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ABSTRACT 

ELECTROCHEMICAL AND OXYGEN/WATER PERMEATION 

BEHAVIOR OF FLUORINATED SILOXANE COPOLYMERS 

SYNTHESIZED VIA INITIATED CHEMICAL VAPOR DEPOSITION 
  

Metal-air batteries are considered as one of the best alternatives to current Li-ion 

batteries with their high energy densities (1000-13000 Wh/kg) also, they are lightweight, 

cheap and safe. However, secondary alkaline metal-air batteries suffer from catalyst 

corrosion, anode passivation and corrosion, electrolyte loss and pore clogging leading to 

performance loss and reduced cycle life. This thesis aims to evaluate the feasibility of 

highly cross-linked, hydrophobic, and oxygen selective thin homopolymers and 

copolymers films as potential candidates for Gas Diffusion Layer (GDL) materials in Gas 

Diffusion Electrodes (GDEs) for alkaline metal-air batteries.  Homopolymers of 2,4,6,8-

tetramethyl-2,4,6,8-tetravinylcyclotetrasiloxane (V4D4), 2-(perfluorohexyl)ethyl 

acrylate (PFHEA) and 2-(perfluoroalkyl)ethylmethacrylate (PFEMA) and their 

copolymers were synthesized via initiated chemical vapor deposition (iCVD).  

iCVD deposited fluoropolymer thin films exhibited low water transmission rates 

and excellent oxygen diffusion with a high oxygen/water selectivity up to 13.6. GDEs 

with iCVD GDLs exhibited higher oxygen reduction current density (228.2 mA cm-2) 

when compared to commercial counterparts (132.7 mA cm-2).  

In addition, the chemical stability, durability and corrosion protection aspects of 

these films were investigated by substrate adhesion and immersion tests in organic 

solvents and NaCl solution. The results of corrosion test together with chemical stability 

and durability evaluation indicate that iCVD deposited copolymers exhibit excellent 

adhesion, good solvent resistance and offer an effective physical and chemical protection 

without the need for surface pretreatment. iCVD copolymer films provide better anti 

corrosion barrier with lower corrosion efficiency (85-99 %) for metal surface compared 

to homopolymer counterparts. By combining siloxane and fluorinated matrix, the 

copolymer films provide enhanced oxygen transport and reduce moisture entrance 

significantly as a GDLs and also improve physical, chemical, corrosion protection. 

 

Keywords: Metal-Air Batteries, Gas Diffusion Electrode, Gas Diffusion Layer 
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CHAPTER 1 

INTRODUCTION 

 
In the last century, energy consumption has dramatically increased due to rapid 

population growth. According to the International Energy Agency, energy consumption 

will continue to grow approximately 296 % between the years 1970 and 2040. 

Specifically, energy consumption started at 207 quadrillion Btu (British thermal unit) in 

the year 1970 and is predicted to reach 820 quadrillion Btu in 2040 (Mainar et al., 2017; 

Payer, 2014).  In this context, worldwide policies closely related to the use of renewals as 

sustainable energy sources including solar, wind, wave and hydropower must be modified 

due to the fluctuation of fossil fuel prices and global warming. The demand for renewable 

energy sources for portable, automotive and grid stationary applications has resulted in 

increased research on new-generation energy storage and conversion system technologies 

such as battery technologies as an effective and feasible solution. Lithium-ion batteries 

(LIBs) are considered as a better energy storage technology for portable consumer 

electronics due to their power density and cyclability. However, lithium-ion batteries 

cannot fully satisfy requirements for large-scale applications due to insufficient energy 

density (200-250 Wh kg-1) and catastrophic thermal runaway (Pan et al., 2018; Mainar et 

al., 2018; Clark et al., 2020). Therefore, the development of cost-effective and 

environmentally safe battery technologies for a variety of applications ranging from small 

portable electronic devices to electric vehicles is also driven by increased public 

-ion batteries. 

Metal-air batteries are a promising attractive solution to fulfill such requirements for 

various applications due to higher energy density compared to other rechargeable 

batteries. In addition, the paramount feature of metal-air batteries is the open cell structure 

of cathode which allows the oxygen gas to access from the air, thus providing to reduce 

both their volume and weight (Clark et al., 2018; Lee et al., 2011).  

Metal-air batteries are made of various metal electrodes (e.g., Zn, Li, Mg, Al, Na), 

electrolyte (aqueous and non-aqueous), and gas diffusion electrode (GDE). The 

electrochemistry of metal-air batteries is mainly dependent on the metal species for anode 

material (Li, Ca, Mg, Al, Fe, Zn, etc.). Scientific research has focused on the different 
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metal species used at anode in metal-air systems. Figure 1.1 compares various metal-air 

systems in terms of energy density and specific density.  

 

 
Figure 1.1. Theoretical energy density and specific energy of commonly researched 

metal-air batteries. 
 

Mg-air battery is considered a promising technology because Mg is the most 

 

challenges such as corrosion, high polarization, and low Coulombic efficiency, which 

result in electrochemical instability and low shelf-life (Chen et al., 2015; Rahman et al., 

2013; Zhang et al., 2014b).  Al-air batteries also captured scientific interest in the past 

and nontoxicity of Al. However, there are also drawbacks of Al-air batteries such as 

corrosion, inadequate cycling stability and short run time which limit their performance 

(Davydova et al., 2016; Nestoridi et al., 2008; Li et al., 2007). Li-air batteries have drawn 

much attention over the past few decades, and their development has become a hot topic 

since the early 2000s due to their extremely high theoretical specific energy (5200 Wh 

kg-1). However, lithium-

$ lb-1), the limitations of lithium metal, and potential safety concerns related to lithium 
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including thermal instability, which result in explosive reactivity of lithium with air 

(Mainar et al., 2018; Ma et al., 2015; Peng et al., 2012; Slater et al., 2013). Despite all the 

above shortcomings of Li-air batteries, they are still in a promising development stage for 

large-scale practical commercialization. The scientific community has been focused on 

the innovation and commercialization of Zn-air battery technologies due to abundant 

approximately 300 times more abundant than lithium), economically feasibility 

lb-1), and its environmental-friendly value chain (Toussaint et al., 2010; Arise et al., 2011; 

Polu et al., 2014; Kim et al., 2013). Despite the lower theoretical energy density (1084 

Wh kg-1) compared to that of Li-air batteries, Zn-air batteries possess a powerful potential 

due to all the above paramount features, making them an alternative to Li-air batteries for 

the huge market of energy demands (Xu et al., 2015). 

 

1.1. Zinc-Air Batteries 
 

Among various metal-air battery technologies, the zinc-air battery stands out as the 

most promising candidate. The history of Zn-air batteries in which a silver wire was used 

to act as an air electrode dates back to 1878s. However, the first commercialized primary 

Zn-air battery was fabricated by George W. Heise and Erwin A. Schumacher for remote 

railway signaling and navigation aid systems in the 1930s (Harting et al., 2012; Linden 

and Reddy, 2001). The interest in the concept of the Zn-air battery somewhat diminished 

between the 1930s and 1960s. In the 1950s, the improvement of the primary Zn-air cell 

with a real gas diffusion electrode consisting of porous carbon black with suitable 

electrolyte and nickel current collector was reported by Winckler and co-workers 

(Winckler et al., 1953). The demands in Zn-air batteries increased with their use in 

hearing aids in the late 1960s and early 1970s. In recent years, Zn-air batteries have 

become the standards for many applications such as seismic telemetry, railroad signaling, 

navigational buoys, remote communications, and even electric vehicles and power grids. 

Many companies are focusing on the development of a Zn-air battery to replace traditional 

secondary batteries such as Li-ion and Ni-MH batteries. Several companies (EOS Energy 

Storage, Fluidic Energy, ZincNyx Energy solution, EDF, ZAF Energy Systems) have 

begun to commercialize Zn-air technology, but the commercial production of Zn-air 

batteries remains in the early stage for large-scale applications (Mainar et al., 2017; Pan 
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et al., 2018). Therefore, the development of Zn-air batteries with outstanding 

electrochemical performance has become a hot and promising topic in the scientific 

community for electronic devices, electric vehicles and grid-scale energy storage 

applications. 

 

1.1.1. Operating Principle of Zn-Air Battery 

 
Zinc-air batteries mainly consist of three parts; a metallic zinc electrode as anode, 

an electrolyte and an air electrode as cathode, as presented in Figure 1.2. The main parts 

of Zn-air batteries should fulfill some basic requirements for optimal performance. The 

zinc electrode should have a sustainable capacity with increasing charge/discharge cycle 

count. In addition, the electrolyte should have high ionic conductivity, high solubility of 

zinc salts, high oxygen solubility, low vapor pressure, and excellent contact with the air 

electrode. This thesis will present the design of an air electrode to overcome the main 

challenges of air electrodes (Mainar et al, 2017; Pan et al., 2018; Mainar et al., 2018; 

Clark et al., 2020). An air electrode or Gas Diffusion Electrode (GDE) is made of a porous 

hydrophobic membrane (Gas Diffusion Layer, GDL), a catalytic layer (active layer) and 

a current collector as a conductive mesh made of electrically conductive materials like 

nickel and stainless steel. GDE enables a gas reactant to be in contact with a liquid 

reaction medium (Park and Park, 2012; Lu et al., 2011). GDL which is described as an 

oxygen channel, should have high surface area and water permeation resistance (Rocha 

et al., 2013). 
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Figure 1.2. Schematic illustration of Zn-air battery and gas diffusion electrode. 

 
In a Zn-air battery, the reactions include zinc oxidation at the anode and oxygen 

reduction reaction (ORR) at the cathode, as shown in Figure 1.2. During the discharge 

process, the oxygen from the air spreads into the air electrode driven by the concentration 

gradient and is reduced to hydroxide ions by ORR. The resultant hydroxide ions in 

electrolyte both migrate and diffuse from the reaction site to the zinc anode. At the same 

time, the metallic zinc is oxidized and reacts with the generated hydroxide ions ( ) to 

form zincate ions ( ). Next, zincate ions spontaneously decompose to insoluble 

zinc oxide (ZnO) when these zincate ions reach their supersaturation concentrations (Lee 

et al., 2011; Gu et al., 2017; Fu et al., 2017a). The electrochemical reactions of anode and 

cathode can be written as: 

 

The positive electrode     : Zn             Zn2+ + 2e- (2.4) 

 Zn2+ + 4OH-                          Eo= 1.25V (2.5) 

            ZnO + 2OH- + H2O (2.6) 

   
The negative electrode    :  O2 + 2H2O + 4e-             4OH-               Eo=0.4V (2.7) 

   
Overall reaction              : 2Zn + O2             2ZnO                          Eo=1.65V (2.8) 
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1.1.2. Challenges, Progress, and Opportunities 

 
Current reviews provide an overview of components, the fundamental 

mechanism, and future challenges of Zn-air batteries. They also focus on the development 

of each component of Zn-air batteries (zinc electrode, electrolyte, and especially air 

electrode) (Read et al., 2003; Sumboja et al., 2017; Hao et al., 2017; Duan et al., 2017; 

Fu et al., 2017b; Li, 2010; Clark et al., 2019).  

