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Abstract 

The rapid increase in the environmental pollution has become a 

major concern, and its monitoring has evolved into a priority for human 

health. This fact has directed the researchers to make more efforts to find 

new techniques for the detection of gases hazardous to the environment 

and human health. With the tremendous advances in technology, gas-

sensing devices have become popularly used in environmental applications 

to detect various toxic gases at very low concentrations. 

This work aims at developing high-performance gas sensors with 

enhanced sensitivity, selectivity, low response time, and low operating 

temperature. The proposed sensors are fabricated based on the integration 

of nanotechnology and conducting polymer technology. A polymer 

solution comprised of poly-vinyl alcohol (PVA) and ionic liquid (IL) has 

been blended once with zinc oxide nanoparticles (ZnO Nps) and another 

with copper-based metal-organic framework (Cu-MOF) to obtain two 

distinct flexible membranes. These membranes were assessed for their 

performance against hazardous gases at room temperature (RT=23°C). The 

ZnO/PVA/IL and Cu-MOF/PVA/IL membranes showed high sensitivity 

toward hydrogen sulfide (H2S) gas with a detection limit of 15 ppm and 1 

ppm, and low time response of 24 s and 12 s respectively at RT. 

Considering this low operating temperature, external heating elements are 

not required hence the fabrication and operational costs are reduced. The 

sensors also showed excellent repeatability, long-term stability, and 

selectivity toward H2S gas among other gases. Therefore, this study 

demonstrates the potential of fabricating high-performance gas sensors for 

monitoring H2S gas in real-time with high efficiency. 

 

Keywords: H2S sensor, Metal oxide semiconductor, Metal organic 

framework, Organic polymer, ZnO NPs, Cu-MOF. 
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Title and Abstract (in Arabic) 

 المواد الهجينة ذات البنية النانوية لتطبيقات استشعار الغاز  تصنيع ودراسة خصائص

 ص الملخ

التلوث البيئي المتزايد يشكل مصدر قلق كبير، ومراقبته باتت ضرورة لضمان   أصبح

الحفاظ على صحة الإنسان. هذه الحقيقة قد وجهت الباحثين لبذل المزيد من الجهود لابتكار تقنيات 

الغازات الخطرة على البيئة وصحة الإنسان، ومع التقدم الهائل في التكنولوجيا،  جديدة للكشف عن 

أصبحت أجهزة استشعار الغاز شائعة الاستخدام في التطبيقات البيئية لاكتشاف الغازات السامة  

 .المختلفة بتراكيز منخفضة جداً

جابة تهدف هذه الدراسة إلى تطوير مستشعرات غاز ذات حساسية عالية، وزمن است 

منخفض، ودرجة حرارة تشغيل منخفضة. هذه المستشعرات قد تم تصنيعها بناءً على تكامل  

معالج بسائل  (PVA) تكنولوجيا النانو وتكنولوجيا البوليمر عن طريق مزج كحول عضوي

 للحصول على أغشية مرنة(  (Cu-MOFو ZnO Nps) ، مع مادتين مختلفتين(IL) أيوني

(ZnO/PVA/IL)   و (Cu-MOF/PVA/IL) ؛ بهدف استخدامها في تصنيع وتقييم كفاءة أجهزة

وقد أظهرت هذه المستشعرات حساسية   .(RT) استشعار الغازات الخطرة في درجة حرارة الغرفة

المليون وزمن استجابة مقداره   منجزء  15تصل إلى  S) 2(Hعالية تجاه غاز كبريتيد الهيدروجين 

المليون وزمن   منجزء   1، وحساسية تصل إلى (ZnO/PVA/IL)  الأولثانية في الجهاز  24

 .في درجة حرارة الغرفة (Cu-MOF/PVA/IL) ثانية في الجهاز الثاني 12استجابة مقداره 

وما يميز هذه المستشعرات إلى جانب كونها ذات حساسية عالية وزمن استجابة منخفض  

إضافية لتسخين الجهاز،  هي درجة حرارة التشغيل المنخفضة، ما يعني عدم الحاجة إلى أجزاء

والذي بدوره يقلل من تكاليف تصنيع وتشغيل الجهاز. وكذلك أظهرت نتائج هذه الدراسة درجة  

عالية من الانتقائية لغاز كبريتيد الهيدروجين، بالإضافة إلى إمكانية استعمالها بشكل متكرر وبنتائج  

ذه الدراسة تقدم نتائج جديدة تمكن من  دقيقة وثابتة على المدى الطويل. وبناءً على ما سبق، فإن ه

 تصنيع مستشعرات غاز عالية الأداء للكشف عن غاز كبريتيد الهيدروجين بكفاءة عالية

لغاز كبريتيد الهيدروجين، أكسيد معدني شبه موصل، هيكل فلزي    : مستشعرالرئيسيةمفاهيم البحث  

 عضوي، بوليمر عضوي، جزيئات أكسيد الزنك النانوية، هيكل فلزي عضوي نحاسي 
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Chapter 1: Introduction 

1.1 Overview 

This work aims at developing an organic-inorganic hybrid gas 

sensor, by fabricating novel membranes and investigating their sensing 

capabilities toward H2S gas among other hazardous gases.  

This thesis begins by outlining the problem we are trying to tackle, 

then states the objectives of this research, and finally reviews the relevant 

reported literature. Chapter 2 explains the methods used to synthesize, 

fabricate, and characterize the proposed sensors. Results are presented in 

chapter 3 followed by a discussion regarding the gas sensing mechanism. 

In the end, the outcome of this work is concluded in chapter 4. 

1.2 Statement of the Problem 

There is an inseparable bond between health and the environment. 

Humans depend on the environment for their survival. Therefore, its 

monitoring has become a priority for the health of mankind. The Oil and 

gas industry, road transport, and other industrial sectors are the biggest 

contributors to air pollution. Several toxic, hazardous, and flammable 

gases such as Hydrogen sulfide, Hydrogen, Carbon monoxide, and 

Nitrogen oxide are produced by the above sectors. 

Enormous efforts have been invested in tackling this situation by 

developing gas sensors that are highly sensitive, selective, and stable 

toward the target gases among others (Joshi et al., 2018; Kohl, 2001; 

Varghese et al., 2015; J. Zhang et al., 2017). 

Hydrogen sulfide (H2S) has been considered a health concern due 

to its high toxicity which can harm several systems of the body. In addition 
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to that, exposure to high concentrations may lead to brain damage or 

sudden death among workers in fields where this gas is produced. 

