductive inks 

(Hyun et al., 
2015) 

Graphene Water Na-CMC Glass, paper Conductive inks 
(Karagiannidis et 
al., 2017) 

Graphene 
Water/IPA
/  CMC 

PI/PET/Glas
s 

Supercapacitors, 
Heaters 

(H. Chen et al., 
2021) 

 

This work is divided into two sections. The first section is concerned with the synthesis and 

characterization of aqueous green graphene inks bound to biocompatible dispersants. The 

second section discusses how to use effective ink on production and sensing evaluation of 

printed and flexible humidity sensors. 

 

 

 

 

 

 

 

 



 

 

CHAPITRE 2 
 

METHODOLOGY 

Concepts and techniques for methodical development of printed humidity sensors involving 

ink preparation, screen-printed electrodes, and sensor fabrication are identified in this section. 

The constructed hypothesis, test and experiment techniques, and data collecting are explained. 

 

 Materials 

Graphite (7-10 µm) was obtained from alfa easer, triton X-100 was obtained from EMD-

Millipore, BioShop Canada Inc. supplied tween-20, and gelatin was obtained from Sigma-

Aldrich. Commercial carbon ink for screen-printing was provided from Loctite (LOCTITE 

EDAG 423SS E&C). 

 

 Preparation of Green Graphene Inks (GGe, GTr, GTw) 

Three green graphene inks (GTr, GTw, GGe) were prepared using the direct liquid phase 

exfoliation (LPE) technique, as shown in Figure 2.1. Specifically, 1 g of graphite was 

ultrasonicated for 8 hours with an optimized quantity of 1 g triton X-100 in 1 L of distilled 

water. This process was repeated for the other two dispersants (tween-20 and gelatin) with 

quantities of 1.5 g for tween-20 and 0.1 g for gelatin. The dispersions were transferred into 250 

ml centrifuge tubes and subsequently centrifuged at 14k rpm (12,400 g) for 2 hours to collect 

graphene flakes at the centrifuge tubes` bottom. The excess and unbounded dispersants in the 

supernatant were decantated from the aqueous dispersion. If the excess triton X-100 and tween-

20 were not excluded from the graphene ink, experimentally, they could complicate solidifying 

the graphene films after printing related to the liquid nature of the dispersants mentioned above 

room temperature. However, this issue was settled by excluding the excess amount of these 

dispersants by decanting the supernatant after centrifugation at 14k and limit their presence in 

the graphene ink by the ones only adsorbed on the graphene's surface.  



46 

 

The graphene precipitations were then dispersed in 1 L for 1 hour. Subsequently, the 

dispersions were centrifuged twice at 1k (121 g) for 30 minutes to remove un-exfoliated 

graphite flakes and 14k (12,400 g) for 2 hours to exclude the small graphene flakes from the 

final inks’ formulations. At the end of the 14k centrifugation, graphene flakes were collected 

at the centrifuge tubes` bottom. Finally, the graphene precipitations were sonicated in 100 mL 

pure distilled water for 1 hour, producing graphene inks with a concentration of 2 mg.mL-1. 

Viscosity (1-10 cP) measured by SV10 viscometer (Malvern instruments) and concentration 

(2 mg mL-1) of the ink by dilution were determined to adjust the physical properties for inks to 

ease their printability by using the AJP. The green graphene inks were indicated as pure 

graphene inks and referred to the dispersant used for the preparation; GTr refers to the ink 

prepared with triton X-100, GTw refers to the ink prepared with tween-20, GGe refers to the 

ink prepared with gelatin. These inks are environmentally-friendly due to avoiding toxic 

solvents in addition to the use of biodegradable polymers. Thus, the final product of inks should 

be eco-friendly that can release unharmful products upon degradation in the environment. 

 

 

Figure 2.1 The preparation procedure for the green graphene inks; 
 GTr, GTw, and GGe 
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 Preparation of Gelatin-modified GTr Ink (Ge-GTr) 

Modified GTr inks were prepared by simply dissolving the gelatin resin directly in the GTr 

inks. Various quantities of gelatin were stirred continuously overnight in the GTr inks, and the 

concentrations of gelatin in the modified inks were adjusted to 0.1,0.25,0.5, and 1 mg.mL-1. 

The prepared inks were labeled as 0.1Ge-GTr, 0.25Ge-GTr, 0.5Ge-GTr, and 1Ge-GTr, 

respectively. These inks were considered to fabricate the graphene humidity sensors. Later, the 

other inks (GTw and GGe) and their modification will be considered for sensors fabrication in 

future studies. Here, gelatin is beneficial to (1) Elevate inks viscosity and their printability, (2) 

Enhance the mechanical strength for the printed films, and (3) enhance the humidity sensing 

detection for sensors. 

 
 Sensor Fabrication 

Toward optimal printing performance for an AJP (Figure 2.2) should be fixed for ink 

characteristics (viscosity, concentration, stability). These parameters are essential to make an 

excellent and stable mist to have continuous and same quality print. The template and tube 

temperature, and printing speed are also important parameters. Therefore, a systematic study 

was carried out to find the best parameters to print graphene inks. These parameters include 

the bottle position, the longitude, the latitude, the bottle depth into the atomizer chamber, the 

atomizer power, the gas sheath, the nozzle pressure, the nozzle size, the height from a substrate, 

the ink volume in the bottle, and the printing speed. 
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Figure 2.2 X-Position and Angle Position, Atomizer water level, Aerosol-Jet Printer, Nozzle 
distance and Atomizer chamber and ink Tube 

 

In this research, graphene films (5 mm x 5 mm) with various number of printing layers (Figure 

2.3) were printed on top polyethylene terephthalate (PET) substrate using an aerosol spray 

printing (Optomec, Aerosol-Jet, USA) with a 300 μm diameter nozzle, and the carrier 

gas/sheath gas rates were fixed at 15 sccm/40 sccm. During aerosol-jet printing, the stage was 

maintained at 100℃, and the working distance was 46mm. The volume of the ink inside the 

bottle was 0.75mL. Later, graphene films were incubated overnight at 40 ℃ to ensure water 

removal. 

 

 

Figure 2.3 Printed GTr films with different printing passes on top PET substrate 
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The exact process was used to fabricate the graphene humidity sensors. The dimensions for the 

sensing graphene thin films were 1 mm length x 500 µm width x 400 nm thick. The electrical 

resistance was 200 kΩ in air ambient for the as-fabricated sensors (Figure 2.4).  

 

 

Figure 2.4 Printed GTr sensor on top screen-printed carbon electrodes pre-prepared on top 
PET substrate 

 

Noteworthy, a systematic study was carried out to find the best printing pattern and electrode. 