A common challenge for Zn-air battery systems is related to the electrolyte which 

determines its energy and power density. The electrolyte should have a non-flammable 

nature, low viscosity, high electrochemical and thermal stability, high solubility of zinc 

salts, and excellent conductivity. Recent publications present the development of 

alternative electrolytes to inhibit some severe challenges such as the formation of 

carbonate, and evolution of hydrogen gas that is known as corrosion of zinc anode. One 

approach is to increase the concentration of potassium hydroxide (KOH) to lead to higher 

ionic conductivity (Read et al., 2003), to use the zinc salts such as zinc acetate and zinc 

chloride in KOH electrolyte (Sumboja et al., 2017; Hao et al., 2017; Duan et al., 2017; Fu 

et al., 2017b), and to add special chemicals containing fluoride (KF), borate (K2BO3), 

phosphate (K3PO4), arsenate (K3AsO4), and carbonate (K2CO3) to reduce zinc solubility 

in the electrolyte (Li et al., 2010). Another one is to use the aqueous electrolytes with 

near-neutral pH values (ZnCl2-NH4Cl, ZnCl2-NH4OH or ZnSO4 based electrolytes) 

(Clark et al., 2017; Clark et al., 2019). The application of various surfactants (anodic, 

cathodic and nonionic) such as dodecyl trimethylammonium bromide (DTAB), sodium 

dodecyl sulfate (SDS), sodium dodecylbenzene sulfonate (SDBS), and 

cetyltrimethylammonium bromide (CTAB) is also common as corrosion inhibitors 

(Hosseini et al., 2018).  

Metal electrodes are mainly responsible for the battery capacity. However, the 

short lifetime of metal-air batteries mainly results from the shape change of zinc 

electrode, electrode passivation, dendritic growth of zinc, and hydrogen evolution (Geng, 

2003; Huang et al., 2008; Yang et al., 2009). These phenomena can induce a decrease in 

zinc anode stability, volume expansion, reduced cycle life of the cell, early battery failure 

or capacity loss. The uneven redistribution of zinc on the electrode surface during the 

charge process causes shape-change of the zinc electrode resulting in loss of usable 

capacity and dendritic diffusion controlled-deposition causes short-circuit of the 
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electrodes. Passivation is described as the deterioration of the zinc electrode due to the 

formation of zinc oxide film as an insulating layer on its surface, leading to the decline of 

battery capacity, electrolyte depletion, volume expansion, porosity reduction, and 

conductivity loss (Mainar et al., 2017; Zhang, 1996). Recently, many attempts have been 

made to overcome these challenges of zinc electrodes and to pinpoint the underlying 

mechanisms. The majority of these attempts included the use of additives in either 

electrodes (Geng, 2003; Huang et al., 2008; Yang et al., 2009) or electrolytes (Shivkumar 

et al., 1995; Adler et al., 1993; Braam et al., 2012; Iwakura et al., 2005), and the use 

different morphologies for electrodes (Ito et al., 2011; Yuan et al., 2005; Payer and Ebil, 

2016). 

The battery cycling stability is significantly dependent on a bifunctionally active 

and durable gas diffusion electrode (GDE). The life-time limitations of secondary metal-

air batteries arise from the reversibility and performance of GDE. Oxygen reduction 

reaction (ORR) and oxygen evolution reaction (OER) take place in GDE during discharge 

and charge process, respectively. Both ORR and OER suffer from overpotential, thus 

leading to a decline in cycle count and a battery capacity. The penetration of moisture 

from the air is a serious challenge for metal-air batteries because it leads to the formation 

of the insoluble products, reduced oxygen diffusion, and fast cell degradation, thus 

causing deteriorating cycle life (Cao et al., 2015; Crowther et al., 2011). The electrolyte 

evaporation and flooding of electrolyte during long-term operation is another serious 

challenge related to the discharge reactions of GDE due to the decline in ionic 

conductivity (Fu et al., 2012). The insufficient oxygen transportation and sluggish oxygen 

reduction reaction in GDE at high current density are also serious issues (Shen et al., 

2013; Gu et al., 2017). The search for the ideal gas diffusion electrode has mainly focused 

on alternatives such as the impregnation of a proton conductor (such as Nafion) into the 

catalyst layer (Qi et al., 1998; Antolini et al., 1999) and changing chemical composition 

(Cao et al., 2015) and thickness (Lin and Nguyen, 2005) of the GDL.  

An ideal GDL should have high electrochemical conductivity, provide physical 

and conductive support for the catalyst, exhibit a uniform oxygen diffusion to/from the 

catalyst and a wet-proof surface (Fu et al., 2017a). Several studies have reviewed the 

progress GDL materials to achieve long-term stable operation. GDL should have a fast 

air diffusion with low water diffusion from/to catalyst, high mechanical stability, 

excellent electrical conductivity, and reliable electrochemical-oxidation stability and 

chemical durability in harsh environments (Fu et al., 2017a). The selection of specific 
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material groups for GDL is vital for the overall performance of GDE. One approach is to 

use polysiloxanes, silicone oils, polyethers and their copolymers due to excellent O2 

solubility and high thermal stability (Crowther and Salomon, 2012). Another materials 

group is perfluorinated polymers such as fluorinated hydrocarbons, fluorinated 

polysiloxanes, and fluorinated polysiloxane copolymer with alkyl methacrylates, which 

provide high chemical and thermal stability, high O2 solubility, and ability to alleviate 

electrolyte evaporation and resist electrolyte flooding (Ruan et al., 2018; Xie et al., 2019). 

Despite the utilization of copolymers of these specific materials for the fabrication GDL, 

the technical issue of a low-cost and scalable technique for fabrication of GDE is yet to 

be addressed.  
 

1.2. Motivation 

 
The performance of gas diffusion electrode is crucial for secondary zinc-air 

batteries as their cycle and service lives are mostly limited by gas diffusion electrodes. 

Insufficient oxygen input and intrusion of moisture are the main obstacles to achieving 

the theoretical performance of GDEs. An ideal GDL should not only prevent moisture 

from entering the GDE but also have high oxygen permeability. Although non-solvent 

induced phase separation and evaporation deposition are applied to make oxygen 

selective and hydrophobic GDLs for metal-air batteries, both methods still suffer from 

poor conformality and limited thickness control. The main motivation in this thesis study 

was to contribute to the efforts in the development of gas diffusion electrodes using iCVD 

technique. iCVD technique is used for forming a thin GDL and obtaining conformal films 

on GDEs with fast air diffusion with low water diffusion from/to catalyst. Furthermore, 

the constraints listed above regarding the oxygen permeabilities, and hydrophobicity of 

GDL were also considered. 

 

1.3. Thesis Overview 

 
The main objective of this PhD thesis was to evaluate the feasibility of iCVD 

fabricated crosslinked hydrophobic copolymer coatings as GDLs in GDEs. 

The details of each chapter were described below:  
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i. In Chapter 2, the information related to gas diffusion electrodes for metal-air 

battery is presented in detail. The chapter includes overview of GDEs in metal-air 

battery system, GDE reactions in metal-air battery, and a literature survey related 

to significant problems of gas diffusion layer on GDEs in batteries. 

ii. In Chapter 3, general information on iCVD which is used for the fabrication of 

GDLs is presented. Research related to the iCVD coatings in wide range of 

applications was also investigated in detail.  

iii. In Chapter 4, thin copolymer films of 2,4,6,8-tetramethyl-2,4,6,8-

tetravinylcyclotetrasiloxane (V4D4), 2-(perfluorohexylethylacrylate) (PFHEA) 

and 2-(perfluoroalkylethylmethacrylate) (PFEMA) synthesized via iCVD is 

investigated. The main aim is to improve oxygen permeability and hydrophobicity 

of GDLs for battery applications. The effect of the fluorinated monomer 

concentration on the oxygen permeability and oxygen diffusion of GDLs is 

investigated in detail through electrochemical studies. 

iv. In Chapter 5, the chemical stability and durability of iCVD homopolymers and 

copolymers are investigated. The corrosion protection performance of iCVD 

homopolymer and copolymers on zinc and copper substrates is investigated in 

detail. 
 

1.4. Contributions to the Literature 

 
The contributions of this PhD thesis to the literature are listed below: 

i. Chapter 4: Hydrophobic and oxygen permeable membranes are generally 

manufactured as gas diffusion layers via either non-solvent induced phase 

separation (Amici et al., 2016a; Amici et al., 2016b; Cao et al., 2015) or 

evaporation-deposition (Xie et al., 2019) techniques. These membranes need to 

be resistant to moisture when exposing atmospheric condition and maintain a 

It is 

difficult to control the thickness of these membranes. In Chapter 4, for the first 

time in literature, fluorinated siloxane copolymer poly(V4D4-co-PFHEA) as an 

-air batteries was 

fabricated via iCVD method. The study demonstrates that iCVD GDLs with 

improved oxygen mass transport, extremely low water vapor transmission and 
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excellent chemical stability will enable the fabrication of gas diffusion electrodes 

with enhanced electrochemical performance for primary and secondary metal-air 

batteries. 

ii. Chapter 5: In recent years, research on polymer coatings for protecting metal 

surfaces against physical damage and corrosion attracted interest for functional 

films for sensing, biomedical applications, encapsulation, dielectric barrier layers, 

hydrophobic surfaces, etc. A trade-off was observed between improved 

hydrophobicity and robustness.  In Chapter 5, iCVD process to finely control of 

process parameters to tailor the chemical composition, physical and chemical 

properties of fluorinated siloxane copolymer for corrosion protection of metals 

was investigated in detail. This work is a part of our ongoing experimental and 

computational research on functionalized polymer thin films fabricated via iCVD 

and addresses synthesis, characterization, and evaluation of corrosion protection 

performance using specific surface analytical techniques. It is the first study in the 

literature that uses iCVD fabricated coatings for corrosion protection and the first 

study that demonstrates the feasibility of fluorinated siloxane copolymer 

poly(V4D4-co-PFHEA) as an effective physical and chemical protected 

alternative. 
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CHAPTER 2 

GAS DIFFUSION ELECTRODES 

In this chapter, the effect of moisture and CO2 intake from air on metal-air 

batteries is evaluated. The chapter contains a brief overview of GDEs, and a literature 

survey related to significant problems of GDEs in metal-air batteries and the use of 

oxygen selective membranes as GDL.  