The demand for a suitable H2S detector has been raised. Although 

H2S sensors are available commercially, they still have some limitations 

such as high-power consumption, high cost, and long response time. These 

reasons and others motivated scientists to develop gas sensors that can 

measure and detect H2S at low concentrations taking into consideration 

some important parameters like power consumption, fabrication cost, 

stability, response time, and selectivity.  

That’s why, efforts are focused on investigating different materials 

to fabricate flexible, inexpensive, sensitive, and low power consumption 

H2S gas sensors that could be implanted into electronic devices for 

potentially monitoring harmful gases in real-time with high efficiency.  

1.3 Research Objectives 

The aim of this work is to develop high-performance and low-

power consumption sensors that can be utilized to control environmental 

pollution by monitoring hazardous gases. The fabricated sensors will use 

inorganic nanoparticles and metal-organic frameworks embedded 

separately in organic polymer doped with an ionic liquid to study their gas 

sensing properties. 

Therefore, the objectives of this research are: 

1)  To synthesize and characterize flexible mixed matrix               

membranes blended with Zinc oxide nanoparticles or Copper 

metal- organic framework. 

2)  To Fabricate gas sensors devices based on the synthesized 

membranes. 
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3)  To investigate the gas sensing performance of the proposed    

sensors. 

4)  To evaluate the potential of the proposed sensors to be 

deployed in practical industrial applications. 

1.4 Relevant Literature 

1.4.1 Hydrogen Sulfide 

Hydrogen sulfide (H2S) is one of the most hazardous gases, it was 

discovered in 1777, and since that time, it has been considered a health 

concern due to its high toxicity which can harm several systems of the 

body. That’s why, it is included in the lists of toxic and reactive highly 

hazardous chemicals and is considered to present a potential for a 

catastrophic event (Occupational Safety and Health Administration). 

Workers are primarily exposed to H2S by inhaling it. The concentration of 

the gas inhaled, and the duration of the exposure are the two factors that 

symptoms and effects depend on. At low concentrations of about 1.5 parts 

per million (ppm), H2S can be smelled like a rotten egg. Prolonged 

exposure to 2-5 ppm may cause headaches, nausea, and tearing of the eyes. 

At a concentration of 100 ppm, eye irritation, coughing, and loss of smell 

may occur after 2-15 minutes, and death may occur after 48 hours. An 

annihilation of one single breath of high H2S concentration (over 1000 

ppm) may cause immediate death (Occupational Safety and Health 

Administration).  

1.4.2 Types of H2S Gas Sensors 

Gas sensors of various types have been employed to detect H2S 

gas, using different principles. Below are some of the most common types:  
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1.4.2.1 Electrochemical Sensors 

Electrochemical sensors have been used since the 1950s to 

monitor atmospheric gases which then evolved into monitoring H2S gas by 

mid 1980s (Ali et al., 2018). The operating principle is governed by the 

interaction of the target gas with the sensor to produce an electrical signal 

proportional to the concentration of the gas. Based on the signal produced, 

the sensor can be further classified into amperometric and potentiometric 

sensors(Scozzari, 2008; Yourong et al., 2001). The literature demonstrates 

that both types have been employed for the detection of H2S gas besides 

other gases(Liang et al., 2007; Yu et al., 2002). The amperometric sensors 

which engaged solid or liquid type electrolytes exhibited good sensitivity, 

repeatability, and fast response times. However, there is a major drawback 

in these systems which hinders the detection due to the deposition of 

elemental sulfur in the solid electrolytes(Kramer et al., 2007; Wang & 

Yan, 2002). Further investigation also revealed that the commercially 

available solid electrolyte sensors encounter poor selectivity, short shelf 

life, and limited temperature range (Ali et al., 2018; Yogeswaran & Chen, 

2008). 

1.4.2.2 Piezoelectric Sensors 

The piezoelectric effect has been employed for sensing 

applications. This technique becomes more popular due to its ability to be 

utilized at high temperatures (>800°C) (Jiang et al., 2013). Piezoelectric 

sensors can detect the change of mass resulting from gas adsorption (Wang 

et al., 2009) and can be categorized, based on their working principle, into 

Quartz Crystal Microbalance (QCM) sensors and Surface Acoustic Wave 

(SAW) sensors (Ali et al., 2018). QCM sensors detect the change in mass 

by measuring the shift of resonant frequency. When the material adsorbs 

the gas, its mass will increase which decreases the frequency (Nanto et al., 
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2000; Pandey et al., 2012). in SAW sensors, however, the change of the 

material’s mass causes travel of Rayleigh wave over the surface. Both 

types have been used to detect H2S gas among other gases. In general, 

sensors fabricated based on this technique have several advantages like 

linear output, high-frequency response, and small size. However, they 

have some significant disadvantages such as the small voltage output, the 

noise of the system, and the temperature compensation which tend to limit 

their commercial spread.  (Zhang & Yu, 2011). 

1.4.2.3 Optical Sensors 

Optical sensing applications have been widely used for sensing the 

temperature, magnetic field, and electrical current since the 1970s 

(Culshaw, 1983). After that, the optical method has been employed in gas 

sensing because of its high sensitivity, selectivity, and stability 

(Hodgkinson & Tatam, 2012; Liu et al., 2012). The operating principle is 

governed by the interaction of light with the analyte. After that, the 

response is recorded via absorption and emission spectroscopy techniques 

(Ali et al., 2018). Based on the working technique, optical sensors can be 

classified into two types: direct sensors, where the analysis is directly 

detected, and indirect sensors (reagent-mediated sensors), where an 

intermediate agent is required to modulate the optical response of the 

analyte (McDonagh et al., 2008; Toda et al., 2004; Varga et al., 2006). 

Although optical sensors have achieved high sensitivity, they have two 

main drawbacks that limit their spread which are high cost, and 

miniaturization (Ali et al., 2018). 

1.4.2.4 Chemiresistive Sensors  

A chemiresistor is a material that changes its electrical resistance 

in response to changes in the nearby chemical environment (Banica, 2012). 
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Recently, chemiresistor technology has been widely used to develop 

promising sensors for a variety of applications (Lei et al., 2011). 

Chemiresistive sensors measure the change in the resistance or electrical 

conductivity when a sensing material is exposed to a target gas. In general, 

the change in resistance is proportional to the concentration of the target 

gas; which allows for the amount of the target gas to be measured. This 

method has attracted much attention due to its high sensitivity, low cost, 

ease of fabrication, and ability of miniaturization (Majhi et al., 2021). 