Accordingly, we printed different patterns such as mesh, zigzag, and ladder (Figure 2.5). By 

reviewing the results of the pattern response analysis, it was found that in the mesh and zigzag 

pattern, the resistance decreases with increasing humidity, but remains constant or increases 

sharply after a while. This phenomenon could be explained because of sharp edges on zigzag 

and crowded network of mesh. Thus, upon exposure to humidity, H2O molecules start 

accumulating on films surface leading to the reduction on sensors resistance until saturating 

the surface which cause the signal to stabilize. Further accumulation of H2O molecules on 

films surface leads to create a pressure and eventually films can break and results in sudden 

increase in the resistance. Therefore, the ladder pattern showed the best performance (Figure 

2.6).  

 

 

Figure 2.5 Mesh, Zigzag and Ladder Patterns 
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Figure 2.6 Sensing layer on Ag electrode 
 

Later, we evaluated different electrodes, including silver (Ag), copper (Cu), and two types of 

carbon (C) electrodes. The metallic-type electrodes (Ag and Cu) were easily oxidized, leading 

to odd response signals. Figure 2.7 shows the analysis for graphene sensors printed on top of 

Cu, Ag, and two different kinds of C electrodes. Although, Ag and C electrodes showed 

promising results, but C electrodes were more stable than the Ag electrodes. Therefore, C 

electrodes were used for the rest of the study.  

 

 

Figure 2.7 Cu, Ag and C electrodes 
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 Preparation of Screen-printed C-electrodes 

A commercial carbon paste (LOCTITE EDAG 423SS E&C) was obtained from Loctite and 

used to make the new C-electrodes for sensors fabrication. The designing of new electrodes 

was carried out by AutoCAD software and then transferred to screen-printing software. The 

mask for screen-printing was developed, and the electrodes were printed by KeKo P-200A 

machine at ETS. The dimensions for the screen-printed carbon electrodes were 1.5 mm length 

x 1 mm width x 5 µm thick, with 100 µm spacing between the carbon bars (figure 2.8). 

 

Figure 2.8 (A) Electrodes design by AutoCAD software, (B) Design used to create the mask 
for screen-printing, (C) Screen-printed electrodes 

 

 Data Collection 

A portable and low-cost Arduino-based technique (Figure 2.9) was implemented to measure 

the Device Under Test (DUT) functionalities by transferring a generalized voltage through its 

ports and measuring the associated current flowing through it. The system collects DUT 

current-voltage signal and transmits it to a computer to process. The Arduino-based system 

accurately measures ohmic values, voltages and current. Despite the minor fluctuations, it is a 

feasible replacement for Keithley source Meter 2400 (Dogara et al., 2018). 
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Figure 2.9 (A) Arduino device, (B) Series of sensors in ETS environmental chamber 

 

The humidity and temperature control were achieved using an environmental test chamber 

(Tenney T10rc-1.5), as shown in Figure 2.10. The RH and temperature values were estimated 

using portable temperature/humidity data logger (Omega OM-EL-GFX-2-PLUS). The output 

signals generated for sensors were measured using a programmable multimeter connected to a 

PC via an Arduino card. The sensor response is defined as (∆R/Rair) x 100%, where ∆R 

represents the electrical resistance differences for sensors exposed to higher humidity and 

initial electrical resistance at RH ≈ 30%, respectively. Sensors sensitivity for humidity 

detection is defined as (∆R/∆RH), where ∆R is the difference between the electrical resistance 

at high and low humidity levels. ∆RH is the difference between high and low humidity levels. 

The time taken by the sensor to reach 90% of the response represents the response and recovery 

times. 

 

 
Figure 2.10 Sensors printed on carbon electrodes were taken to be tested with humidity at 

 ETS by using the environmental chambers 
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 Characterization 

This work entails a variety of chemical and electrical characterization of inks and printed films. 

These methods were chosen to demonstrate and collect data as accurately as feasible. Because 

science is based on facts, it was attempted to develop a scientific approach for making a printed 

flexible graphene humidity sensor by aiming for quantifiable outcomes through testing and 

analysis, as well as by gathering measurable, empirical evidence along with hypothesis-related 

experiments. 

 

 Ultraviolet-visible Spectroscopy (UV-Vis) 

UV-Vis is one of the most used diagnostic techniques because of its versatility and ability to 

detect nearly every molecule. The technique involves passing UV-Vis light through a sample 

and measuring the light transmittance. The absorbance (A) can be calculated using the 

transmittance (T) as A= - log (T). It can qualitatively recognize functional groups or verify the 

presence of a chemical by matching the absorption spectra. Since the analyte concentration is 

related to absorbance using the Beer-Lambert law (Equation 1), it can also determine materials’ 

concentrations. Here, absorbance spectra were recorded by a UV-Vis spectrophotometer (Cary 

100 Bio, Agilent Technologies, USA) using a quartz cell with a path length of 1 cm at room 

temperature. The graphene’s concentration was calculated using an absorption coefficient (Ꜫ) 

of 24.6 mL.cm-1.mg-1 (A. Al Shboul et al., 2017), (Hernandez et al., 2010). for the absorption 

at a wavelength of 660. 

 𝐴𝑏𝑠.ൌ  ∁  ∗  𝜀 ∗ 𝑙                      (2.1) 
 

 The Dynamic Light Scattering (DLS) 

 DLS (also known as Quasi-Elastic Light Scattering or Photon Correlation Spectroscopy) 
analysis was performed at the wavelength (λ=633 nm) using particle size analyzer equipped 

with a 4mW laser and Avalanche photodiode detector (Malvern, Zetasizer Nano S90, UK). 
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Typically, DLS is a standard analysis technique to determine the particle size detection in the 

liquid phase with a diameter range of 0.3 nm – 5 µm. Polymers, micelles, emulsions, proteins, 

and nanoparticles are some examples of typical applications. In non-spherical particles like 

graphene, the scattering analysis assumes graphene flakes are spherical. Thus, it can be helpful 

to the approximate diameter size distribution of flakes in their dispersions. For DLS, the inks 

were diluted to 0.02 mg. mL-1 before the measurement. 

 

 Raman Spectroopy 

The graphitization degree for graphene was estimated from Raman spectra collected from 400 

cm-1 to 4000 cm-1 with a Raman microscope (Renishaw, in Via Reflex., UK) at room 

temperature and 532 nm excitation laser. The characteristic Raman bands of carbon-based sp2 

materials are located around 1350 attributed to the D-band, 1580 to the G-band, 2700 to the D-

band, and 2900 cm-1 to the D′-bands. The D-band is assigned to structural disorders, the G-

band is related to the E2g phonon of sp2 carbon atoms, and the 2D band is a second-order two-

phonon process. The average size of the sp2 domains is proportional to the peak intensity ratio 

of the D and G bands (ID/IG), estimating the graphitization degree of graphene ( i.e. degree of 

order in crystalline structures) (A. M. Al Shboul et al., 2018), (A. Al Shboul et al., 2017).  
 Atomic Force Microscopy (AFM) 

AFM is a useful method for scanning almost any texture, including polymers, ceramics, 

composites, glass, and biological samples. Various properties such as adhesion strength, 

magnetic forces, and mechanical properties are measured and identified using AFM. It is 

equipped with a sharp tip with 10 to 20 nm diameter connected to a cantilever. The AFM is a 

tool for imaging and manipulating atoms and structures on various surfaces. When it forms 

incipient chemical bonds with each atom, the atom at the tip's apex "senses" individual atoms 

on the underlying surface. These chemical interactions can be identified and mapped because 

they gently affect the tip's vibrating frequency. AFM can be used in two fundamental modes: 

contact and tapping. In contact mode, the AFM tip is always in contact with the surface. The 
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AFM cantilever is vibrated above the sample surface in the tapping mode, allowing the tip to 

make only sporadic contact with the surface (Sinha Ray, 2013). 