 

2.1. General View for Gas Diffusion Electrodes 
 

Electrical-energy-storage systems play an important role in a wide range of 

applications to balance supply with energy demands. Metal-air batteries are considered 

as one of the most promising energy storage options for grid-scale energy storage and 

support renewable energy sources. In recent years, metal-air batteries have gained a lot 

of attention due to their energy densities, theoretical specific capacities, lower materials 

cost and high recyclability (Lee et al., 2011; Wang et al., 2014; Ugalde and Nauib, 2017).  

Lithium-air battery, for instance, is one of the most attractive energy storage options due 

to high theoretical energy density (5,200 Wh kg-1 including oxygen; 11,140 Wh kg-1 

excluding oxygen) which may be convenient for providing enough energy storage 

capability for electrical devices to drive more than 500 miles (per charge) compared to 

gasoline vehicles (Ma et al., 2015; Lu et al., 2015). 

A conventional state of the art GDE in a metal-air battery consists of a gas 

diffusion layer (GDL, porous hydrophobic membrane), a current collector which can also 

act as support, and catalysts where oxygen reduction reaction takes place (Sun et al., 

2016). Figure 2.1 shows the main reactions for discharge process in a zinc-air battery. 

The reaction mechanism in zinc-air cells includes; (I) dissolution of Zn, (II) the 

precipitation of ZnO, (III) oxygen absorption into the electrolyte, (IV) reduction of 

oxygen, (V) dissolution of carbon dioxide and carbonate formation.  



  

12 
 

                                      
Figure 2.1. Reaction mechanism of zinc-air battery system. 

 

In a Zn-air battery, the reactions includes the zinc oxidation at the anode and 

oxygen reduction reaction (ORR) at the cathode, as shown in Figure 2.1. During the 

discharge process, the oxygen from the air spreads into the air electrode driven by the 

concentration gradient and is reduced to hydroxide ions by ORR. The resultant hydroxide 

ions in electrolyte migrate from the reaction site to the zinc anode. At the same time, the 

metallic zinc is oxidized and reacts with the generated hydroxide ions ( ) to form 

zincate ions ( ). Next, zincate ions spontaneously decompose to insoluble zinc 

oxide (ZnO) when these zincate ions reach their supersaturation concentrations (Lee et 

al., 2011; Gu et al., 2017; Fu et al., 2017a). The electrochemical reactions at anode and 

cathode can be written as: 

Zn + 4  Zn  + 2  (2.1) 

Equations (2.2)-(2.5) explain how the overall reaction is summarized by adding 

order reactions. 

Zn +  Zn  +  (2.2) 

ZnOH +   Zn   (2.3) 

Zn  +   Zn  +  (2.4) 

Zn  +   Zn   (2.5) 

The zinc oxide precipitation starts when the solubility limit of zincate is reached. 

Due to convective forces, this process occurs near the bottom of the zinc electrode, 

leading to non-uniform electrode thickness. At the same time, the solubility of zincate in 
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electrolyte close to the surface of the zinc electrode is exceeded and then barrier 

(passivation) layer can be formed. 

Zn   ZnO + H2O + 2  (2.6) 

Oxygen from air is dissolved at the gas-liquid phase boundary in the gas diffusion 

electrode, and then dissolved oxygen is transformed to hydroxide at the cathode surface. 

The kinetics of oxygen reduction is dependent on the catalyst used. 

   (2.6) 

 + H2O + 2  2  (2.7) 

Carbonate formation occurs as a result of reaction of carbon dioxide from air with 

hydroxide ions.  

CO2 +    + H2O (2.8) 

CO2 +     (2.9) 

+    + H2O (2.10) 

The formation of carbonate results in lower battery performance due to reduced 

hydroxide concentration in aqueous electrolyte, and accelerate passivation layer 

formation. 

The reduction mechanism at the catalyst-electrolyte boundary in Li-O2 cell is 

shown in Figure 2.2. In the first step, oxygen is dissolved in the electrolyte solution at the 

electrode surface to form LiO2. There is an equilibrium between LiO2 dissolved in the 

electrolyte solution and LiO2* adsorbed on the electrode surface (Johnson et al., 2014; 

Aurbach et al., 2016). 

 

 
Figure 2.2. Reduction mechanisms in a Li-O2 cell at low over potentials. 

kOH
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The process at electrolyte and electrode surface in Li-O2 cells takes place as 

follows (Johnson et al., 2014; Aurbach et al., 2016): 

Solution mechanism;  

Li+(sol) + e- + O2(sol)  Li+(sol) + O2-(sol) (2.11) 

2(Li+(sol) + O2-(sol))  Li2O2 + O2 (2.12) 

2Li+(sol) + O2-(sol) + e-  Li2O2 (2.13) 

Surface mechanism;  

Li+ + e- + O2(sol)  LiO2 (2.14) 

Li+ + LiO2  + e-   Li2O2 (2.15) 

2LiO2   Li2O2 + O2 (2.16) 

The electrochemical performance is dependent on the design of electrode in 

hydrogen fuel cells and metal-air batteries. In the hydrogen fuel cells, H+ protons from 

electrolyte reacts with oxide ions at catalyst surface in order to form water, whereas in 

metal air batteries M2O2 is formed by the reaction between M+ ions from electrolyte and 

oxide ions at air cathode surface. However, there is a striking difference in the reduction 

product and the reduced product of oxygen between metal-air batteries and hydrogen fuel 

cells. Non-catalyzed reduction reactions of oxygen are possible for metal air batteries, but 

reduction reactions of oxygen take place with catalysts in fuel cells. The accumulation of 

the reduced product of oxygen in metal-air batteries is observed in the pores of the cathode 

electrode, while the product in the fuel cells is not accumulated due to water 

transformation (Lee et al., 2011). 

 

2.1.1. Problems with Gas Diffusion Electrodes 

 
There are critical challenges related to air cathode in metal-air batteries limiting 

their effective use in a wide range of applications. Catalyst loss, catalyst poisoning or 

carbon corrosion, water intake from air, blockage and leakage of electrolyte after 

hundreds of charge/discharge cycles Carbon dioxide capture, insufficient oxygen input, 

O2 transport limitations, and charge transport limitations are important factors for the 

cycling-life of metal-air batteries. A GDL must have a high oxygen permeability and low 

water vapor transfer rate to prevent degradation in cell power capability and service life.  

Catalyst poisoning, flooding and carbonate formation still remain as main obstacles for 

achieving theoretical performance of air electrodes (Lee et al., 2011; Zhang et al, 2004).  
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The flooding of the air electrode is caused by slow penetration of electrolyte into 

GDL. The diffusion resistance of oxygen is thus increased, resulting in a lower oxygen 

reduction rate. One approach to solve this problem is to use hydrophobic materials such 

as polytetrafluoroethylene powder as an additive. Dissolution of the catalyst especially at 

high current densities during charging is another issue for GDEs. In catalyst layer, 

hydroxyl ions are oxidized, forming oxygen which leads to a local pressure buildup within 

the air electrode, and in turn mechanical degradation of air electrode. Another problem is 

the formation of carbonate and pore plugging within the air electrode due to reaction of 

carbon dioxide with alkaline solution (Pei et al., 2014). 

In general, the discharge product of metal-air batteries is considered as an 

electronic insulator, insoluble or very sparingly soluble in organic liquid-based 

electrolytes and a strong oxidizer. Stability in an alkaline environment, high gas 

permeability, good electronic conductivity, good elastic compression and controlled 

porous structure are crucial factors for the performance and service-life of gas diffusion 

electrode. Therefore, an air electrode has to be designed to provide an adequate electronic 

conductivity and M+/O2 transport, be resistant to the M2O2 induced oxidation (M: metal) 

and avoid to preform parasitic processes related to electrolyte and M2O2 (Aurbach et al., 

2016). There are many studies aimed at improving GDE performance by using (i) 

different support materials (carbon paper or carbon cloth) with various morphologies, (ii) 

different bifunctional catalysts (MnxOy, CeO2, Ag-based, Pt alone, Pt with other metals), 

(iii) chemically stable polymeric materials (polyethylene, polyvinylidene fluoride, 

polytetrafluoroethylene and Nafion as impregnation of a proton conductor), (iv) different 

binder materials, (v) various GDE microstructures, and (vi) different electrode 

preparation procedures (Giorgi et al., 1998; Sasikumar et al., 2004; Zhang et al., 2004; 

Indayaningsih et al., 2016; Sun et al., 2016). 

 

2.1.2. Challenges for Performance of Metal-Air Batteries  
 

The unique advantage of metal-air batteries is the supply of unlimited amount of 

oxygen from the ambient air. However, the intake of other constituents of air (N2, Ar, 

H2O and CO2) may prevent achieving theoretical performance of air electrodes. Although 

inert gases such as N2 and Ar are more abundant in the atmosphere, the side 

2  Li3N) with these 

gases are eliminated due to its theoretical formation of Li3N is approximately 0.444V 
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[ fGo (Li3N) = -10.25 kcal/mol/Li]. In contrast, CO2 composition in the atmosphere 

accounts for approximately 0.035% rather than N2 (78%), but it is thermodynamically 

possible to form carbonate species in the presence of CO2 in the air cathode. The 

electrochemical decomposition of discharge product with carbonate form (i.e. Li2CO3) is 

chemically more stable compared to the other discharge product (i.e. Li2O2) according to 

their standard Gibbs free energies of formation [ fGo (Li2CO3) = -135.30 kcal/mol Li; 

fGo (Li2O2) = -68.26 kcal/mol Li] (Lim et al., 2013; Sahapatsombut et al., 2014; Geng 

et al., 2016).  

While the introduction of small amount of CO2 into GDE can increase the specific 

discharge capacity of an metal-air battery, carbonates formed from the decomposition of 

cathode/electrolytes during battery operations cause adverse effects such as pore 

blocking, electrolyte loss, deterioration of the cell capacity etc. (Takechi et al., 2011; Zhu 

et al., 2017a). Preventing moisture intake from ambient air must be considered as another 

significant challenge for metal-air batteries as it leads to a degradation in cell power 

capability, severe safety issues and cycle life (Lee et al., 2011; Zhang et al., 2004). A 

promising method to avoid moisture intake is to use an O2-selective water barrier 

membrane with greater oxygen solubility and/or diffusivity water. However, the 

separation of O2 and H2O is very challenging for such a membrane with Knudsen 

diffusion due to the higher diffusivity and smaller kinetic diameter of H2O molecule (2.65 

 for H2O vs. 3.46  for O2). The diffusion of H2O molecule is faster than that of O2 

molecule in porous membrane as the Knudsen separation factor of O2/H2O 

(  =0.75) is less than 1 (Szostak, 1992; Zhang et al., 2010a; Shao et al., 

2013).  