Several materials that possess chemiresistive properties have been 

used to detect H2S gas. Among these materials, metal oxide semiconductor 

(MOS) materials and metal-organic frameworks (MOFs) have attracted 

much attention due to their unique properties that promote them to be good 

candidates for gas sensing applications. 

1.4.2.4.1 Metal-Oxide Semiconductor Materials 

MOS materials are considered the most commonly and promising 

materials in gas monitoring system, because of their properties such as 

their easy and simple fabrication, low limit of detection, fast response 

time, low cost, and small size.  (Ali et al., 2020; COBIANU et al., 2016). 

However; they are facing some limitations such as high-power 

consumption, low flexibility, cross-sensitivity, and low stability (Örnek & 

Karlık, 2012). These limitations pushed researchers to look for solutions to 

overcome these challenges. Different methods and techniques have been 

explored to overcome these challenges. 

Researchers found that using MOS materials in the nanoscale 

provides extra advantages, such as low power consumption, repeatability, 

and the high surface to volume ratio which enhances the chemical 

reactivity and increases the sensitivity of the sensor (Jiang et al., 1998; 
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Niranjan et al., 2002; Sciau, 2012). Moreover, it has been found that the 

incorporation of these inorganic MOS nanomaterials with organic 

materials provides special characteristics, such as power saving, size 

compactness, and portability, which would help in  achieving the optimum 

enhancement of gas sensors (Ali et al., 2020). That’s why, highly efficient 

organic sensor devices based on inorganic nanoparticles are currently the 

focus of active research (Alba-Martin et al., 2012). 

Organic polymers, such as poly (vinyl alcohol) (PVA) and 

chitosan, are characterized by their wide abundance, and their known 

promising properties, such as flexibility, environmentally friendly, thermal 

stability, and the ability to form electrolytes by virtue of its hydrophilic 

nature (Abdullah et al., 2021). Moreover, the electrical conductivity of 

these polymers can be controlled by doping them with a suitable ionic 

liquid such as sorbitol, 1-methyl-3-n-decyl-imidazolium bromide, and 

glycerol (Allam et al., 2013; Ayesh et al., 2012; Josh et al., 2013). Ionic 

liquids (ILs) are well known for their good ionic conductivity that is 

attained at room temperature. ILs serve as electrolytes and diffusion 

barriers, and they have low values of vapor pressure, low toxicity, and are 

considered environmentally friendly (Abu-Hani et al., 2017; Ayesh et al., 

2016). It has been shown that glycerol-IL can be used effectively to 

control the conductivity of PVA membranes (Ali et al., 2021; Allam et al., 

2013). These combined properties can be further exploited by doping the 

polymer matrix with materials that have an affinity toward the detection of 

H2S gas so that changes in their conductivity or resistivity can be recorded. 

  In 2019, Ali et. al. succeeded in fabricating a low temperature and 

fast response H2S gas sensor based on an organic controlled conductivity 

membrane embedded with tungsten oxide (WO3) NPs.  The sensor 

comprised of CS-IL-WO3 showed a good sensitivity of 15 ppm at 40°C, 
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and a fast response time of 13.6 s (Ali et al., 2020). In another work, 

Hittini et. al. successfully prepared H2S gas sensors based on WO3 NPs 

embedded in PVA nanofibrous (NFs) membrane containing glycerol IL 

synthesized through an electrospinning technique. The fabricated sensor 

showed ultra-sensitivity with a detection limit of 100 ppb at 40°C, and a 

fast response time of 16.37 s (Hittini et al., 2020). 

Zinc oxide (ZnO) is a metal oxide material that possesses a range 

of physicochemical properties that are apt for hazardous gas sensing 

applications. It is classified as an n-type II-VI semiconductor with a wide 

bandgap (3.37 eV), a large excitation binding energy (60 meV), and high 

electron mobility (400 cm2V-1s-1) (Hsu et al., 2017; Kang et al., 2021). 

Additionally, ZnO is chemically stable, environmentally friendly, and can 

be synthesized at a low cost (Diep & Armani, 2016)making it a promising 

material for the task. The crystalline nature of ZnO allows it to be grown 

in different structures such as nanoparticles (0D), one-dimensional (1D), 

two-dimensional (2D), and three-dimensional (3D) structures (B. Zhang et 

al., 2017). The morphologies such as nanorods, wires, needles, spheres, 

ellipsoids, and flowers (Zhang et al., 2015)enable controlling the surface 

area-to-volume ratio, thereby enhancing the utility of the material in a 

plethora of sensing applications. In addition to that, the bandgap of the 

material can be altered by doping ZnO with various materials which 

improves the sensitivity of the sensor with varying operating temperatures 

(Çolak & Karaköse, 2019; Ghosh et al., 2019; Gupta et al., 2019; Lupan et 

al., 2017; Navaneethan et al., 2018; Wang et al., 2017; Wei et al., 2020). 

The working principle of the ZnO-based sensors is usually 

evaluated at elevated temperatures of about 300-500°C (Geng et al., 2016; 

Patil et al., 2016; Xu et al., 2000; Zhu et al., 2018; Zhu & Zeng, 2017). To 

attain these temperatures external energy has to be provided to the sensor 
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which would mean an increase in the operational cost. Furthermore, at 

these temperatures, the flammable and explosive gases are more prone to 

explosions due to their low ignition point. Additionally, at higher 

temperatures the stability of the material reduces which would generate 

inaccurate results (Korotcenkov & Cho, 2012; Park et al., 2013) and this 

also leads to shortening the lifetime of the sensor. The sensors that are 

developed to operate at room temperature do not require any additional 

heating elements, hence their operational cost is reduced, and the risk of 

explosion is avoided. 

1.4.2.4.2 Metal-Organic Frameworks 

Metal-organic frameworks (MOFs) are hybrid of organic and 

inorganic crystalline materials that are composed of positively charged 

metal nodes surrounded by organic linkers, forming a hollow structure. 

MOFs have the potential to be deployed as gas sensors due to their unique 

properties like their high stability, selectivity, and high surface area to 

volume ratio. (Chen et al., 2021) The advantage of the former property is 

that it increases the chance of interaction between the sensing material and 

gas molecules which improves the sensitivity of the material (Pohle et al., 

2011). Moreover, it reduces the quantity of material used to fabricate the 

membrane, which means reducing the thickness of the sensing layer 

(Hoppe et al., 2018; Park & Kim, 2020; Yao et al., 2020). The high 

stability and good selectivity also play a crucial role in making this 

material a good candidate for being deployed in gas sensing applications. 