 

The morphology characteristics for graphene flakes were investigated by AFM (Bruker, 

MultiMode8, USA). AFM images were acquired in the tapping mode at ambient conditions 

for samples prepared by drop-casting a drop of diluted graphene solutions (0.2 mg.mL-1) on a 

freshly cleaved mica piece. AFM samples were left overnight to dry at room temperature. Then 

they were then taken out for imaging. 

 

 Transmission Electron Microscopy (TEM) 

The Transmission Electron Microscope is a widely used analytical technique in materials 

science, pollution, nanotechnology, and semiconductor research. The TEM functions on the 

same basic principles as a light microscope, except instead of light, it employs electrons. 

Because electrons have a much shorter wavelength than light, the ideal resolution of TEM 

images is many orders of magnitude higher than that of a light microscope. As a result, TEMs 

can unveil the tiniest features of a microstructure. 

 

The samples' microstructure was investigated by transmission electron microscopy (TEM, 

JEOL JEM-2100F, Japan) equipped with a field emission gun-running at 200 kV. TEM 

samples were prepared from diluted graphene dispersions a ~ 0.02 mg.mL-1 concentration. 

Lacey grids (TED PELLA, USA) were dipped in the diluted dispersion and left to dry overnight 

at room temperature before the measurements. 

 

 Scanning Electron Microscope (SEM) 

SEM is a type of electron microscope that scans the surface of a material with a focused stream 

of electrons to produce pictures. It provides access to analyze surface topography, and it can 

expose various stages of layer-by-layer deposited materials. The microstructures of the 

graphene films were observed by SEM (JEOL JCM-6000plus, Japan). SEM is vital for 
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researchers to visualize the specimen topography, microstructure, or even determine the cause 

of failure and microstructural defects of fabricated features at micro and nano dimensions.  
 Zeta-Potential 

The zeta-potential is the potential difference between the dispersion medium and the stationary 

layer of fluid associated to the dispersed particle. In other words, it refers to the electric 

potential at the slipping plane. This plane is the interface that divides fluid that is mobile from 

the fluid that is still connected to the surface. As a result, zeta-potential is a key measurand for 

studying the repulsive interactions between colloidal particles, and the tendency of 

agglomeration is utilized as an indirect calculation of a particle's surface charge density while 

it is in an electrolyte solution. 

 

 Thermogravimetric Analysis (TGA) 

TGA is a type of heating process wherein the mass of a sample is measured over time as the 

temperature rises. This measurement offers physical processes such as phase transitions, 

absorption, adsorption, desorption, and chemical phenomena such as chemisorption, thermal 

breakdown, and solid-gas reactions. While the temperature of a sample changes over time, the 

analyzer constantly measures its mass. In this technique, mass, temperature, and time are 

considered base measurements, from which many other values can be obtained (Coats & 

Redfern, 1963). In this research, the polymer-to-graphene ratio and the decomposition 

temperature for the inks were estimated by TGA (TA Instruments, TGA Q500, USA). The 

heating rate was set at 10 ℃/min from room temperature to 1000 ℃ under air atmosphere.  
 Surface Tension 

A phenomenon generated by intermolecular forces near the surface of a liquid is called surface 

tension. It is the level of force required per unit area to spread the surface of a liquid to occupy 
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the least available surface area. Surface tension is a major contributor to capillary action. The 

surface tension was recorded by a dynamic tensiometer (Dataphysics, DCAT11, Germany).  
 Viscosity 

Viscosity is described as a fluid's resistance to progressive deformation caused by shear or 

tensile stress. It is another type of bulk property defined as a liquid’s resistance to flow and 

depicts the internal friction of a flowing fluid. It can be measured as the ratio of shearing stress 

to velocity gradient in a fluid. The viscosity measurements of the bio-inks were measured using 

a viscometer (A&D, SV-10, Japan).  
 Contact Angle 

The contact angle measures a liquid's ability to moisten the surface of a solid. The pattern that 

a drop forms on a surface is determined by the fluid's surface tension and surface composition. 

Surface tension creates a curved shape at the interface between droplets and the gaseous 

environment. Complete wetting is present at a contact angle of 0 ° if the liquid flows evenly 

on the solid surface. The surface is hydrophilic if the angle is between 0° and 90°. A not-

wettable surface has an angle between 90° and 180°, and it is called hydrophobic. 

 

The surface wettability was assessed by measuring the contact angle using a simple projector- 

digital camera system (Nežerka et al., 2018), and images were analyzed using ImageJ software. 

The contact angle was measured for droplets of nano-pure water and graphene bio-inks 

deposited by micro-pipette on PET substrate. 

 

 4-Probe resistance measurement and Profilometry 

Sheet resistance (Rs), an electrical characteristic of material thin films, (also known as surface 

resistance or surface resistivity) is a common electrical characteristic used to characterize thin 

coatings of conducting and semiconducting materials. In other words, it is an important feature 
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for any thin film of material through, which electrical charges are intended to pass. In this 

technique, A current is delivered via the outer probes, causing a voltage to be produced in the 

inner probes. 

 

Surface roughness, often known as roughness, is a component of surface texture. It is measured 

by the deviations of an actual surface from its ideal shape in the direction of the normal vector. 

Roughness is crucial in defining how an actual material will interact with its surroundings. in 

order to assess materials' roughness, the profilometry technique is used to evaluate a surface's 

profile. 

 

The electrical conductivity (σ) is a fundamental property of a material that measures how well 

a material conducts electricity. σ of the printed graphene films were calculated from the 

reciprocal of Rs and thickness (t) (Equation 2). 𝜎 ൌ  ଵோ௦ ∗௧                                   (2.2) 

 

The printed films' Rs were measured by 4-point probe resistance measurements (Lucas labs 

302, Canada). The films’ thickness was measured by profilometry (Bruker Dektakxt, USA). 

All the measurements were performed at room temperature. 

 

 Conclusion 

In this section, an attempt has been made to use the available facilities to perform the maximum 

possible analysis and studies on the ink samples and sensors made to obtain the most 

understanding of the work done. The discussion of the results of these studies is depicted in 

the chapter 3. Next, recommendations are suggested section of the future work to improve and 

optimize this product.