In the following sections, a brief information on the effects of moisture (water) 

and carbon dioxide on the performance of metal-air batteries, especially Li-air battery, is 

given in detail. 

 

2.2. Oxygen Selective Membrane in Metal-Air Batteries 
 

One of the methods tried in literature to overcome water vapor and CO2 intake 

from air is the incorporation of mixed matrix membranes for gas diffusion layer which 

reduce moisture and CO2 intake and also possess high O2 selectivity (Zhang et al., 2010a; 

Sahapatsombut et al., 2014; Amici et al., 2016a). The porous membranes such as Teflon, 
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Celgard or polyhethylene sulfide (PPS) or membranes including perfluorocarbons, ethers, 

polyfluoroethers, polysiloxanes, acrylmethacrylates, silicone rubbers, or the functional 

groups of NH2, -OH, -C=O are favorable for preventing CO2 problem by adsorbing CO2. 

Additionally, the intrinsic hydrophobic behavior for membrane seems to be a promising 

factor in air cathode for reducing the moisture diffusion (Crowther et al., 2011; Cao et al., 

2015). The effect of various parameters of Li-air batteries (the selection of gas-diffusion 

membrane, preparation of air electrodes, and battery-assembly methods) on their 

performances was examined by Zhang et al. (Zhang et al., 2010b). Li-air cell with 

commercial oxygen-diffusion membrane and a moisture barrier (DuPont Melinex  301H) 

was found to be better than the other ones with high density polyethylene (HDPE) 

membrane, and PTFE membrane in terms of discharge capacity and specific energy. The 

results indicated that its discharge capacity (Zhang et al., 2010b). Li-air batteries with O2-

selective membranes were tested in ambient condition with 20-30% relative humidity by 

Zhang et al. (Zhang et al., 2010a). The effect of porous substrates (fresh porous metal 

sheet, surface-modified porous metal sheet, silicate membrane-coated porous metal sheet 

and commercial PTFE film) and supporting material for catalyst (Darco  G-60 activated 

carbon, DC, or Ketjen black EC600JD carbon, KB) and type of silicone oils with different 

viscosity (Dow Corning 200 fluids, polydimethylsiloxane-PDMS, or Shin-Etsu DM-fluid 

(dimethylpolysiloxane)) on the performances of Li-air batteries were investigated. It was 

concluded that the fresh metal substrate exhibited a high air permeance of 2.85x10-4 mol 

m-2Pa-1s-1 while silicone oil loaded into porous metal sheet had air permeance of 1.62 x 

10-6 mol m-2Pa-1s-1. GDE including immobilized liquid oil membrane with KB was found 

to improve specific energy, discharge capacity and discharge time compared to GDE with 

PTFE membrane. In addition the performance of battery with ketjen black carbon was 

better than that with Darco  G-60 activated carbon (Zhang et al., 2010a). Crowther et al. 

reported the influence of O2-selective membrane thickness on electrochemical 

performance for Li-air batteries (Crowther et al., 2011). The oxygen selective membranes 

consisting of polysiloxane and methacrylate-polysiloxane copolymers with various 

thicknesses were compared. The discharge capacity of polysiloxane-methacrylate 
-1) was 

found to be -1) at 0.1 mA cm-2 

(Crowther et al., 2011). In a study by Fu et al., highly conductive polyaniline (PANI) 

membrane as waterproof barrier was synthesized to evaluate the electrochemical 

performance of Li-air batteries in high relative humidity conditions (Fu et al., 2012). The 
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results showed that the cell without PANI-doped membrane delivered a capacity of 1700 

mAh g-1 in high humidity condition (RH>20%), while the capacity of the cell with PANI-

doped membrane was measured as 2453 mAh g-1. It was also found that PANI membrane 

protected air electrode and showed more stable interfacial impedance (Fu et al., 2012). 

Poly(vinylidene fluoride co-hexafluoropropylene) (PVDF-HFP)-based membranes were 

developed by Amici et al. (Amici et al., 2016a). The results indicated that as-prepared 

membrane was a good compromise with acceptable oxygen diffusion (the water 

permeability of 28.875 g m-2day-1) and oxygen permeability (0.487 Barrer). The battery 

assembled with the membrane exhibited higher discharge capacity (640 mAh g-1) in 

comparison to that without membrane (220 mAh g-1) (Amici et al., 2016a). In another 

study, Amici et al. proposed a highly hydrophobic oxygen selective membrane based on 

a dextrin-nanosponge (NS) incorporated PVDF-HFP polymer to prevent the moisture 

from air  (Amici et al., 2016b). The incorporation of the NS into PVDF-HFP membrane 

led to higher O2/H2O selectivity ( = 9.078) when compared to Si oil-based into the 

same polymer membrane ( = 0.564). As-prepared membrane exhibited a high O2 

permeability of 3.147 Barrer which resulted in 145 charge/discharge cycles at a curtailed 

capacity of 100 mAh/g for 1450 h cell operation (Amici et al., 2016b). Despite many 

studies focused on oxygen selective water barrier membrane, there are only a few studies 

in literature related to incorporation of materials with CO2 capture capability in GDEs for 

alkaline metal-air batteries. In one of these studies, Cao and co-workers fabricated a novel 

mixed matrix membrane (MMM) by incorporating polydopamine-coated MOF crystals 

of CAU-1-NH2 into PMMA to enhance O2 selectivity of air cathode for Li-air batteries 

(Cao et al., 2015). In that study, the effect of MMM and polydopamine on electrochemical 

performance for Li-air cell was investigated. The O2/CO2 ideal selectivity of the MMM 

CO2 = 0.38x10-8 

mol m-2Pa-1s-1 CO2 = 0.78x10-8 mol m-2 Pa-1s-1, respectively. In addition, the 

capacity of the Li-air battery with MMM layer was found to be higher (1480 mAh g-1) 

than that without MMM layer (1100 mAh g-1) and electrode with MMM layer showed 

better reversibility and superior stability. 
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CHAPTER 3 

INITIATED CHEMICAL VAPOR DEPOSITION 
TECHNIQUE 

In this chapter, general information on iCVD technique used to fabricate GDLs 

for battery systems are presented. Studies on iCVD coatings in wide range applications 

are also examined in detail. Additionally, the research on fluorinated and siloxane 

polymer films are presented. 

 

3.1. Initiated Chemical Vapor Deposition (iCVD) 

 
Chemical Vapor Deposition (CVD) is a versatile technique for surface 

engineering in semiconductor industry, electronics, biotechnology, nanotechnology, 

optoelectronics, photonics, microfluids, sensing, and separations. CVD systems have 

been used to fabricate solid thin-film coatings to a variety of surfaces and produce high-

purity bulk materials and powders as well as composite materials by infiltration 

techniques. 

CVD systems have advantages over physical vapor deposition (PVD) systems 

such as sputtering or evaporation in which solid or liquid source is converted into vapor 

phase to form atom or molecules under a vacuum and deposited on the substrate. One of 

the advantages is capability for obtaining a conformal coverage with uniform thickness 

profile on complex geometries. CVD can also provide higher material purity in deposited 

films due to ultra-pure gaseous precursors. Some CVD methods do not need high vacuum 

levels and can handle substrates in larger batches than PVD methods (Park and 

Sudarshan, 2001; Rocket 2008; Gleason, 2015). The successful films deposition via CVD 

is usually associated with medium to high temperatures. However, traditional CVD 

techniques are not compatible with the deposition of polymeric film on the temperature 

sensitive substrate such as polymer, papers or fabrics. Therefore, iCVD is an excellent 

alternative to overcome this issue (Parker et al., 2011).  
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3.1.1. Mechanism of iCVD  

 
iCVD method is a promising pathway for the synthesis and deposition of polymer 

thin films with its ability to provide conformal and pinhole-free coatings with a high 

deposition rate and nanoscale thickness control in a solvent-free process and low thermal 

budget (Yang et al., 2011; Gleason, 2015). A typical iCVD system includes vapor 

delivery, reaction chamber, temperature control, pressure control, exhaust management, 

vacuum pump system, and process monitoring components. 

iCVD follows the same kinetics as free radical polymerization. The free radicals 

attack active monomer molecules that carry unpaired electrons. Next, the activated 

monomer attacks other unactivated monomers. The unpaired electron is transferred to the 

growing chain end to complete free radical polymerization. Free radical polymerization 

includes initiation, propagation, and termination steps. In the initiation step, the reactive 

molecules with active site are formed, and the initiator is decomposed in the gas phase. 

Free radicals and monomer molecules are adsorbed on cooled substrate surface, and 

monomer radicals form free radicals. The initiation process occurs on the substrate 

surface, not in the gas phase (Lau and Gleason, 2006). In the propagation step, activated 

monomer molecules attack other monomers with no active sites (chain growth). The 

unpaired electron is delivered to the chain end. The transfer of this electron is continuous 

during the chain growth process on the substrate surface. The propagation process occurs 

by adding a monomer unit to the polymer chains (Allcock et al., 2003; Lau and Gleason, 

2006). In the termination step, the polymer is formed by capping the active polymer chain 

ends. The termination process may occur either by adding free radicals to the growing 

chain ends or by bonding two polymer chains. All free radical polymerization steps take 

place on the substrate surface except initiator decomposition that takes place either via 

thermal or light induced decomposition in the gas phase to form free radicals (Lau and 

Gleason, 2006). 

As shown in Figure 3.1, the mechanism of iCVD involves the following four main 

steps (Gleason, 2015): 

 Transport of precursors in vapor phase; monomer and initiator into reaction 

chamber 

 Adsorption of monomer onto cooled substrate surface 

 Decomposition of initiator over resistively heated filaments to form free radicals 
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 Polymerization via initiation, propagation and termination at the substrate surface  

The free radical polymerization mechanism of iCVD system are given below where R 

represents the radical, M is the monomer, and I is the initiator. 

 

Gas phase   

Initiator decomposition:  (3.1) 

   

Gas-to-surface processes   

Primary radical adsorption:  (3.2) 

Monomer adsorption:  (3.3) 

   

Surface reactions   

Initiation:  (3.4) 

Propagation:  (3.5) 

Termination: 

 

(3.6) 

Primary radical 

recombination: 
 (3.7) 

 

 

 
Figure 3.1. General process in iCVD system. 
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3.2. iCVD Coatings 

 
There are many studies in literature where antifouling, self-cleaning, 

antimicrobial, and stimuli-responsive polymer thin films fabricated via iCVD were 

evaluated. These thin-films are suitable for many applications such as drug delivery, 

biomedical implants, tissue engineering, biosensor fabrication and sea water desalination 

etc. and there are excellent literature sources providing details for these applications 

(Gleason, 2015). Below, a brief literature survey of related to iCVD polymeric materials 

used in this study is given.  