Literature reports a decent amount of interest in Copper MOF (Cu-

MOF) among other types. Campbell et al. demonstrated that detection of 

the sub-ppm level of ammonia vapor can be achieved using conductive 

Cu-MOF (Campbell, Sheberla, et al., 2015). The same group also 

demonstrated that Cu-MOF is selective to an array of volatile organic 
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compounds (VOCs) based on their functional groups (Campbell, Liu, et 

al., 2015). This is also supported by Smith M K et al. by synthesizing Cu-

MOF film onto graphitic electrodes to detect ammonia at sub-ppm level 

(Smith et al., 2016). Cu-MOF was also used to detect other gases like NO2 

and acetone vapor (Arul et al., 2021; Yao et al., 2017). Different methods 

were employed to fabricate sensing devices, such as coating MOF on 

electrodes, using solvated “paste” (Chen et al., 2014), drop-casting 

(Campbell, Liu, et al., 2015; Campbell, Sheberla, et al., 2015), solvent-free 

mechanical abrasion (Campbell, Liu, et al., 2015), and in-situ film growth 

(Smith et al., 2016). 

The Solution casting method was used to fabricate an H2S gas 

sensor based on CuO NPs embedded within PVA_IL. The sensor was 

sensitive to H2S gas with concentrations as low as 10 ppm at 80°C (Ayesh 

et al., 2016).  

The aim of this investigation is to develop an organic-inorganic 

hybrid gas sensor, where a matrix of PVA/IL polymer is separately doped 

with ZnO NPs and Cu-MOF to explore their gas sensing capabilities 

towards H2S gas among other hazardous gases. To the best of our 

knowledge, a composite membrane of ZnO/PVA or Cu-MOF/PVA has not 

been reported for gas detection, so far. The expected low fabrication and 

operational costs, flexibility, and ability to be operating at room 

temperature, will enable the device to be deployed in monitoring these 

threats in real-time application scenarios. 
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Chapter 2: Materials and Methods 

This chapter is divided into five sections: The first section reviews 

the materials used to fabricate the sensing membranes. The second section 

explains the fabrication methods of the Cu-MOF and the membranes. 

After that, the characterization techniques are mentioned in the third 

section. Finally, the sensor fabrication and the experimental setup are 

discussed in the fourth and fifth sections respectively.  

2.1 Materials 

Zinc oxide (ZnO) nano-powder (<100nm), poly (vinyl alcohol) 

(PVA) (MW ~ 61,000 Da), glycerol (>99.5%), copper (II) nitrate 

trihydrate (Cu(NO3)2.3H2O), ethanol (EtOH), aqueous ammonia 

(NH4OH), and 2,3,6,7,10,11-hexahydroxytriphenylene hydrate (H6hhtp) 

were purchased from Sigma-Aldrich (USA) and were used without further 

purification. 

2.2 Fabrication of the Sensing Membranes 

2.2.1 Fabrication of the ZnO/ PVA /IL Membrane 

 50 mg of ZnO NPs were dispersed in 40 ml of distilled water 

(DW) using a vortex shaker. After that, 1000 mg of PVA granules were 

added to the dispersed ZnO NPs and kept under vigorous stirring at 90°C 

until all the PVA was dissolved in the mixture. After that, the mixture was 

doped with 1 ml of glycerol and kept under continuous stirring for 20 min. 

The mixture formed was then cast onto a petri dish and dried in the oven at 

70°C for 18 h, resulting in a flexible membrane as shown in Figure 1. The 

thickness of the membrane was determined to be 200 m. 
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Figure 1: The fabricated ZnO/PVA/IL membrane. (A) 1×1 cm2 sample of 

the membrane. (B) Demonstration of its high flexibility 

 

2.2.2 Fabrication of the Cu-MOF/PVA/IL Membrane 

Cu-MOF was synthesized in collaboration with the Chemistry 

Department at UAEU, following a previously reported procedure 

described by Hoppe et. al. (Hoppe et al., 2018). 2,3,6,7,10,11-

hexahydroxytriphenylene hydrate (0.30 mmol, 1 eq.) was added to 8.4 mL 

of DW in a Pyrex tube to form the first solution.  Aside from that in 

another tube, Cu(NO3)2·3H2O (0.53 mmol, 1.75 eq.) was dissolved into 2 

mL of DW and 30 eq. of conc. NH4OH to form the second solution. After 

that, the second solution was added wisely to the first solution and placed 

in an oven at 80°C for 24 h. The precipitated black powder was then 

collected using centrifugation and washed twice with ethanol. Finally, the 

obtained Cu-MOF was soaked in ethanol for 24 h and dried in a vacuum 

oven at 80°C for 24 h. 

To fabricate the Cu-MOF/PVA/IL membrane, 1.25 mg of Cu-

MOF were first dispersed in each ml of DW and stirred for 15 min at 1100 

RPM to attain a homogenous dispersion. Aside from that, 5000 mg of 

PVA granules were dissolved in 100 mL of DW and kept under vigorous 

stirring at 70°C until a clear and homogenous solution was obtained (Abu-
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Hani et al., 2017; Ayesh et al., 2016; Haik et al., 2014). After that, 20 ml 

of PVA stock solution were doped with 1 ml of glycerol and with Cu-

MOF that was suspended in 2.5 mL of DW at 70°C.  The mixture formed 

was then cast onto a petri dish and dried in the oven at 70°C for 16 h, 

resulting in a flexible membrane as shown in Figure 2. The thickness of 

the membrane was determined to be 215 m. 

 

Figure 2: The fabricated Cu-MOF/PVA/IL membrane. (A) 1×1 cm2 

sample of the membrane. (B) Demonstration of its high flexibility. 

 

2.3 Characterization 

ZnO NPs and Cu-MOF powder were subjected to analysis for their 

structural and morphological characteristics. A powder x-ray diffraction 

(PXRD) of the as-received ZnO NPs and Cu-MOF powder were 

performed using a Rigaku, MiniFlex 600-C instrument, USA, with a Cu 

K X-ray with a scan range of 2−80° and at a scan rate of 1°/min. The 

morphologies of the ZnO NPs, Cu-MOF powder, and the membranes were 

investigated using a Thermo Scientific Quattro S Scanning electron 

microscope (SEM) (USA) at an operating voltage of 15 kV. The chemical 

compositions of the Cu-MOF and the membranes were determined by 

energy- dispersive X-ray (EDX) spectroscopy apparatus on the same SEM. 