 

 

CHAPITRE 3 
 

GREEN GRAPHENE INKS 

Aqueous inks are mostly prepared from graphene derivatives such as graphene oxide (GO) and 

reduced graphene oxide (rGO) due to the close match between their surface energy and the 

surface tension of water (72.7 mJ.m-2)(Carl L. Yaws, 2008; Shin et al., 2011; The Chemical 

Rubber Company, 1969). While pristine graphene and GO have a surface energy of 46.7 mJ.m-

2 and 62.1 mJ.m-2, respectively(Wang et al., 2009). rGO can have surface energy between 

pristine graphene and GO depending on the reduction degree that affects the abundance of 

remaining oxygen functional groups in the graphene structure. However, GO and rGO 

materials possess poor sp2 structure due to the destruction of graphene structure throughout the 

oxidation/reduction process. As result, they suffer of poor electrical conductivity. Here, 

graphene flakes are exfoliated directly from raw graphite, which maintain the sp2 sructure 

unaltered, expecting to preserve the optimum electrical properties for the formulated inks. 

 

 Biocompatible dispersants 

In this study, graphene inks were comprised of water, the greenest solvent on the earth, as a 

continuous phase for inks’ formulation. water has HSPs (δD = 15.6, δP = 16.0, δH = 42.3 

MPa1/2)(Barton, 1983) and surface tension (72.7 mJ.m-2)(Carl L. Yaws, 2008; Shin et al., 2011; 

The Chemical Rubber Company, 1969), which are very different from those of graphene. Thus, 

graphene can be exfoliated only if surface-active additives (i.e. dispersants) are added to 

balance the surface energy between graphene and the solvent (Y. T. Liang & Hersam, 2010). 

To address this issue, biocompatible dispersants (gelatin, triton X-100 and tween-20) were 

employed to stabilize graphene in the aqueous solution. These dispersants have amphiphilic 

nature; (M. Johnson, 2013; Giovanni Landi et al., 2014) constituted of hydrophilic (polar) and 

hydrophobic (non-polar) parts. Thus, a stable dispersion of graphene can be obtained upon 

adsorption of the non-polar part in dispersants on graphene’s surface.(G. Chen et al., 2014) 

While the polar part remains free in the aqueous medium, forming a hairy layer surrounding 

graphene layers responsible for static stabilization. 
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Gelatin is an attractive dispersant that has been widely used in biomedical applications because 

of its high viscosity, density, excellent biocompatibility, and tunable properties (Satapathy et 

al., 2017),(Sarvari et al., 2017). It is also a proton-conducting polymer electrolyte, making it a 

promising candidate for producing biodegradable energy storages based on graphene 

derivatives (G Landi et al., 2017), (Giovanni Landi et al., 2014), (Giovanni Landi et al., 2018), 

(Giovanni Landi, Sorrentino, Fedi, et al., 2015), (Giovanni Landi, Sorrentino, Iannace, et al., 

2015). Alternatively, the non-ionic surfactant triton x-100 was used as a co-additive in several 

graphene inks to reduce surface tension (McManus et al., 2017). As a result, it can improve the 

printability of ink. It was also discovered to effectively avoid disrupting the electrostatic 

stabilization of graphene flake (McManus et al., 2017). 

 

 Dispersant’s ratio 

The polymer-to-graphene ratio and the surface coverage of graphene flakes by dispersants are 

key factors to control graphene’s stability and concentration in dispersions.(A. Al Shboul et 

al., 2017; A. M. Al Shboul et al., 2018) They also directly impact the final electrical 

performance for the printed graphene films.(A. Al Shboul et al., 2017; A. M. Al Shboul et al., 

2018) Therefore, optimizing the dispersant content is an obligation. Starting with 0.5 mg.mL-

1 of graphite concentration in 10 mL nano-pure water, the concentration of the exfoliated 

graphene was recorded from the optical absorption at 660 nm. Figure 3.1 shows that by raising 

the dispersant concentration for triton x-100 and tween-20 from 0.1 mg.mL-1 to 1 mg.mL-1 and 

1.5 mg.mL-1, respectively, the quantity of the collected graphene increased from ~8 mg.mL-1 

to reach the maximum of ~0.11 mg.mL-1. This indicates the successful exfoliation for ~20% 

of the initial graphite quantity, while the rest (80%) remined un-exfoliated at the bottom of the 

dispersion. Noteworthy, 1 mg.mL-1 of triton x-100 was required to reach the maximum for 

graphene concentration. While, tween-20 required 50% extra (1.5 mg.mL-1) than triton x-100 

to reach the same graphene concentration. This can indicate the superiority and feasibility of 

triton x-100 to adsorb on graphene’s surface than tween-20. Further increase on triton and 

tween concentration than 1 mg.mL-1 and 1.5 mg.mL-1, respectively, graphene’s concentration 

decreases gradually corresponded to a depletion flocculation mechanism.(A. Al Shboul et al., 
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2017; A. M. Al Shboul et al., 2018) Interestingly, the rise in gelatin’s concentration from 0.1 

mg.mL-1 to 5 mg.mL-1 has no obvious effect of increasing graphene’s concentration than 0.05 

mg.mL-1 (2.2 folds less than dispersion with triton and tween). Accordingly, the optimal 

dispersants’ concentrations of 0.1 mg.mL-1, 1 mg.mL-1 and 1.5 mg.mL-1 for gelatin, triton and 

tween, respectively, were employed to prepare graphene inks, indicated as GGe, GTr and GTw, 

respectively. 

 

 

Figure 3.1 Graphene concentration as a function of  
dispersants’ concentration 

 

 Zeta Potentials 

To confirm the colloidal stability for graphene inks, zeta-potential was used. Typically, 

graphene in aqueous solutions is negatively charged, developing at the interface, which creates 

a potential and electric double-layer (D. W. Johnson et al., 2015). The potential is defined as 

the zeta-potential, which correlates strongly to dispersion stability. High magnitude zeta 

potentials can indicate stable dispersions due to electrostatic repulsion between particles. At 

pH of ~6.4, the zeta-potential was measured -38.5 mV for both GTr and GTw, while it was 

found -41.5 mV for GGe. This is satisfactory for highly stable dispersions to prevent the 
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precipitation of the graphene flakes. Based on the visual investigation and the zeta-potential 

measurements, graphene inks have displayed good colloidal stability for months. 

 

 DLS and TGA 

To optimize inks’ preparation toward better engineering the inks’ properties, the effect of 

dispersants’ nature and purification steps (centrifugation at 1k and 12k rpm) were investigated 

by DLS and TGA techniques. Knowing that inks’ polymer content and the surface coverage 

of graphene flakes by polymers are crucial parameters required to consider adjusting charge 

transfer in graphene films (A. Al Shboul et al., 2017), and flake size distribution (Martínez-

Flores et al., 2019).    