 

3.2.1. Organosilicon Polymers  

 
iCVD method is an excellent alternative pathway for fabrication of semiconductor 

materials as dielectric films in integrated circuits and as biocompatible coatings in 

medical implants, as barrier films for food packaging. In semiconductor industry, the 

interlayer dielectric (ILD) materials have been attracting interest to meet the demands of 

ever developing integrated circuit design. ILD materials with low dielectric constant, k, 

lead to reduced power consumption, lower cross talk and delay time of signal distribution 

and heat spread. Several strategies on this topic using organosilicon polymer have been 

described. Organosilicon polymers are identified as a class of low-k materials with 

attractive electrical, mechanical and thermal properties. In addition, copolymerization of 

fluoropolymers with silicon-based polymers can improve chemical stability of the 

deposited layer due to C F and Si O bonds.  

Among many others, poly(tetravinyltetramethylcyclotetrasiloxane) (poly(V4D4)) 

is considered as one of the best candidates for barrier application. Many approaches have 

been employed to fabricate robust polymer films consisting of organosilicon crosslinked 

networks via iCVD methods. The fabrication of tetravinyltetramethyl cyclotetrasiloxane 

films using iCVD method was reported by Trujillo and co-workers to improve mechanical 

properties of films and to reduce its dielectric constant (Trujillo et al., 2010). The results 

indicated that iCVD method is capable of producing low-k films with high mechanical 

and electrical properties (Trujillo et al., 2010). Yoo investigated stacked polymer films 

composed of poly(1,3,5,7-tetravinyl-1,3,5,7- tetramethylcyclotetra siloxane) 

(poly(V4D4)) layer and a poly(1H,1H,2H,2H-perfluorodecylacrylate) (poly(PFDA)) 



  

23 
 

layer for robust superhydrophlobic fabrics (Yoo et al., 2013). It was pointed out that the 

durability of mechanical and chemical stresses of superhydrophobic fabric undergoes 

positive change by adding  poly(V4D4) layer that strongly binds superhydrophobic 

poly(PFDA) in iCVD method (Yoo et al., 2013).  

Crosslinked siloxane- fluoro copolymer films can improve conduction and long-

term stability while preventing the direct contact between the metal and medium, thus 

inhibiting aggressive corrosion. Seok et al. synthesized a crosslinked organosilicon-

acrylate copolymer thin film that includes V4D4 and cyclohexyl methacrylate (CHMA) 

via iCVD process to prevent a water permeation with enhanced mechanical stability 

(Seok et al., 2018). Achyuta et al. used iCVD to fabricate a copolymer film with V3D3 

monomer and hexavinyldisiloxane (HVDS). They reported improved chemical durability 

in both polar and nonpolar solvents such as tetrahyrofuran, acetone, isopropyl alcohol, 

and dimethyl sulfoxide due to its cross-linked network (Achyuta et al., 2009). Lee et al. 

synthesized a copolymer of poly(V4D4) and poly(PFDMA) (poly-perfluorodecyl 

methacrylate) via iCVD to enhance its mechanical durability (Lee et al., 2019). However, 

only a few studies exist related to iCVD poly(V4D4) films and their physical properties 

such as passivation performance in literature (Zhao et al., 2019). Gleason and co-workers 

investigated chemical stability and corrosion resistance of iCVD homopolymer films of 

polydivinylbenzene (poly(DVB)), poly(V3D3), poly(V4D4), and poly(1H,1H,2H,2H-

perfluorodecyl acrylate) (poly(PFDA)). It is reported that poly(V3D3) and poly(V4D4) 

films showed a good stability and low surface corrosion due to crosslinked nature (Zhao 

et al., 2019). 

 

3.2.2. Fluorinated Polymers 
 

In recent years, research related to fluorine-containing polymers has been gaining 

more attention due to their unique water repellent properties, outstanding thermal and 

chemical stability, as well as excellent mechanical properties. Therefore, fluoropolymers 

are promising candidates in a wide range of applications as hydrophobic modification 

with water and oil repellency of textile and building materials, membrane distillation and 

fabrication of superhydrophobic surfaces. In the past decade, there have been exciting 

developments of fluorinated acrylates for fabrication of hydrophobic surfaces. 1H, 1H, 

2H, 2H-perfluorodecyl acrylate (PFDA) is a typical hydrophobic monomer to fabricate 

membranes with a low-energy surface. Gupta et al. focused on the optimization of the 
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PFDA polymerization by iCVD method in terms of its mechanistic aspects for coating 

more complex geometries (Gupta and Gleason, 2006). They also investigated the effect 

of both substrate temperature and monomer partial pressure on the deposition rate. The 

deposition rate of poly(PFDA) thin films was found to be 350 nm/min at 0.28 of Pm/Psat 

which was the highest value for this experiment study (Gupta and Gleason, 2006). In 

2008, Gupta and co-workers studied the internal surface coating of high-aspect-ratio 

structures by using iCVD technique (Gupta et al., 2008). In this study, they fabricated 

poly(PFDA) coatings on the capillary pore membrane due to low-surface-energy 

property. It was concluded that the hydrophobicity increases with porosity based on 

contact angle measurements (Gupta et al., 2008). Other research related to poly(PFDA) 

thin fi pore lengths of either 

 of either 30% or 50% by using iCVD 

technique was examined by Gupta and Gleason (Gupta and Gleason, 2009). It was 

concluded that the inner walls of pores for membrane coated with poly(PFDA) had aspect 

ratios as high as 80:1 (Gupta and Gleason, 2009). Karaman et al. demonstrated 

poly(PFDA) thin films on the stainless steel meshes via iCVD methods to fabricate 

superhydrophobic-superoleophilic membranes in oil-water separation application 

(Bayram et al., 2021). According to the results of the tests, it was concluded that the 

coating film had a high separation efficiency of 98.5% for oil-water mixture. Mao and 

Gleason fabricated copolymers using glycidyl methacrylate (GMA) with 

2,2,3,3,4,4,5,5,6,6,7,7-dodecafluoroheptyl acrylate (DFHA) and with 

(perfluoroalkyl)ethyl methacrylate (PFEMA) via iCVD process and evaluated their 

mechanical properties, surface energies, and optical properties (Mao and Gleason, 2006). 

They synthesized copolymer films by tuning the flow rate ratio of monomer pairs and 

reported hardness, modulus, and transparency in the cross linked fluorinated thin films. 

Mao et al. demonstrated polymer coatings with poly(caprolactone) (PCL) bottom layer 

and perfluoroalkyl ethyl methacrylate (PPFEMA) top layer on the fabrics via a 

combination of electrospinning and iCVD methods to develop the superhydrophobic 

fabrics (Ma et al., 2005).  
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CHAPTER 4 

CVD DEPOSITED OXYGEN SELECTIVE FLUORINATED 

SILOXANE COPOLYMERS AS GAS DIFFUSION LAYERS  
 

4.1. Introduction 

 
As the worldwide demand for energy storage grows rapidly, electrochemical 

energy storage technologies, mainly batteries have attracted a lot of interest. The primary 

requirement for energy storage systems ranging from small portable electronic devices to 

large electric vehicles is stable electrochemical performance with high energy and power 

density, long cycle life and high depth of discharge (Clark et al., 2020; Linden and Reddy, 

-acid, Ni-Cd, NiMH and 

Li-ion are the most commonly used battery technologies for stationary energy storage 

applications. Due to higher energy and power densities, Li-ion batteries are in a better 

position to compete with other battery technologies that are commercially available today. 

However, Li-ion batteries suffer from several issues including safety, availability and cost 

of raw materials used in manufacturing, and environmental impact. Therefore, new 

approaches and considerable efforts to develop efficient, scalable, sustainable, and 

-

metal-air batteries have received much attention as the next-generation energy storage 

solution due to their higher theoretical energy density (1000-13000 Wh kg-1) and lower 

weight compared to current energy storage systems (Clark et al., 2020). -

air batteries are mostly primary batteries in which the capacity of the battery usually 

depends on the capacity of the metal electrode. However, electrochemical stability of Gas 

Diffusion Electrode (GDE) is also important for overall performance of metal-air 

batteries. Metal air batteries did not reach their full potential due to problems associated 

metal-air battery is a century old alkaline Zinc-Air Battery (ZAB) found only limited use 

in medical and tele-communication applications. In addition to problems associated with 

specific metal electrodes, the development of metal-air batteries is largely hindered by 

critical challenges related to the reversibility and lifetime of GDEs in which a gas reactant 
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comes in contact with a liquid reaction medium. A typical GDE is made of a porous 

hydrophobic membrane (gas diffusion layer, GDL), a catalytic layer (active layer) and a 

current collector. Although most efforts are focused on synthesis of bifunctional catalysts 

and carbon-free catalytic layers, the role of GDL layer on GDE performance should not 

be overlooked (Ikezawa et al., 2021). Moisture penetration from atmosphere is one of the 

major problems for alkaline metal-air batteries since it leads to formation of insoluble 

products. The moisture also restricts oxygen diffusion through the electrode which can 

severely reduce electrochemical activity of cathode (Amici et al., 2016a; Amici et al., 

2016b). In addition, water uptake through the cell leads to decreased electrolyte 

concentration, considerably reducing ionic conductivity and deteriorating cycling life 

(Crowther et al., 2011; Mainar et al., 2018). Therefore, most of the current studies in 

literature related to metal-air batteries have reported cycling ability and rate ability in dry 

O2 atmosphere (Kim et al., 2016; Chang et al., 2015; Zhu et al., 2017b; Yang et al., 2017; 

Flegler et al., 2017; Mainar et al., 2016). Another problem associated with metal-air 

batteries is excessive water loss from electrolyte negatively affecting discharge reactions 

during long-term operation (Ruan et al., 2018; Xie et al., 2019; Wang et al., 2021). The 

thickness of the air electrode may also hinder mass transfer of oxygen as well as the 

capacity and rate of performance of the metal-air batteries (Lin and Nguyen, 2005; Zhang 

et al., 2010c). Oxygen transport limitation and oxygen starvation during cathode reactions 

at high current density results in serious charge/discharge polarization and poor rate 

performance (Fu et al., 2012; Zhang et al., 2010a).  