  18 

The membranes were further analyzed for their composition by Fourier 

transform infrared (FTIR) spectroscopy using a Thermo Nicolet, NEXUS, 

470 FTIR instrument. A KBr disk method over a scan range of 400–4000 

cm-1 was used. The thermogravimetric analysis (TGA) was recorded using 

TGA-Q500, TA Instruments, USA with a ramp rate of 20°C/min and 

within a temperature range of 30–800°C. 

2.4 Sensors Fabrication 

Each sensor was fabricated by inserting a 1 × 1 cm2 piece of each 

membrane between two electrodes. The bottom electrode is a 1.5 × 1.5 

cm2 piece of Cu metal plate with a thickness of 0.15 μm, and the top 

electrode is a 0.8 × 0.8 cm2 piece of stainless steel mesh which is resistant 

to H2S gas with a grid size of 250 × 250 μm2. The layers were fixed 

together with a temperature-resistive Kapton tape (Ali et al., 2021). 

2.5 Gas Sensing Experimental Setup 

Each sensor was fixed inside a temperature- controlled Teflon 

chamber on a test stage as illustrated in figure 3(A & B). The test chamber 

was sealed and placed inside a fume hood to maintain a non-humid 

atmosphere throughout the measurement. To conduct the test, a mixture of 

the test gas diluted with synthetic air was introduced into the chamber 

using Bronkhorst mass flow controllers (MFC). The device was kept at 

room temperature (23°C) throughout the testing sequences. 
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Figure 3: The test chamber with the sensor fixed inside.  

 

Keithley instruments source measurement unit (KI236) was used to 

record the response of the sensors by measuring the electrical current 

signal as a function of time at different H2S gas concentrations.  

The sensor response (S%) was calculated using Eq. (1).  

𝑆 (%) =  
𝐼𝑔−𝐼𝑎

𝐼𝑎
 ×  100      (1) 

Where Ia is the reference current when the sensor was exposed to air and Ig 

is the current measured when the sensor was exposed to H2S. Furthermore, 

the sensor’s response time was found by calculating the time needed by the 

sensor to reach 90% of its maximum response.  

A constant bias voltage of 4 V and 2.5 V was applied between the 

electrodes for the ZnO and Cu-MOF devices respectively. LabVIEW 

software was used to interface and record the response of these units. Figure 

4 graphically illustrates the sensor component and the sensing experimental 

setup. 
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Figure 4: Schematic diagram of the sensor and the experimental setup.
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Chapter 3: Results and Discussions 

This chapter is divided into two sections. The first section 

discusses the results obtained for the ZnO NPs and ZnO/PVA/ IL 

membrane, while the second section discusses the results obtained for the 

Cu-MOF and Cu-MOF/PVA/ IL membrane. In each section, both the 

powder and the fabricated membrane were first characterized to study their 

structural and morphological properties. After that, the sensing 

performance of the membrane was investigated. Finally, the sensing 

mechanism of the membrane was discussed. 

3.1 ZnO NPs and ZnO/PVA/IL Membrane  

3.1.1 Structural and Morphological Characterization  

Figure 5 shows a comparison between the XRD patterns of the as-

received ZnO NPs, the PVA/IL membrane, and the ZnO/ PVA/IL 

membrane. Compared with the JCPDS pattern of pure ZnO (Card # 36-

1451), the as-received ZnO shows a phase-pure composition where all 

peaks of the standard ZnO were observed. The PVA within the PVA/IL 

and composite matrices showed two broad peaks at 19.3 and 20.8° 

(Mashrai et al., 2017; Ristić et al., 2005; Roy et al., 2013; Singh et al., 

2008). Additionally, the composite membrane confirmed the presence of 

the ZnO NPs, where its characteristic peaks representing the 010, 002, and 

011 planes were observed.  
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Figure 5: Comparison of XRD pattern for ZnO NPs, PVA/IL membrane 

and ZnO/PVA/IL composite membrane. 

 

The membrane was subjected to Thermogravimetric Analysis 

(TGA) as seen in Figure 6(A). From the decomposition curves, we can 

observe that there is a gradual loss in weight due to the evaporation of 

water molecules and adsorbed moisture content. Additionally, the loss in 

weight between 300-550°C is attributed to the removal of organic groups 

(Mashrai et al., 2017). No appreciable weight loss beyond 700°C was 

observed, inferring the formation of stable inorganic phases (Rawool & 

Srivastava, 2019). A slight variation in the thermal profile of the 

composite membrane was observed, which is because ZnO NPs are 

thermally stable throughout the heating cycle. The recorded profile 

matches well with the reported literature (Mashrai et al., 2017) confirming 

the incorporation of ZnO NPs into the polymer matrix. 
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Figure 6: TGA and FTIR characterization. (A) TGA comparison of 

PVA/IL and ZnO/PVA/IL membranes. (B) FTIR spectra of ZnO/PVA/IL 

membrane. 

 

The FTIR analysis from Figure 6(B) shows that the membrane has 

the functional peaks associated with PVA (Ali et al., 2022; Roy et al., 

2013) and ZnO NPs (Jayarambabu et al., 2014; Roy et al., 2013) along 

with a slight shift in their positions inferring the incorporation of the NPs 

in the polymer matrix. The broad absorption bands at 3272 cm-1 and 2938 

cm-1 denoting the O-H and C-H stretching modes, respectively, are 

observed. The band at 555 cm-1 is attributed to the Zn-O stretching 

vibration mode (Roy et al., 2013), while the bands at 1142 cm-1, and 1329 

cm-1 are ascribed to the primary and secondary alcohol in-plane bending 

modes (Jayarambabu et al., 2014).  

Figure 7(A & B) shows the SEM and EDX analysis, respectively 

of the ZnO/PVA/IL membrane. The image shows a uniform dispersion of 

the NPs incorporated into the membrane. However, ZnO NPs were 

observed in the form of agglomerations with a uniform size distribution, 

which is a common criterion of NPs dispersed in highly viscous PVA 

solutions. The elemental analysis confirms the presence of Zn and O in the 

composite membrane.  
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Figure 7: SEM and EDX characterization for the ZnO/PVA/IL membrane. 

(A) SEM image of the membrane. (B) EDX spectrum of the membrane. 

 

3.1.2 Gas Sensing Performance 

The composite membrane sensor was evaluated for its response 

against H2S gas exposure at different concentrations with respect to time at 

room temperature (RT). Figure 8(A) shows the sensor response to different 

concentrations of H2S gas over a period of time. Figure 8(B) shows the 

current response with respect to the test gas concentration.  