 

 DLS 

DLS is a typical technique to measure particle size distribution smaller than 5 µm. However, 

it has been exploited as a large-scale estimation of the mean flake size for graphene flakes in 

graphene dispersion. Flake size is an important characteristic to consider avoiding clog the 

printing nozzle; a complication can occur during the printing process. 

 

DLS determined the flake size distribution of the inks as a function of the purification steps. 

After centrifugation at 1k rpm for 30 minutes (the first purification step), graphene dispersions 

have a diameter distribution range of 50 nm - 800 nm (Figure 3.2A) with > 90% of flakes in 

the range of 50 nm - 600 nm, in agreement with the flake size produced by LPE technique 

(Backes et al., 2016). While the peak maxima in the DLS curve distributions for GTr and GGe 

based are centered at 300-500 nm. The DLS curve distribution for GTw is centered at 200-400 

nm. By analyzing the area under the curve, GTr and GGe dispersions comprised of 46.2% and 

48%, respectively, flakes smaller than 400 nm (<400 nm). The GTw is composed of 67.8% of 

flakes <400 nm indicating a 20% smaller flakes than GTr and GGe dispersions. Flakes larger 

than 400 nm (> 400 nm) occupied 52%, 53.8% and 32.2% for GGe, GTr and GTw, 

respectively. 
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Figure 3.2 DLS analysis of the diameter distribution for graphene dispersion prepared with 
gelatin, triton, and tween dispersants 

 

The flake size distribution of the final inks after collecting graphene from the second 

purification process (centrifugation at 14k rpm for 2 hours), DLS analysis shows a shrinking 

for the diameter distribution range to 100 nm - 800 nm as well as the flakes’ distribution, as 

shown in Table 3.1 and Figure 3.2B. While the DLS curve for GTr and GTw are centered at 

200-400 nm. The DLS curve for GGe is centered at a larger range of 300-500 nm. Moreover, 

GTr and GTw dispersions showed an elevation to 72.2% and 66.4%, respectively, for flakes 

smaller than 400 nm (< 400 nm). The GGe showed a shrinking from 48% to 41.3% of flakes 

< 400 nm, indicating a >25% less small flakes than GTr and GTw. Flakes larger than 400 nm 

(> 400 nm) occupied 58.6%, 21.9% and 33.6% for GGe, GTr and GTw, respectively, showing 

a significant reduction for the large flakes in GTr than ones for GTw and GGe. It thus appears 

that GTr has the smallest flakes, followed by GTw and GGe, respectively. Hypothetically, the 

small flakes' importance was raised because they can play a key role as nanofillers in the 

printed films. Therefore, they can enhance the charge transport throughout the graphene films 

resulting from increasing their electrical conductivity. Besides, the DLS analysis shows the 

possibility to drive flake size distribution by dispersants’ nature. 
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Table 3.1 Graphene Flake size distribution as a function of the dispersant and purification 
process. Whereas the first purification step was performed by centrifugation at 1k rpm for 30 

minutes. The second purification step was performed by centrifugation at 14k for 2 hours 

Graphene Flake size distribution 

 GGe GTr GTw 

d (nm) 1k rpm 1k + 14k rpm 1k rpm 1k + 14k rpm 1k 

rpm 

1k + 14k rpm 

<200  6.3 2.8 

(-55.6%) 

6.1 12.2 

(+50%) 

3.1 10.3 

(+69.9%) 

200-400  41.7 38.5 

(-7.7%) 

40.1 66.0 

(+39.2%) 

64.7 56.1 

(-13.3%) 

400-600 42.2 51.1 

(+17.1%) 

45.5 18.1 

(-60.2%) 

29.8 25.2 

(-15.4%) 

>600 9.8 7.5 

(-23.5%) 

8.3 3.8 

(-54.2%) 

2.4 8.4 

(+71.4%) 

 

 TGA 

For evaluation polymer-to-graphene ratio and graphene’s thermal stability, TGA analysis was 

also conducted as a function of the purification processes. As observed in Figure 3.3C, raw Gt 

(7-10 µm) decomposed in the range of 550-850 ℃ that deconvolute to a prominent peak at 780 

℃ and a shoulder at 620 ℃ (Figure 3.3D). Upon 1k rpm centrifugation process (Figure 3.3A), 

The collected graphene flakes showed a decomposition range of 500- 750 ℃ for GTr and GTw, 

while GGe exhibits much higher thermal stability in the range 500-780 ℃. Corresponding to 

the variation on the initial polymer content used during the inks’ preparation, dispersants are 

estimated in the derivative thermograms (DTG) as 14% for gelatin (250-580 ℃) in GGe, 19% 

for triton (200-400 ℃) in GTr, and 26% for tween (200-450 ℃) in GTw. 

 

Upon employing the 14k rpm step, the final inks (Figure 3.3D) showed a significant reduction 

in the polymer content for triton and tween to reach 7% and 5% in GTr and GTw, respectively. 

It thus appears that the removed triton and tween dispersants mainly were bonded to the small 
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graphene flakes, which were removed with their supernatants by the 14k rpm centrifugation 

process. Additionally, graphene’s thermograms in the range 500-780 ℃ for GTr and GTw 

were shrunk to semi-symmetrical peaks at 680 ℃ and 690 ℃, respectively, correlated with the 

small flakes’ removal indicating the flake size effect on flakes’ thermal decomposition. The 

DTG curve for GGe shows a slight reduction in the gelatin content to 13% (Figure 3.3B). It 

thus indicates the successful removal of the excess gelatin dispersant upon centrifugation at 

14k for 2 hours. The thermogram for GGe preserved a similar DTG (Figure 3.3D) 

corresponded to the minor change on the flake size distribution, as was found by DLS analysis. 

 

 

Figure 3.3 Thermograms of TGA and derivative (DTG) of raw Gt, gelatin, GGe, GTr and 
GTw as a function of the dispersant and purification process. (A,B) the gelatin and graphene 
samples after the centrifugation at 1k rpm for 30 minutes. (C,D) Raw graphite and graphene 

inks after centrifugation at 14k rpm for 2 hours 
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 AFM and TEM 

The morphological characteristics of graphene inks can be observed in AFM (Figure 3.4) and 

TEM (Figure 3.5) images. AFM demonstrates a similar dimension distribution of the exfoliated 

nanosheets in the three graphene inks (GTr, GTw and GGe) ranging from 50 nm to 500, which 

agrees with the major flake distribution found in DLS. The determined thickness of the 

exfoliated nanosheets evaluated from the surface profile was ranged from 1 nm to 4 nm, 

indicating few-layer graphene flakes were produced in the aqueous inks via the LPE. However, 

the coating of the adsorbed stabilizers-like residue on the graphene surface is another 

observation consistently revealed in the AFM images that are roughly estimated from the 

surface profile in the range of 1 nm to 4 nm. These coatings complicate the accurate estimation 

of the number of graphene layers by measuring the thickness of the exfoliated graphene 

nanosheets. By measuring the surface roughness of graphene sheets from GGe (13 wt% gelatin 

as measured by TGA), the accumulations of the adsorbed stabilizers showed a thickness that 

can reach 10 nm of height. While graphene nanosheets found in GTr and GTw showed smaller 

accumulations ranging from 1 nm in GTr (7 wt% triton) to 2 nm in GTw (5 wt% tween). 