To enhance oxygen permeability and reduce the permeation of moisture and 

electrolyte evaporation, different approaches with varying success have been studied such 

as impregnation of a proton conductor (such as Nafion) into catalyst layer (Qi et al., 1998; 

Antolini et al., 1999) and changing chemical composition (Zhang et al., 2010a; Cao et al., 

2015) and thickness (Lin and Nguyen, 2005) of GDL. Zhang et al. fabricated Li-air 

batteries with an O2 selective air electrode for operation in ambient air (20-30% RH) for 

more than a month (Zhang et al., 2010a; Zhang et al., 2010d). Yue et al. employed proton-

doped conductive polyaniline (PANI) films for Li-air batteries to restrict the moisture 

intake and electrolyte evaporation through the cell (Fu et al., 2012). Crowther at al. 

applied an O2 selective membrane based on polysiloxane and methacrylate-polysiloxane 

copolymers for Li-air batteries to preclude water transport from atmosphere (Crowther et 

al., 2011). In a similar study, Bodoardo et al. reported that silicone oil wetted 

poly(vinylidene fluoride co-hexafluoropropylene) (PVDF-HFP) film as oxygen selective 
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membrane was effective to retain moisture and prevent membrane dehydration (Amici et 

al., 2016a). A PVDF-HFP matrix consisting of dextrin-nanosponge to entrap moisture 

from air was also investigated (Amici et al., 2016b). Lu et al. applied oxygen selective 

membranes based on polymers and Metal-Organic Framework (MOF) containing -OH 

and -NH2 groups to effectively trap H2O and CO2 (Cao et al., 2015). Non-solvent induced 

phase separation (Cao et al., 2015; Amici et al., 2016a; Amici et al., 2016b), solution 

deposition (Xie et al., 2019; Zhang et al., 2010a) and evaporation-deposition (Labbe et 

al., 2021) are commonly used methods to fabricate GDLs with oxygen selectivity and 

water permeation resistance. However, both methods suffer from poor conformality and 

batteries cannot separate O2 and H2O based on bulk or Knudsen diffusion due to higher 

diffusivity and smaller molecular diameter of H2O (Cao et al., 2015; Crowther and 

Salomon, 2012; Ruan et al., 2018). An ideal GDL should have high oxygen permeability 

and serve as a moisture barrier. Two specific material groups seem to be promising 

candidates for fabrication of the ideal GDL: (1) Polymer membranes containing siloxane 

with extremely high O2 solubility and thermal stability, (2) hydrophobic perfluorinated 

polymers with high chemical and thermal stability in addition to high O2 solubility to 

suppress moisture uptake and electrolyte evaporation. Although copolymers of these 

specific materials could meet the requirements for GDL, it is also necessary to employ a 

low-cost and scalable technique that can fabricate GDL layers in various geometries and 

dimensions. 

Here we report the synthesis of thin copolymer films of 2,4,6,8-tetramethyl-

2,4,6,8-tetravinylcyclotetrasiloxane (V4D4), 2-(perfluorohexylethylacrylate) (PFHEA) 

and 2-(perfluoroalkylethylmethacrylate) (PFEMA) via initiated Chemical Vapor 

Deposition (iCVD) for potential candidates as GDL materials. Due to the high oxygen 

solubility of V4D4 and excellent hydrophobic behavior of PFHEA and PFEMA, their 

copolymers can effectively promote the diffusion of oxygen and restrict moisture intake. 

Although we did not attempt to address any issues related to bifunctional catalyst layer 

and current collector, we also report the electrochemical performance of GDEs fabricated 

using commercially available catalyst and current collector as active layer and iCVD 

deposited copolymer GDLs. To the best of our knowledge, this is the first study in 

literature where poly(V4D4-co-PFHEA) and poly(V4D4-co-PFEMA) copolymer 

coatings are fabricated and implemented as GDL in battery applications.  
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4.2. Material and Methods 

4.2.1. Materials 
 

Analytical grade chemicals, 2,4,6,8-tetramethyl-2,4,6,8 tetravinylcyclotetra 

siloxane (V4D4, Sigma-Aldrich, 97%), 2-(perfluorohexylethyl) acrylate (PFHEA, 

Fluoryx Inc., >99%), and 2-(perfluoroalkyl) ethylmethacrylate (PFEMA, Fluoryx Inc., 

>93%) as monomers and tert-Butyl peroxide (TBPO, Sigma-Aldrich, 98%) as initiator 

were used for the fabrication of copolymer thin-films. Polysulfone (Psf) (Sigma Aldrich, 

MW 26000) and chloroform (Sigma Aldrich) were used for the preparation of support 

membrane used during Water Vapor Permeability (WVP) measurements due to high 

water permeability of Psf (Choi et al, 2019; Ravishankar et al., 2018). 

 

4.2.2. Preparation of Support Membranes 

 
Polysulfone (Psf) was used as supporting membrane/substrate for water vapor and 

oxygen permeability measurements. To fabricate support membranes, Psf was heated at 

140 oC for 3 h under vacuum to remove absorbed water. To obtain 12 wt.% Psf solution, 

2.05 g of Psf was dissolved in 10 mL chloroform and stirred for 24 h to obtain a viscous 

solution. About 10 mL of Psf solution was dispensed on a glass substrate (2.5 cm x 2.5 

cm), which was then spun at 1500 rpm for 30 s in a spin coater (Laurell, Model WS-

650MZ-23NPPB0), followed by drying at 70 oC for 1 h to evaporate any residual solvent.  

 

4.2.3. Synthesis of GDLs  

 
A custom-built CVD reactor with a square bottom 31.6 cm in length and a height 

of 4 cm was used for the fabrication of copolymer GDLs. The top of the reactor was 

covered with a 2.5 cm thick quartz plate. A filament array (80% Ni/20% Cr, AWG 26) 

suspended 2.5 cm above the bottom of the reactor was resistively heated to desired 

temperature. Filament temperature was controlled via a thermocouple (Type K, Omega 

Engineering) connected to a PID controller (Model SSRL24ODC25, Omega 

Engineering). Substrate temperature was controlled by an external circulator (WiseCircu 

- refrigerated bath circulator) connected to the bottom part of the reactor. The pressure 
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inside the reactor was adjusted with a throttling butterfly valve (Model 253B, MKS type) 

and a pressure sensor (MKS 627D11TDC1B). Vacuum was provided with a rotary vane 

pump (BSV10, Baosi) with a cold trap attached on the exhaust line. Poly(V4D4), 

poly(PFHEA), poly(PFEMA) homopolymers and their poly(V4D4-co-PFHEA) 

and poly(V4D4-co-PFEMA) copolymers were deposited on crystalline silicon (c-Si) 

and water vapor permeability 

tests, and on commercial GDEs (Ocali A.S.) after their original GDLs were removed for 

electrochemical characterization. Fluorinated monomers PFHEA and PFEMA in stainless 

steel containers were heated to 65 oC and 95 oC, respectively. Monomer vapors were 

metered into the chamber through Mass-Flow Controller (MFC) (Model 1479A, MKS). 

TBPO was kept at room temperature and delivered to the reactor through an MFC (Model 

1479A, MKS). V4D4 monomer was heated to 90 oC and fed into the chamber through a 

special MFC (Model 1150C, MKS). Reactor pressure was maintained at 250 mTorr 

throughout the study. The substrate and filament temperature were adjusted for optimum 

deposition rate for homopolymers and copolymers. The filament temperature was set to 

250 oC for PFEMA homopolymer and fixed at 300 oC for all other homopolymer and 

copolymer film depositions. A final film thickness of  was targeted. 

 

4.2.4. Characterization of GDLs 
 

Fourier Transform Infrared Spectroscopy (FTIR) analysis was performed using a 

Perkin Elmer Inc.-Spectrum BX FTIR Spectrometer to investigate the quality and 

chemical composition of fabricated GDLs. The spectra were measured from 4000 to 650 

cm-1 with a 4 cm-1 step size accumulating 20 scans. All spectra were baseline corrected 

and thickness normalized. Peak deconvolutions were performed using C=O stretching 

band in PFHEA and PFEMA (1700-1770 cm-1) and asymmetric Si-O-Si stretching band 

(1010-1100 cm-1) in V4D4 for chemical composition evaluation. The thickness 

measurements for iCVD deposited GDLs were performed using an Mprobe-Vis20 

reflectometer with a spectral range of 400-1100 nm and TF Companion software. The 

surface morphologies of GDLs were investigated using an FEI Quanta250 Scanning 

Electron Microscopy (SEM) system with a field emission gun. A Theta Optical 

Tensiometer system was used for Water Contact Angle (WCA) measurements to 

investigate the hydrophobicity of the surface. Static contact angle measurements were 
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 ultrapure water on the film surface. Water Vapor 

Transmission Rates (WVTR) of poly(V4D4), poly(PFHEA), poly(PFEMA) 

homopolymers and their copolymers, and Psf support membranes were determined using 

a Mocon Permatran-W Model 3/33 instrument. Measurements w

and at 90% relative humidity with 100 cm3 min-1 nitrogen flow rate as described in ASTM 

F1249 standard. Permeance and permeability were calculated using Eqs. (4.1) and (4.2): 

 

Permeance =  (4.1) 

Permeability = Permeance x Thickness (4.2) 

 

where: 

R1 = Relative humidity at the source expressed as a fraction 

        (R1 = 1.00 for a 100% RH chamber, and for 90% RH chamber R1 = 0.90) 

R2 = Relative humidity of the vapor sink expressed as a fraction 

        (R2 = 0 for the 0% RH chamber (dry side)) 

S = Vapor pressure of water at the test temperature 

Oxygen permeability measurements of iCVD deposited homopolymer and copolymer 

films were performed on Psf support membranes following ASTM D3985 standard using 

a Dansensor Lyssy L-100-5000 Manometric Gas Permeability Tester. Measurements 

-10 cm3 min-1 pure oxygen gas 

flow rate. Gas transmission rates for samples were calculated using Eq. (4.3);  

 

 (4.3) 

 

where P is the apparent permeability of the structure, L is the total thickness Ls +Lc, and 

Ps and Pc are the permeability of support (s) and coating (c) respectively (Chatman, 1996; 

Chen et al., 2019).  

 

4.2.5. Fabrication of GDEs 

 
Commercial GDEs used in this study consists of three parts: catalyst layer, nickel 

mesh as a current collector, and gas diffusion layer (GDL). GDL of commercially 



  

31 
 

available GDE was carefully removed without damaging catalysts layer and nickel 

current collector. Poly(V4D4), poly(PFHEA), poly(PFEMA) homopolymers and their 

poly(V4D4-co-PFHEA) and poly(V4D4-co-PFEMA) copolymers were deposited via 

iCVD to serve as GDL only on the surface facing outside.  

 

4.2.6. Electrochemical Measurements 

 
All electrochemical measurements were performed using a Potentiostat/ 

Galvanoostat/ZRA (Gamry Model 22162) with tripolar electrode measurement apparatus. 