An increase in the response was observed as a result of increasing 

the concentration of the test gas. After each exposure to the test gas, the 

chamber was flushed with synthetic air to remove any residual gas 

molecules. It is also noted that while the chamber was flushed, the current 

values were reduced to their starting values in the absence of the test gas 

demonstrating the reversibility of the sensor. 
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Figure 8: Response of ZnO/PVA/IL membrane to H2S gas. (A) Current 

response of the membrane to H2S gas exposure at different concentrations 

with respect to time. (B) The current response of the membrane as a 

function of gas concentrations. 

 

The sensor was further tested for its repeatability and long-term 

stability. Figure 9(A) demonstrates excellent repeatability of sensing in the 

membrane with a near-identical current response for 5 cycles of exposure 

to H2S gas at a concentration of 100 ppm. Figure 9(B) shows the response 

of the membrane to 100 ppm of H2S gas exposed for 21 days which 

demonstrates its long-term stability. It can be seen that the response is in 

the 94–99% region with minimal error bars. 

 

Figure 9: Repeatability and long-term stability of the ZnO /PVA/IL 

membrane. (A) Repeatability of the membrane at 100 ppm H2S. (B) Long-

term stability of the membrane for 21 days at 100 ppm H2S gas. 
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Furthermore, the sensor’s response time was also calculated and 

found to be 24 s for 100 ppm of H2S gas at RT. 

Finally, the sensor’s selectivity was measured by exposing it to 100 

ppm of H2, C2H4, and CO gases at RT. Figure 10 illustrates the response of 

the sensor for those gases, showing a significant difference between the 

response to H2S compared to the other gases which indicates an excellent 

selectivity of the proposed sensor toward those gases. 

 

Figure 10: Selectivity of the ZnO/PVA/IL membrane to 100 ppm of H2S 

compared to H2, C2H4, CO gases at 100 ppm. 

 

3.1.3 Gas Sensing Mechanism of the ZnO/PVA/IL Membrane 

The sensing mechanism of the ZnO/PVA/IL membrane can be 

elaborated as a surface sensing mechanism (Kang et al., 2021; Wang et al., 

2019; Yuan et al., 2019; Zhao et al., 2019), which is based on a process of 

adsorption-oxidation-desorption. ZnO NPs are embedded into the polymer 

matrix as seen in figure 7(A) in the form of islands. When flushed with 

synthetic air, the hydrophilic nature of the matrix allows the oxygen 
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molecules to get adsorbed on the surface which capture the electrons from 

the ZnO conduction band making them negatively charged ions (Kang et 

al., 2021) and thereby providing surface acceptors sites as shown in figure 

11(A). Once the polymer has acquired an equilibrium the conductivity of 

the material reaches a constant state. Upon the exposure to reducing gases 

such as H2S, the charge transfer process is initiated by the oxidization of 

the oxygen anions on the surface which provides the additional free 

electrons that migrate into the ZnO conduction band as shown in figure 

11(B). This reduces the thickness of the depletion layer which gradually 

reaches equilibrium enhancing the conductivity of the membrane. When 

the chamber is flushed with synthetic air, the target gas molecules are 

gradually expelled out from the membrane which reduces the conductivity 

of the material to the base values recorded. 

In addition to that, the homogeneous distribution of the ZnO NPs 

within the PVA\IL matrix provides an enhanced venue for the mentioned 

mechanism to take place at room temperature. This can be explained by 

the extensive H-bonding network that takes place between the -OH groups 

of the PVA polymeric matrix, as well as the IL. This network facilitates 

charge transfer across the composite membrane, following the adsorption 

of the oxygen species from air and their reduction by H2S in a steam of the 

latter gas. 

Furthermore, based on our findings that sensing was recorded at 

RT, it indicates that the chemical reaction taking place at the surface 

dominates the sensing mechanism (Wang et al., 2015). As the oxygen is 

adsorbed on the surface, a larger surface area of the membrane provides 

larger active sites for the test gas to interact with the membrane hence the 

sensitivity towards the target gas was enhanced. At temperatures between 

150-300°C, a hybrid mechanism of surface reactivity and gas diffusion 
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contributes to the sensitivity of the membrane whereas above 300°C the 

sensitivity is limited to the gas diffusion phenomenon. The equations for 

the surface adsorption reactions were outlined by Kang et al (Kang et al., 

2021). The sensitivity of the membrane reported in the current 

investigation would be supported by the former.  

 

Figure 11: Mechanism of interaction between ZnO crystal lattice and O2   

molecules in (A) air and (B) when flushed with H2S gas. 

 

3.1.4 A Comparison of the Proposed Sensor Performance with the 

         Reported Literature. 

Table 1 demonstrates a comparison between the sensing 

performance of the fabricated ZnO/PVA/IL sensor and previously reported 

H2S sensors based on ZnO material. It can be noticed that ZnO has been 

used in several structures and doped with different materials to fabricate 

gas sensors. To evaluate the performance of any sensor, several parameters 

have to be considered, and the most important are the operating 

temperature, the detection limit, and the response time. The sensors with 

lower detection limits than our proposed sensor suffer from high operating 

temperature. Similarly, sensors that work at room temperature have a 

higher detection limit than our proposed sensor. Therefore, among these 

sensors, our proposed sensor has successfully met the expectations by 
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achieving a low detection limit at low operating temperature with a 

relatively fast time response. Furthermore, the sensor depicts high 

flexibility, low cost, easy fabrication, and low-power consumption, which 

thus holds a great promise for flexible electronic gas sensors. 
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Table 1: A comparison of the ZnO/PVA/IL sensor performance with the 

reported literature. 

Sensor/Material Gas 

Operating 

Temp 

°C 

Detection 

limit 

(ppm) 

Response 

time 

(Second) 

Reference 

ZnO/PVA/IL H2S RT 15 24 This Work 

Colloidal ZnO QDs H2S RT 50 16 
(B. Zhang et al., 

2017) 

ZnO/γ Fe2O3 

Electrochemical 
H2S RT 250 60 

(Ghosh et al., 

2017) 

Al-ZnO spray 

pyrolysis 
H2S 200 150 200 

(Kolhe et al., 

2018) 

polyaniline / ZnO 

hexagonal 

microdiscs 

H2S RT 50 63 
(Zhang et al., 

2019) 

Lettuce like ZnO 3D H2S 150 100 15 (Yu et al., 2020) 

Cu doped ZnO RGO H2S RT 100 14 
(Shewale & Yun, 

2020) 

ZnO ZnS 

Hetrostructre 
H2S 150 5  

(Ding et al., 

2020) 

ZnO CuO composite H2S 40 10 173 
(Wang et al., 

2020) 

ZnO NPs CO RT 25  
(Narayana et al., 

2020) 

Dumbbell shaped 

ZnO 3D 
H2 60 100 20 

(Kumar et al., 

2020) 
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3.2 Cu-MOF and Cu-MOF/PVA/IL Membrane  

3.2.1 Structural and Morphological Characterization  

Figure 12(A) shows a comparison between the PXRD patterns of 

the Cu-MOF with the simulated pattern, using the lattice parameters from 

previously reported studies (Nam et al., 2019). Highscore plus software 

package was used to simulate the pattern, using the said lattice parameters. 