 

This was further confirmed by the TEM images, as shown in Figure 3.5. TEM images reveal 

similar morphologies of graphene sheets with some overlapping regions. Besides, TEM 

micrographs demonstrate the tendency of individual graphene flakes to re-stack as soon as the 

solvent dried, forming an accumulated graphene sheet. TEM images confirm the formation of 

mono- and few layers of graphene sheets with a length of 400-600 nm and width of 150-300 

nm. The black areas distributed on the graphene layers are likely to be the piled dispersant that 

is adsorbed on the graphene surface, which is consistent with the observation from AFM 

images. 



67 

 

 

Figure 3.4 AFM images and surface profile from graphene nanosheets 
 from (A) GTr, (B) GTw, and (C,D) GGe. The surface profiles highlight 

 the variation in thickness related to the coating of the adsorbed  
stabilizers-like residue on the graphene surface 
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Figure 3.5 TEM images of graphene sheets from (A) GTr, (B) GTw, and (C) GGe inks 
 

 Electrical Properties 

To study the electrical behavior of the graphene inks as a function of thickness (t), the graphene 

inks were translated into thin films placed on the plastic substrate PET for a given number of 

printing passes using an AJP, as shown in the digital image in Figure 3.6A-C. Simply without 

any other additions to control inks’ properties (viscosity, surface tension, printing flow, 

rheology modifier..etc), inks can readily flow through the nozzle during printing. The acquired 

inks have a good dispersity with minor signs of precipitation even if stored for more than a 

month. Considering the two main aspects of performance, the graphene inks should afford 

good printability and high printing definition. These inks are satisfactory promising. 

 

 4-Probe measurements and Profilometry 

The electrical characteristics of graphene inks are determined using a four-point probe 

measurement of sheet resistance, while the film thickness is determined using profilometry. 

The thickness of the films began at 85 nm for printing one layer on PET substrate and increased 

by 32 nm for each consecutive printed layer. As a result, the thickness reached 720 nm for 20 

layers and 1.5 μm for 40 layers. As shown in Figure 3.6D, 250 nm thickness was sufficient to 

measure sheet resistance in between 160-170 kΩ/□ for graphene printed films, where no 
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electrical resistance measurement was detected for thinner films. By increasing films’ 

thickness, the sheet resistance decreases inversely to settle at 7.5 kΩ/□, 3.6 kΩ/□ and 2.6 kΩ/□ 

for GTr films at 500 nm, 800 nm and 1.15 µm film’s thickness, respectively. For GTw, Rs 

settles to 14.4 kΩ/□, 7 kΩ/□ and 5 kΩ/□ for 500 nm, 800 nm and 1.15 µm film’s thickness, 

respectively, which shows almost double the Rs measured for GTr films for the same films’ 

thickness. GGe films showed the highest sheet resistance with 27 kΩ/□, 17 kΩ/□ and 14 kΩ/□ 

for 500 nm, 800 nm and 1.15 µm film’s thickness, respectively. The high electrical resistance 

for GGe is attributed to high gelatin content (13%), resulting in hinder the charge transfer 

between graphene flakes, and therefore high Rs of the printed films were achieved. 

 

For conductivity (σ) evaluated from the reciprocal of Rs and t (σ =(Rs.t)-1), Figure 3.6E, σ is 

stable for t >500nm with an average 3.5 S.cm-1, 1.5 S.cm-1 and 0.8 S.cm-1 for GTr, GTw, and 

GGe, respectively. The conductive properties of graphene inks are still far from being a 

replacement for metallic inks. However, the resistance is sufficiently suitable for the 

fabrication of chemiresistive sensors. For the remainder, post-treatment like annealing or 

compression rolling can significantly decrease the sheet resistance of printed graphene by 

improving interlayer contacts. 
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Figure 3.6 (A) Optical microscope of Aerosol-Jet printed GTr films on a PET substrate. 
(B,C) Optical microscope images for a graphene film’s edge and center.  

(D) Rs and (E) σ as a function of films’ thickness 
 Raman 

Generally, materials’ quality and interlayer contacts (interconnectivity) between flakes are key 

factors determining the electrical properties of printed graphene structures. Raman 

spectroscopy is a typical informative tool to investigate the sp2 quality structure (or 

graphitization degree) as measured from the intensity ratio between D and G peaks (i.e. ID/IG 

ratio). As shown in Figure 3.7, Raman spectroscopy shows characteristic peaks for the raw 

graphite and the graphene inks at ~1335 cm-1 (D-band), ~1574 cm-1 (G-band) and ~2666 cm-1 

(2D band). Noteworthy, the presented spectra are the Raman spectra' median representatives 

taken at 10 different spots on each sample. The Raman spectrum for the raw graphite reveals 

an ID/IG ratio of 0.12, indicating a well crystallized bulk graphite feature. Graphite typically 

shows a ID/IG ratio equal to zero. However, the larger ID/IG ratio (0.12) observed for graphite 

can be attributed to performing a bulk measurement for graphite powders with a distribution 

of smaller flakes (Brennan et al., 2017). Upon exfoliation, the D-band slightly increases 
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resulting in a slight elevation on ID/IG ratios (0.23 – 0.28). This suggests a small increase in the 

disorder level of the graphene layers upon exfoliation process compared with the raw graphite. 

Still, the elevation on the ID/IG ratios is not significant to explain the variation in graphene inks' 

electrical properties. 

 

 

Figure 3.7 Raman spectra for printed films 
 of the graphene bio-inks 

 

 Inks’ Wettability and Flake’s Interconnectivity: Contact Angle and SEM 

Alternatively, flake’s interconnectivity and inks’ wettability play a key role in films’ 

conductivity. Inks’ wettability is an important parameter that controls the interaction between 

substrate and graphene inks, which depends on the match between inks’ surface tension and 
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the surface energy for PET substrate (Torrisi et al., 2012). Good wettability influences inks’ 

printing quality and films’ smoothness (C.-Y. Xu et al., 2017), affecting films’ electrical 

performance. The contact angle was measured by dispensing a drop of graphene ink on the 

PET substrate to evaluate wettability. The better wettability is measured with the smaller the 

contact angle obtained. Figure 3.8 shows the droplet shape just after it lands on the PET 

substrate. The contact angle measurements for the graphene inks indicated the smallest of 42º 

was achieved for GTr, demonstrating the best wetting performance over PET substrate. While 

GTw and GGe showed a contact angle of ~55º illustrating a lower adhesion property. 