Electrochemical tests were performed in a custom-made three-electrode cell with 6 M 

KOH as electrolyte, a Pt wire as counter electrode, and a saturated Ag//AgCl reference 
oC. GDEs (8 mm in diameter) with iCVD GDL layers (V4D4, PFHEA 

or PFEMA and their copolymers) were used as working electrodes. Measurements were 

carried out after 15 min N2 purge and under constant potential mode similar to previous 

studies in literature (Yatagai et al., 2016; Tada et al., 2017). Cyclic voltammetry (CV) 

was carried out between -0.8 V to 1.2 V at a scan rate of 5 mV s-1. AC impedance 

measurements of half-cells were also performed from 10 kHz to 10-1 Hz at room 

temperature. All electrochemical measurements were carried out under atmospheric 

condition. Chronoamperometry (CA) measurements were performed at 1.5 V to evaluate 

diffusion coefficients. 

 

4.3. Results and Discussion 

 
Two different series of copolymer films containing a highly oxygen permeable 

V4D4 and hydrophobic PFHEA and PFEMA were fabricated as GDLs via iCVD. 

Copolymer films with various composition of fluorinated monomer (PFHEA or 

PFEMA):V4D4 ratios were obtained by adjusting the flow rates of monomers during 

polymerization. Similar deposition conditions reported in our previous work were used 
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Table 4.1. Summary of process conditions for iCVD GDLs. 

Sample 
name 

FV4D4 
(sccm) 

FPFHEA 
(sccm) 

FPFEMA 
(sccm) 

FTBPO 
(sccm) 

Ptotal 
(mTorr) 

Tsubstrate 
(oC) 

Tfilament 
(oC) 

Deposition 
rate 

(nm min-1) 
V4D4 
homopolymer 0.32 - - 0.16 250 45 300 6.13 

HCO-1 

0.22 

0.044  
 

0.44 
 

 
 

45 
 

 3.84 
HCO-2 0.088    4.37 
HCO-3 0.132 - 250 300 5.75 
HCO-4 0.176    6.84 
HCO-5 0.22    9.78 
PFHEA 
homopolymer - 0.32  0.11 250 25 300 89.87 

ECO-1 

0.22 

 0.044 
 

0.44 
 

 
 

45 
 

 2.64 
ECO-2  0.088   2.85 
ECO-3 - 0.132 250 300 3.11 
ECO-4  0.176   3.29 
ECO-5  0.22   3.72 
PFEMA 
homopolymer - - 0.2 0.025 250 35 250 18.82 

 

In iCVD process, the deposition rate of polymer strongly depends on the 

concentration of adsorbed monomers on substrate surface (Kwak et al., 2015; Gleason, 

2015). In case of copolymerization, at a fixed substrate temperature, the surface 

concentrations of monomers will vary depending on their partial vapor pressures on the 

gas phase and their saturation pressures. Therefore, copolymer composition was 

controlled by adjusting the flowrates of monomer during polymerization. Figure 4.1 

shows copolymer deposition rate as a function of monomer flow rate ratios. Copolymer 

deposition rate increases exponentially with FPFHEA/FV4D4 ratio, however, this increase is 

linear with FPFEMA/FV4D4 due to the difference of absorbed monomer surface 

concentration. iCVD copolymerization rate depends on the monomer surface 

concentration, monomer reactivity ratios, and copolymerization temperature. The 

monomer surface concentration is related to saturation ratio (the ratio of monomer partial 

vapor pressure to the monomer saturation vapor pressure) (Gleason, 2015). At 25 oC, 

V4D4 has a much lower vapor pressure (~40 mTorr) (Kwak et al., 2015) compared to 

PFHEA (~332 mTorr) (Wang et al., 2010). On the other hand, there is no experimental 

data for the vapor pressure of PFEMA in the literature (Tsibouklis et al., 2000).   
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Figure 4.1. Deposition rates as a function of flow rate ratio of monomers. 

 

FTIR measurements were performed for all homo and copolymer films to evaluate 

chemical composition of copolymers and crosslinking between vinyl groups in V4D4 and 

acrylic groups in fluoropolymers (see in Table 4.2). Figure 4.2 shows FTIR spectra of 

homo and copolymer films deposited via iCVD. 

 

Table 4.2. FTIR absorption frequencies and peak intensities for PFHEA, PFEMA and 
V4D4 monomers 

Group iCVD film 
(cm-1) 

Literature 
(cm-1) Intensity Ref. 

Si-O-Si stretch 1010 1010-1070 Strong (Achyuta et al., 2009) 
Si-CH3  1261 1255-1280 Strong (O'Shaughnessy et al., 2006) 
Si-CH2 deformation 1410 1390-1410 Medium (Trujillo et al., 2010) 
CH stretch of vinyl bond 3000 2995-3020 Medium (O'Shaughnessy et al., 2006) 
CH2 symmetric stretch 
vinyl group 3059 3075-3090 Medium (Achyuta et al., 2009) 

-CF3 stretch 1143 1142 Medium (Ma et al., 2005) 
-CF2 absorption vibration 
stretch 1232 1200-1240 Medium (Yin et al., 2017) 

C=O stretch in ester 
group 

1741 1735-1750 Strong (Chan and Gleason., 2005) 
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Figure 4.2(b) and (c) are enlargements of a portion of Figure 4.2(a) emphasizing 

the absorption peaks ranging from 1700 to 1770 cm-1. This enlarged view provides vital 

information about the changes in relative intensities of absorption peaks related to C=O 

stretching in acrylic groups for copolymers with increasing PFHEA and PFEMA content. 

Fluorinated monomer fraction in copolymers is directly related to area of this individual 

peak. As expected, the highest peak intensity (and peak area) was observed when 

fluorinated monomer/V4D4 flow rate ratio is 1 and decreases with increasing V4D4 in 

copolymer composition. 

 
   

 
Figure 4.2. FTIR spectra of (a) V4D4, PFHEA, PFEMA homopolymers and their 

copolymers, (b) and (c) enlargement of C=O stretching region for 
poly(V4D4-co-PFHEA) and poly(V4D4-co-PFEMA) copolymers, 
respectively. 

 

A gas diffusion layer in alkaline metal-air battery should have low 

water/electrolyte permeability to prevent corrosion of metal anode by moisture. 

Especially in a humid environment, water uptake by GDE leads to reduced 

electrochemical activity and ionic conductivity due to dilution of the electrolyte (Amici 

et al., 2016a; Amici et al., 2016b; Ruan et al., 2018; Xie et al., 2019; Mladenova et al., 

2021)). Therefore, ideal GDL layer should be superhydrophobic, have high oxygen and 

very low water permeability. Figure 4.3 shows WCA measurement performed on iCVD 
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copolymer films fabricated on c-Si and Psf support membranes. Higher contact angles for 

poly(V4D4-co-PFHEA) copolymers compared to poly(PFHEA) homopolymer on bare 

Psf membrane (57.96o o) and bare Si wafer (56.25o o) are mainly due to the 

existence of fluorinated groups in PFHEA. As expected WCA values increase with the 

increase in fluorinated groups in copolymer composition. In addition, an increase in the 

surface roughness of copolymer films can also contribute to hydrophobicity (Kwak et al., 

2015; Seok et al., 2018). WCA values of poly(PFEMA) homopolymer on Si wafer and 
o and 131.5o o, respectively, are significantly 

higher than that of poly(PFHEA) homopolymer as seen on Figure 4.3(b). Interestingly, 

WCA values of poly(V4D4-co-PFEMA) copolymers did not show any significant change 

on Psf support membrane, but showed considerable change on c-Si substrate as 

PFEMA:V4D4 ratio increased. In addition, WCA value of poly(V4D4) homopolymer on 

Psf support membrane was found to be higher than that on c-Si. This can be attributed to 

the roughness of Psf membrane surface (Nabe et al., 1997).  

 

 
Figure 4.3. WCA measurements of iCVD poly(V4D4), (a) poly(PFHEA); (b) 

poly(PFEMA),  and their copolymers. 
 

 

 

(Cont. on next page) 
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Figure 4.3. Cont. 

  

SEM images of poly(V4D4-co-PFHEA) copolymers with different 

PFHEA:V4D4 ratios are shown on Figures 4.4(a-e). SEM images show slightly increased 

surface roughness with an increasing PFHEA:V4D4 ratio similar to aggregation 

behaviors observed in many copolymers (Lee et al., 2019; Seok et al., 2018; Ma et al., 

2007). SEM images of poly(V4D4-co-PFEMA) copolymer reveal a smoother surface 

compared to poly(V4D4-co-PFHEA) as seen on Figures 4.4(f-j). As PFEMA in 

copolymer composition increase, surface morphology changes visibly, surface roughness 

increases and become similar to previously reported iCVD copolymers (Seok et al., 2018; 

Ozpirin and Ebil, 2018).  
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Figure 4.4. SEM images of (a-e) poly(V4D4-co-PFHEA) copolymer and (f-j) 

poly(V4D4-co- PFEMA) copolymers with increasing fluorinated monomer 
ratio. 

 

WCA measurements are consistent with surface free energies reported in the 

literature and there is a significant difference in surface energies between V4D4 monomer 

(36.6 mJ m-2) and fluorinated PFHEA and PFEMA (10.5 mJ m-2 and 6-8 mJ m-2, 

respectively) monomers making them immiscible to each other, as seen in Table 4.3. 

The relationship between contact angles and surface free energy components of a 

solid can be determined by Van Oss-Chaudhury-Good (OCG) equation (Onoe et al., 

2004). 

 

 (4.4) 

 

where s L sLW 

is the surface energy of a solid combining the Liftshitz/van der Waals component, + and 

 represents the electron-acceptor (Lewis acid) and the electron-donor (Lewis base) 

components, respectively. Table 4.3 shows surface free energy components of iCVD 

polymers used in this study. 

 

 

 

 

 



  

38 
 

Table 4.3. Surface free energies of iCVD polymers 

Sample 
Surface free energy, 

mJ m-2 Ref. 
sLW sp s 

V4D4 36.56 0 36.56 (Kwak et al., 2015) 
PFHEA 10.24 0.29 10.53 (Wang et al., 2010) 
PFEMA 6-8 0.1-0.3 6-8 (Tsibouklis et al., 2000) 

                            sp the surface energy of a polar solid component 
 

However, in iCVD process these monomers are vaporized and mixed in vapor 

phase where the effect of surface tension is very small before actual polymerization occurs 

on the substrate surface. Therefore, iCVD enables fabrication of homogenous films 

without phase segregation problems (Kwak et al., 2015). In a metal-air battery, water 

intake through GDE should be minimum for electrochemical stability. Electrode corrosion 

and capacity loss due to water is a serious problem, especially for alkaline metal-air 

batteries. Since iCVD fabricated GDL layers were very thin (~300-400 nm), Psf 

membranes were used to mechanically support homo and copolymer iCVD films during 

WVP measurements. As prepared, Psf support membranes have a water permeability of 

3.38 x  and a water vapor transmission rate approximately 9.84 x 

 making Psf a very suitable support material to measure oxygen and water 

permeabilities of iCVD fabricated GDL layers (Baldo et al., 2020; Choi et al., 2019). 