The Cu-MOF pattern matches well with that reported in the literature, 

where peaks denoting the XRD diffraction of the 200, 210, 220, 420, and 

303 planes were observed. The structural orientation of the Cu-MOF, 

indicating the linkages between the Cu2+ oxo clusters and the HHTP linker 

molecules, is shown in Figure 12(B). The Cu-MOF exhibits the 

hierarchical graphene-like 2D structure, which was previously supported 

by the work of Hoppe et al. (Hoppe et al., 2018). Figure 13 (A) further 

confirms these morphological characteristics of the Cu-MOF crystallites. 

Cu-MOF crystallites appear as 2D platelets and flakes, with an average 

thickness of 150 nm. The selected area of the EDX pattern of the Cu-MOF 

crystallites, shown in Figure 13(B), indicates the phase purity of the as-

prepared Cu-MOF crystallites. 

 

Figure 12: XRD pattern and structural information of the Cu-MOF 

powder. (A) Comparison of PXRD pattern for the observed and simulated 

Cu-MOF powder, (B) Structural information of the 2D Cu-MOF. 
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Figure 13: SEM and EDX characterization for the Cu-MOF powder. (A) 

SEM micrograph, (B) EDX elemental analysis pattern of the Cu-MOF 

powder. 

 

The Cu-MOF/PVA/IL and Cu-MOF-free PVA/IL membranes 

were subjected to thermogravimetric analysis (TGA) from room 

temperature up to 800°C as seen in Figure 14(A). From the decomposition 

curves, we are able to observe that there is an initial weight loss of around 

81.6°C in both materials due to the evaporation of water molecules and 

adsorbed moisture content. This was followed by a second two-step event, 

with the first peak at 188.9°C in both samples, while the second peak was 

observed at 225.5°C for the MOF-free matrix and 215.1°C for the 

composite membrane. These peaks showed a similar extent of weight loss 

and denote the evaporation of the remaining organic solvents (Kumar et 

al., 2013). The third thermal event was observed at 276.5°C for the MOF-

free matrix and is related to the breakdown of the PVA polymeric chains. 

However, a delay in this event has occurred in the composite membrane 

due to the presence of the Cu-MOF, which was observed at 337.9°C. This 

is attributed to the extensive removal of the organic content of the 

composite membrane (MOF linkers; pyromellitic acid, and PVA/IL 

matrix) (Rawool & Srivastava, 2019). Moreover, the shift in this event 

could also be used to indicate a chemical stabilization of the polymeric 

matrix, through extensive H-bonding formation between the highly 
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functionalized Cu-MOF and the PVA/IL matrix. This has been further 

confirmed by the presence of a multi-peak thermal event of the MOF-free 

matrix and the presence of a single event for the composite membrane, as 

shown in the fourth thermal event. The multi-step weight loss could be 

related to the successive degradation of the polymeric chains in the MOF-

free matrix. On the other hand, the absence of these multi-steps in the 

thermogram of the composite membrane confirms the stabilization of the 

matrix by the MOF particles, hence, their degradation takes place as a 

single thermal event. A final thermal event was observed as a plateau, at a 

temperature above 550°C, where there was no appreciable weight loss 

denoting the formation of stable inorganic phases (Rawool & Srivastava, 

2019). The profile of the recorded TGA matches well with the literature 

for Cu-MOF (Arul et al., 2021; Liu et al., 2021), also confirming the 

incorporation of Cu-MOF in the membrane. 

The FTIR analysis in Figure 14(B) shows a similarity between the 

spectra of the PVA/IL matrix and the composite membrane. This similarity 

is attributed to the presence of a small proportion of the Cu-MOF, which is 

below the detection limit of FTIR as a technique (Rawool & Srivastava, 

2019). 

 

Figure 14: TGA and FTIR characterization. (A) TGA comparison of 

PVA/IL & Cu-MOF/PVA/IL membranes (B) FTIR spectra of the Cu-MOF 

powder, PVA/IL, & Cu-MOF/PVA/IL membranes. 
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Figure 15(A & B) shows the SEM and EDX analysis of the Cu-

MOF/PVA/IL membrane. The SEM image shows a uniform distribution of 

the Cu-MOF 2D platelets. The weak absorption of Cu in the EDX pattern 

of the composite membrane could be attributed to the coverage of the Cu-

MOF platelets within the polymeric matrix, in addition to the presence of 

Cu-MOF in a small proportion, as compared with the PVA/IL matrix. 

 

Figure 15: SEM and EDX characterization for the Cu-MOF/PVA/IL 

membrane. (A) SEM image of the membrane. (B) EDX spectrum of the 

membrane. 

 

3.2.2 Gas Sensing Performance 

The composite membrane sensor was evaluated for its response 

against H2S gas exposure at different concentrations with respect to time at 

RT. Figure 16(A) shows the sensor response to different concentrations of 

H2S over a period of time. Figure 16(B) shows the current response with 

respect to the test gas concentration.  
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Figure 16: Response of ZnO/PVA/IL membrane to H2S gas. (A) Current 

response of the membrane to H2S gas exposure at different concentrations 

with respect to time. (B) The current response of the membrane as a 

function of gas concentrations. 

 

The data show an increase in the measured current signal as a result 

of increasing the concentration of the test gas. After each exposure to the 

test gas, the chamber was flushed with synthetic air to remove the 

adsorbed gas molecules from the sensing membrane before exposure to the 

next cycle of the target gas. It is also noted that during the flush, the 

current values gradually reduced to their initial values in the absence of the 

test gas, demonstrating the reversibility of the sensor.  

The sensor was further tested for its repeatability and long-term 

stability. Figure 17(A) demonstrates excellent repeatability, showing an 

excellent response for 100 ppm of H2S gas. Figure 17(B) shows the 

response of the sensor to 100 ppm of H2S gas exposed for 21 days which 

demonstrates its long-term stability. It can be seen that the response is in 

the 96-99% region, with negligible error bars. 
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Figure 17: Repeatability and long-term stability of the Cu-MOF/PVA/IL 

membrane. (A) Repeatability at 100 ppm H2S. (B) Long-term stability of 

the membrane for 21 days at 100 ppm H2S. 