 

 

Figure 3.8 Contact angle measurements for 
 GGe, GTr and GTw over PET substrates 

 

Graphene flake’s interconnectivity works collaboratively with the genuine flakes’ properties 

to facilitate the charge transport throughout films. SEM characterized the surface morphology 

of the graphene films printed on the PET substrate. Figure 3.9 shows a surface view of the 

graphene film screening how the stacked flakes make up the film’s architecture. Figure 

3.9(A,B) shows the heavily coated GGe film with white accumulations resulting in a wrinkled 

graphene film that can be ascribed to the high gelation content (13%). Incorporating the 
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nonconductive dispersants obstruct interlayer contacts, thereby rendering the charge transfer 

throughout the GGe film resulting in poor electrical contact between graphene flakes. 

 

A lower degree of wrinkled film structure with less accumulation appears for GTw (Figure 

3.9(E,F)). However, GTr film exhibits a densely packed film structure and smooth film (Figure 

3.9(C,D)). Higher magnification images confirm the densely packed structure and smooth GTr 

film (Figure 3.9D), completely different from those for GTw and GGe, as shown in Figure 

3.9(B,F), respectively. Well-stacked films create good contact between adjacent graphene 

nanosheets assuring the charge transfer and therefore augment the finished electrical 

conductivity. Consequently, the consistent GTr film explains the high electrical conductivity 

compared to GTw and GGe. 

 

 

Figure 3.9 SEM images of graphene films printed from 
 (A,B) GGe, (C,D) GTr, and (E,F) GTw 
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For GTr, however, the high percentage of the small graphene flakes < 200 nm (12.2%) as found 

in DLS analysis can benefit the electrical conductivity of graphene films compared to GTw 

and GGe. Small flakes can fill up the voids of the network structures. It thus enhances flake’s 

interconnectivity as well as uniformity and density of printed films. This can be explained by 

the fact that they would bridge between graphene flakes offering network frame and π-π 

interactions with graphene flakes, thus forming additional channels for charge transport within 

the film. This explains the reduction in conductivity for GTw (10.3%) and GGe (2.8%) by the 

reduction in the amount of the small graphene flakes <200 nm. Consequently, GTr ink was 

employed for the rest of the research to print graphene-based chemiresistive sensors for 

humidity detection. 

 

 Graphene Humidity Sensors 

One of the rare examples of aerosol printed graphene humidity sensors is presented in this 

thesis. Furthermore, because the inks employed are environmentally friendly, the resulting 

sensors avoid the discharge of harmful materials into the environment and help to reduce e-

waste in nature. They may also be user-friendly when in contact with sensitive subjects such 

as human skin. 

 

 GTr Response 

Figure 3.10 illustrates the humidity response curve for GTr sensor with the dimensions of 1 

mm length x 500 µm width x 400 nm thick with the electrical resistance of 200 kΩ in air 

ambient. This curve could be divided in two periodic cycles of humidity range from 30%-67% 

and 67%-90% at a nearly fixed temperature of 25℃. The humidity sensing performance of 

GTr can be divided into two stages depicted in Figure 3.10. When exposed to the moderate RH 

environment (30%RH–67%RH), the GTr sensor response increases from 20% to 30% 

responding to the water molecules' adsorption on the hydrophilic sites at the graphene surface. 

The weak response could be attributed to the insufficient hydrophilic sites on the graphene 

surface for water adsorption. At higher RH (RH > 67%), a reduction in the electrical resistance 
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was observed. Hypothetically, the dramatic change of electrical resistance values under high 

humidity (> 67%RH) was primarily due to the insufficient mechanical property to maintain the 

integrity of the thin films' structure at high humidity levels. The poor sensing performance for 

GTr sensor urged to improve the mechanical properties for the ink which showed poor 

humidity sensing properties.  

 

 

Figure 3.10 The adsorption and desorption response curves 
 for GTr sensor 

 

 Ge-GTr Response 

Gelatin (Ge) is a biocompatible material that was added to GTr as a binder to improve the 

mechanical stability of the printed films. Besides, it was beneficial as a co-sensing material for 

humidity detection. Figure 3.11 shows a microscope image for the 1Ge-GTr sensor. These 

images show that the as-fabricated sensor has a thin sensing graphene film of 400 nm thick, 

which guarantees H2O molecules to penetrate through the graphene film to anchor on the active 

sites in the sensor's bulk. 
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Figure 3.11 Optical microscope images of 1Ge-GTr sensors showing the 
 flexible carbon electrodes and the printed graphene thin films 

 

Upon modifying GTr with 0.1 mg.mL-1 Ge, the 0.1Ge-GTr sensor (Figure 3.12A) showed a 

similar sensing performance as same as the non-modified GTr sensor (Figure 3.10), which is 

supposed to insufficient gelatin modification. With 0.25 mg.mL-1 gelatin modification, the 

0.25Ge-GTr sensors showed an improved humidity detection with an inversed electrical 

behavior. While GTr and 0.1Ge-GTr showed a decrease in the response at high humidity levels. 

The 0.25 Ge-GTr showed an increase in the response with the humidity increase and vice versa. 

 

 

Figure 3.12 (A) The adsorption and desorption response curves for Ge-modified GTr sensors. 
(B) The Summary for adsorption and desorption responses versus humidity for the 1Ge-GTr 

on the surfaces 
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As observed from the adsorption and desorption response curves on figure 3.12B, the Ge-

modified GTr sensors with gelatin concentration from 0.5 mg.mL-1 and 1 mg.mL-1 showed a 

drastic improvement in the humidity sensing performance. Compared to unmodified and low 

gelatin-modified sensors, the abundance of the hydrophilic sites guaranteed better humidity 

sensing performances. Besides, they showed good repeatability and stability in two periodic 

cycles of humidity. Therefore, they were selected to further study the humidity sensing 

properties for the rest of the work. The RH response analysis when measuring and describing 

humidity for the 1Ge-GTr sensor is plotted in Figure 3.12B. The 1Ge-GTr sensor showed a 

good linear response from 10% to 60%, when humidity increased from 30% to 90% 

investigated at a constant temperature of 25℃. Besides, they exhibited a sensitivity of 

0.55%/RH% with negligible hysteresis and ultrafast response in a second. 

 

The humidity sensing mechanism of nonmodified and low gelatin-modified sensors could be 

explained as follows. The adsorbed H2O molecules serve as electron-withdrawing molecules 

(acceptors), inducing electrons to be transferred from the graphene surface. This increment of 

hole concentration leads to reduced electrical resistance [37]–[40]. For higher gelatin-content 

sensors (0.25, 0.5, and 1 mg.mL-1), an increase in the electrical resistance was observed by 

contributing to the swollen gelatin binder surrounding graphene flakes. As humidity level 

increases, more H2O molecules attach to the surface, leading to a more significant separation 

between graphene flakes. As a result, a reduction of the charge transfer through the conductive 

graphene film which increases the electrical resistance for sensors. 