Furthermore, the sensor’s response time was calculated and found 

to be 12 s for 100 ppm of H2S at RT. Finally, the selectivity of the sensor 

was investigated by exposing it to 100 ppm of H2, C2H4, and CO gases at 

RT. Figure 18 illustrates the response of the sensor for those gases, 

showing a significant difference between the response to H2S compared to 

other gases which indicates an excellent selectivity of the proposed sensor. 

 

Figure 18: Selectivity of the Cu-MOF/PVA/IL membrane to H2S in 

comparison to H2, C2H4, CO gases at 100 ppm at RT. 
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3.2.3 Gas Sensing Mechanism of the Cu-MOF/PVA/IL Membrane 

The polymeric matrix of the Cu-MOF/PVA/IL membrane is 

hydrophilic in nature, with –OH groups aligned along the chains. The IL is 

hydrophilic in nature with 3-OH groups along each IL molecule. In the 

presence of the Cu-MOF2D crystallites, the hydrophilic endings of the 

HHTP ionized linker contribute to the formation of a network, with an 

extensive H-bonding along all participating molecules, as illustrated in 

Figure 19. Upon exposure to the highly acidic H2S molecules, they 

contribute to the H-bonded network of molecules, through the attraction of 

the H2S-H atoms to the high electron density, along all involved O atoms 

of the PVA, IL, and the Cu-MOF molecules. Hence, the transfer of 

charged ions along the composite membrane is facilitated. Moreover, the 

highly conjugated H6hhtph linker, shown in Figure 19, enhances the 

conductivity among various molecules within the composite membrane. In 

addition, the Cu-MOF, used in the current study, is a highly porous 

graphene-like structure, with an average porosity of 1.55 (Hoppe et al., 

2018). Compared with an average size of a typical H2S molecule of 0.36 

nm, the diffusion, and transportation of the H2S molecules within the MOF 

molecules are, therefore, highly enhanced. It is, therefore, the synergistic 

effect of the highly connected molecules of the proposed nanocomposite 

membrane that explains its high efficiency and sensitivity toward H2S gas. 

The high porosity of the MOF component of the composite membrane was 

previously proven to contribute to the passage of H2S molecules within the 

composite membrane (Ali et al., 2021). The current findings support the 

contribution of the highly porous MOF structures in the construction of a 

gas sensor assembly. Moreover, it is believed that the homogeneous 

distribution of the graphene-like 2D Cu-MOF crystallites within the 

composite membrane explains the enhanced sensitivity towards H2S 

molecules, as compared with PVA/IL membranes. 
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Figure 19: Illustration of the suggested H2S gas sensing mechanism. All 

atoms are color-coded; Cu: purple, O: red, C: grey, H: white, S: yellow. 

 

3.2.4 A Comparison of the Proposed Sensor Performance with the 

         Reported Literature. 

Table 2 demonstrates a comparison between the sensing 

performance of the Cu-MOF/PVA/IL sensor and previously reported 

sensors based on Cu and Cu-MOF materials for different target gases. The 

sensors’ performance was evaluated by comparing different parameters, 

such as the operating temperature and the detection limit. It can be noticed 

that our proposed sensor combines having a low detection limit and low 

operating temperature, in addition to its high flexibility and easy 

fabrication technique, which nominate it as an excellent candidate to be 

deployed in practical industrial applications to detect H2S gas. 
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Table 2 : A comparison of the Cu-MOF/PVA/IL sensor performance with 

the reported literature. 

Sensor/Material 
Operating 

Temp (°C) 
Gas Detection Limit Refs. 

Cu-MOF/PVA/IL 23°C H2S 1 ppm This Work 

Cu/Ni (HHTP) RT H2S/NO 40–80 ppm 
(Smith et al., 

2016) 

Cu-MOF 250°C 

Acetone 50 ppm 

(Arul et al., 2021) 

H2/CO 20 ppm 

CO2/NH3 200 ppm 

CH4 500 ppm 

NO2 1 ppm 

PVA-

Semiconducting 

nanoparticles (CuO, 

ZnFe2O4, 

CuFe2O4, and WO3) 

based 

sensors 

80°C H2S 10 ppm 

(Abu-Hani et al., 

2017; Ayesh et al., 

2016) 

Pd and Pt NPs 

doped Cu-MOF 
RT NO2 1 ppm (Koo et al., 2019) 
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Chapter 4: Conclusion and Future Work 

4.1 Conclusion 

This investigation demonstrates the potential of fabricating high-

performance H2S gas sensors. The flexible mixed matrix composite 

membranes were successfully prepared by doping ZnO Nps or Cu-MOF 

into an organic PVA polymer blended with IL. The fabricated membranes 

were investigated for their gas-sensing performance. The undoped PVA/IL 

membrane did not record any sensing towards H2S gas, whereas the ZnO 

Nps and Cu-MOF doped membranes showed high sensitivity towards H2S 

gas with a detection limit of 15 ppm and 1 ppm respectively, and a fast 

time response of 24 s and 12 s respectively at RT. 

Considering this low operating temperature, the requirement of 

external heating elements was not required, hence the fabrication and 

operational costs are reduced. Along with the affinity towards H2S, the 

membranes exhibit high selectivity, reproducibility, and long-term 

stability.  Moreover, the composites of the proposed membranes are 

known to have no harm to the environment which makes them eco-

friendly. Therefore, the proposed sensors have the potential to be 

implanted into electronic devices for potentially monitoring H2S gas in 

real-time with high efficiency.  

4.2 Future Work 

This work has successfully achieved low power consumption, by 

working at room temperature. However, despite that the proposed sensors 

have excellent sensitivity and relatively fast response time, further 

enhancement is still possible to reduce the detection limit to the sub-ppm 

level, in addition to reducing the response time further.  
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That’s why, our future work will focus on investigating different 

materials and morphologies that may help improve the sensing 

performance.  
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This work aims at developing high-performance gas sensors with enhanced 

sensitivity, fast response time, and low operating temperature. The fabricated 

sensors showed high sensitivity toward hydrogen sulfide (H2S) gas, and fast 

response time at room temperature. Considering this low operating temperature, 
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stability, and selectivity toward H2S gas among other gases. Therefore, this study 

demonstrates the potential of fabricating high-performance gas sensors for 

monitoring H2S gas in real-time with high efficiency. 
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