 
 Response and Recovery Time 

Figure 3.13 Depicts exemplary response and recovery time data for the 1 Ge-GTr thin sensing 

film. RH values for these measurements were obtained from the resistive sensor response 

curves using the environmental RH chamber at ETS. Figure 3.13 (A) illustrates that when the 

data logger's recorded humidity increases from 50% RH to 70% RH in 80 seconds, the 1 Ge-

GTr sensor signal increases concurrently and exhibits the same performance of 1 RH% 
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increase every 4 seconds. Figure 3.13 (B) shows the recovery period as humidity decreases 

from 75% RH to 40% RH. The 1 Ge-GTr sensor is performing again similarly to the data 

logger in terms of sensor sensitivity. Despite the fact that the recovery time is nearly 80 seconds 

for each 1 RH% decrease, which is substantially longer than the response time, this issue was 

caused by a defective environmental chamber that was unable to remove humidity faster. 

 

 

Figure 3.13 (A) Response and (B) recovery time curve of 1 Ge-GTr based sensor to humidity 
at working temperature of 25℃ 

 

 Temperature Effect 

Figure 3.14 shows the temperature response for the 1Ge-GTr sensor in a range of 22℃ - 70℃. 

Although the humidity was maintained at RH ≈ 30% to exclude the humidity effect on the 

sensor's response curve, a reduction was observed in humidity with temperature elevation from 

30℃ to 70℃. The 1Ge-GTr sensor showed minimal response to the temperature variation. The 

observed reduction of the electrical resistance could be attributed to the humidity reduction to 

RH ~ 10% at a temperature of 70℃. As a result, the 1Ge-GTr sensor possesses a good 

sensitivity to humidity, fast response, good stability and repeatability, and good inertness to 

temperature fluctuation. These results imply significant advantages for IoT applications. 
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Figure 3.14 The response curve to temperature for  
the 1Ge-GTr sensor 

 

 Discussion 

In this study, we first succeeded in the preparation of colloidally stable pristine graphene in 

water using biocompatible dispersants (gelatin, triton X-100 and tween 20). 0.1 mg/mL of 

gelatin, 1 mg/mL of triton and 1.5 mg/mL of tween were found to effectively formulate green 

graphene inks. Whereas LPE of pristine graphene assisted to avoid alteration the properties of 

graphene flakes. The use of environmentally-friendly materials facilitated extension the 

practical applications of the green graphene inks in application when they get in contact to vital 

subjects such as human skin. As a function of the dispersant type used through the inks’ 

preparation, the final graphene inks showed a variation mainly in the flake size distribution as 

well as wettability and surface smoothness of printed films on top PET substrates. 

Consequently, the optimum electrical conductivity (3.5 S.cm-1) was achieved for GTr, owing 

to high content of small graphene flakes (< 200 nm), better wettability and better flakes 

interconnectivity in the printed films. The investigations on the GTr ink proposes the potential 

application of the GTr as conductive green graphene ink to fabricate printed and flexible green 

chemo-resistive sensors. 
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Later, chemo-resistive humidity sensors were fabricated based on printed electronic 

technology with graphing inks dispersed in water. From the investigated results and analysis, 

it is obvious that both series of sensors made of graphene-triton ink (GTr) and gelatin-

graphene-triton ink (Ge-GTr) were sensitive to humidity change. The sensors made of GTr 

presented a linear response up to 67% of RH. above that level, they showed dramatic failure, 

which could be explained by the dissociation that happened between graphene flakes inside 

the sensing layer due to a high concentration of H2O molecules. On the other side, sensors 

made of Ge-GTr illustrated much better response due to presence of gelatin molecules in the 

ink combination which enhanced the unity of the printed sensing film. 

 

While 0.1 Ge-GTr sensors showed similar responses as GTr sensors. 0.25 Ge-GTr sensors 

showed a good response to humidity, but the response magnitude was not high enough. The 

best results came from 0.5 and 1 mg/ml sensors. They presented a good linear response that is 

directly proportional to humidity changes from 30% to 90% RH as same as the commercial 

data logger (OMEGA) graphed which was discussed previously in results section. On the other 

hand, these sensors showed a high stability to temperature ranging from 22 ℃ to 70 ℃ with a 

small variation which could be negligible.  

 



 

 

CONCLUSION 
 

This work presents the preparation of GGe, GTr, and GTw; aqueous and environmentally 

friendly graphene inks assisted by biopolymers; gelatin, triton X-100, and tween-20, 

respectively. By employing water as a solvent and biocompatible dispersant, these inks are 

indicated as green inks that can assist in avoiding releasing harmful material to the environment 

upon degradation. The inks were conductive (Rs = 2.4 - 14 kΩ/□) and were easily printed on 

PET using an AJP. In contrast, the biopolymers have no evident influence on graphene's quality 

(ID/IG ratios ≈ 0.23 – 0.28). They played a critical role in the flake diameters distribution and 

inks' adhesive properties, resulting in a smooth and uniform surface for GTr films. This 

suggests excellent interconnectivity between graphene flakes for GTr. Therefore, a better 

electrical conductivity of 3.5 S.cm-1 was achieved. 

 

Flexible aerosol-jet printed graphene-based sensors were fabricated using pure and gelatin-

modified green graphene inks. Sensors showed an enhanced humidity sensitivity with the 

gelatin modification due to the increase in the hydrophilic sites that act as adsorption sites for 

H2O molecules. Therefore, (0.5 and 1) Ge-GTr sensors possess superior response and better 

linearity than nonmodified and low content modified (0.1 and 0.25) Ge-GTr sensors. The 1Ge-

GTr sensor successfully demonstrated linear response to humidity variation in the range of 

30% - 90%, while not showing interference to a temperature change in a range between 22 – 

70 ℃. The 1Ge-GTr sensor also demonstrated a good sensitivity of 0.55/%RH at 25°C. The 

results indicate that the sensors' electrical resistance change depends on the degree of 

graphene's surface coverage with gelatin upon humidity detection. 



 

 



 

 

FUTURE WORK 
 
Bridge Sensor 
 
Comparing regular sensor, which has one surface exposing the environment, bridged sensors 

can be advantageous to increase the surface area for sensors as they have two surfaces to expose 

to humidity. This means that somehow more surface for detection and also faster and more 

precise response. In the first attempt, a photoresist (SU82002) was printed in the gap between 

silver electrodes the electrode spacing is 200 µm. Then the sensing layer of graphene is printed 

on top of the photoresist. The graphene pattern is 3 mm ladder pattern 10 steps, and the width 

of graphene layer is 40 to 50 µm. Finally, the photoresist will be removed by acetone. During 

preliminary tests, while photoresist was removed by acetone, part of the graphene bridge 

remained, and other parts collapsed. From our point of view, these elementary results are 

promising to continue investigating in the future the humidity sensors based on graphene 

bridges.
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