WVP and WVTR values of poly(V4D4), poly(PFHEA), poly(PFEMA) homopolymers 

and their copolymers are given in Table 4.4. 
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Commercially available thick GDLs that are used in fuel-cells and metal-air 

batteries exhibit water vapor transmission rates between 11.16 - 811.99 g m-2 day-1. 

(Amici et al., 2016a; Amici et al., 2016b; Xie et al., 2019). Water tranmission rate values 

for poly(V4D4-co-PFHEA) and poly(V4D4-co-PFEMA) copolymers varied between 

5.48 g m-2 day-1  and 11.32 g m-2 day-1; between 2 and 150 times lower than commercial 

GDLs. Increasing fluorinated monomer in copolymer composition resulted in a slight 

reduction in water vapor permeability. HCO and ECO series GDLs showed comparable 

water vapor permeabilities; however, a clear trend of decreasing water vapor permeability 

with increasing fluorinated monomer was observed for both series. The role of a GDL is 

to provide sufficient oxygen transfer from air to catalyst layer in GDE while limiting 

water intake from ambient. In the literature perfluorinated chemicals (PFCs) were used 

as oxygen selective membranes (Ruan et al., 2018; Xie et al., 2019) or electrolyte 

additives (Wijaya et al., 2015; Wan et al., 2017) in Li-O2 batteries. Most commercially 

available GDLs thar are used in alkaline metal-air batteries are thick and highly porous 

membranes or non-woven polymeric materials with hydrophobic outer surface exhibiting 

very high oxygen and water vapor permeabilities. Reported oxygen permeabilities of thin 

film non-porous polymeric GDLs such as PET, HDPE, PTFE prepared via extrusion or 
-18 mol 

m m-2 s-1 Pa-1 (0.01 Barrer) and 3.35 x 10-15 mol m m-2 s-1 Pa-1 (10 Barrer) (Crowther and 

Salomon, 2012). For comparison, very thin (

copolymer films showed oxygen permeabilities ranging from 0.204 x 10-15 to 1.895 x 10-

15 mol m m-2 s-1 Pa-1 (from 0.61 to 5.66 Barrer) except for poly(V4D4-co-PFHEA) 

copolymer with a 1:1 ratio of V4D4:PFHEA having the highest oxygen permeability of 

3.53 x 10-15 mol m m-2 s-1 Pa-1 (10.5 Barrer). iCVD prepared homo and copolymer films 

showed oxygen permeabilities ranging from 0.204 x 10-15 to 1.895 x  10-15 mol m m-2s-

1Pa-1 (from 0.61 to 5.66 Barrer) except for poly(V4D4-co-PFHEA) copolymer with a 1:1 

ratio of V4D4:PFHEA having the highest oxygen permeability of 3.53 x 10-15 mol m m-

2s-1Pa-1 (10.5 Barrer), as seen in Figure 4.5. Fluorinated homopolymers exhibit lower 

oxygen permeabilities compared to poly(V4D4) homopolymer; however, oxygen 

permeability increases with the addition of PFHEA in HCO series. A similar trend is not 

observed for ECO series. Poly(PFEMA) homopolymer exhibited higher oxygen 

permeability than poly(PFHEA) homopolymer. Oxygen and water vapor permeabilities 

seem to be inversely related due to the higher water diffusion rate and smaller molecule 

size compared to oxygen (Wan et al., 2017; Amici et al., 2016a).  
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Figure 4.5. Oxygen permeabilities for poly(V4D4), poly(PFHEA), poly(PFEMA) and 

their copolymers. 
 

In theory, the performance of gas diffusion electrode should increase using iCVD 

deposited copolymer GDLs due to enhanced O2 and reduced H2O permeabilities 

compared to conventional GDEs with relatively thick fluoropolymer GDLs. Poly(V4D4-

co-PFHEA) copolymer (HCO-5) showed 17 times increase in O2 permeability with more 
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than 1.2 times lower H2O permeability (corresponding to an oxygen/water selectivity of 

13.6) compared to poly(PFHEA) homopolymer. Poly(V4D4-co-PFEMA) copolymers did 

not show such drastic changes in oxygen and water permeabilities. These observations 

suggest poly(V4D4-co-PFHEA) copolymers are promising water barriers with enhanced 

oxygen permeabilities as GDLs. 

Electrochemical properties of GDEs prepared with iCVD copolymer GDLs were 

evaluated by CV measurements with GDL exposed to air and the other side in contact 

with 6 M KOH solution. The area of GDE in contact with the solution was 0.502 cm2. 

Figure 4.6 shows the effect of scan rate on electrochemical behavior of GDEs with 

poly(V4D4-co-PFHEA) (HCO-5) and poly(V4D4-co-PFEMA) (ECO-5) GDLs only. The 

peak related to oxygen reduction reactions can be observed in a wide potential range from 

-0.8 V to 1.2 V. Therefore, the voltage range of -0.8-1.2 V was selected during CV 

measurements. 

 

 
Figure 4.6. Effect of voltametric scan rate on current density for GDEs with (a) HCO-5 

and (b) ECO-5 GDLs, and (c, d) corresponding relation of logarithm of peak 
current and logarithm of scan rate. 

 

 

 

(Cont. on next page) 
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Figure 4.6. Cont. 

 

 

 

 

 

(Cont. on next page) 
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Figure 4.6. Cont. 

 

The power-law dependence of the current density on scan rate can be expressed 

by the following equation (Opitz et al., 2015): 

 

log j= blog  (4.4) 

 

where j  The slope, b, 

describes charge transfer coefficient; a value close to 0.5 indicates a diffusion-controlled 

process while values close to 1 indicate pseudocapacitive case in which Faradaic charge 

transfer occurs by intercalation or adsorption of charge-compensating ions.  

The oxidation peak current densities for GDEs with HCO-5 and ECO-5 GDLs 
0.68 0.43, respectively (log jpeak= 0. 2=0.9939) for 

HCO-5, and log jpeak 2=0.9955) for ECO-5 GDL). It seems the 

performance of both GDEs are mass transport limited (Li et al., 2019). Especially at 

higher scan rates, the charge flow decreases with increasing scan rate. Oxidation peaks 

for GDEs with poly(V4D4-co-PFHEA) and poly(V4D4-co-PFEMA) GDLs was more 

obvious at high scan rates. The peak was detected at the potential of 0.9 V related to 2+2-

electron reduction reaction. The increase in peak broadening was observed when scan 

rate is increased from 1 mV s-1 to 5 mV s-1. Additionally, there was a positive shift of 
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peak potentials with the increase of scan rate (Khairy et al., 2018). The peak broadening 

was not observed in higher scan rates since the peak was out of range due to peak position 

shift.   

CV curves of the samples at 5 mV s-1 sweep rate are shown in Figure 4.7. The 

onset potential for oxygen evolution took place at 0.3 V vs. Ag//AgCl while the onset 

potential of oxygen reduction was below -0.2 V. GDE with HCO-5 GDL showed a higher 

current density when compared to commercial GDE with conventional thick GDL. The 

increase in current density is due to the higher oxygen transport in copolymer GDL. A 

lower reduction current density was observed for GDE with ECO-5 GDL (189.2 mA cm-

2) when compared to GDE with HCO-5 GDL (228.2 mA cm-2) at -0.8 V. These 

observations are in good agreement with the oxygen and water permeability results 

considering especially high oxygen permeability of HCO-5 GDL.  

 

 
Figure 4.7. Cyclic voltammograms of GDEs with iCVD GDLs between -0.8 V and 1.2 V 

with a sweep rate of 5 mV s-1. 
 

In addition, stability of GDE is also an important parameter for evaluating battery 

performance. Stability tests were performed in 6 M KOH (at constant -0.8 V for ORR and 

1.2 V for OER) for 240 h with a Pt wire counter electrode. The current densities obtained 

from cyclic voltammetry measurements were -229.7 mA cm-2 for ORR activity and 344.4 

mA cm-2 for OER activity at the initial stage, as shown in Figure 4.8. The current density 
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for ORR did not change significantly after 240 h. However, the current density for OER 

was reduced to 208.9 mA cm-2. It was observed that GDE with HCO-5 GDL was more 

stable for ORR activity and did not show a significant change in current density after 240 

h immersion in 6 M KOH electrolyte. 

 

 
Figure 4.8. Stability test for GDE w/HCO-5 GDL. 

 

The cathodic polarization behavior of GDEs with copolymer GDLs is shown in 

Figure 4.9. The polarization current density of GDE with HCO-5 GDL (-327 mA cm-2) 

is greater than any other GDEs at the same potential. GDEs with poly(V4D4) and 

poly(PFEMA) GDLs had the lowest polarization current densities. As seen in Figure 

4.9(a), the first region of the polarization curve shows an exponential dependence of 

current density over applied potential. In this region, defined as the mass-transport region, 

reaction kinetics is associated with limited oxygen supply (Aaron et al., 2011). In ohmic 

loss region (~ -0.3 to -0.6 V), the current density of commercial GDE is higher other 

samples except GDE with HCO-5 GDL. The polarization current density of GDE with 

HCO-5 is nearly double than that for the GDE with ECO-5 in transport loss region              

(< -0.6 V). HCO-5 GDL seems to be providing enhanced gas transport, exerting a positive 

effect on the performance of the GDE due to the sharp current density increase in the 

mass-transport loss region.  
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Figure 4.9. Polarization curves of GDEs with iCVD GDLs. 

 

Tafel slopes calculated from Tafel plots also confirmed the results. Tafel slopes 

shown in Figure 4.10 were used to evaluate the oxidation-reduction reactions at current 

densities within the range of approximately 200 and 300 mA cm-2. At low overpotentials 

ranging from 0.5 V to 0.75 V, Tafel slopes of GDEs with poly(V4D4), poly(PFHEA), 

and poly(PFEMA) homopolymer GDLs were smaller (79, 68, and 109 mV dec-1, 
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respectively) compared to commercial GDE (114 mV dec-1). For GDEs with HCO-5 and 

ECO-5 copolymer GDLs, the Tafel slopes were determined as 89 and 118 mV dec-1, 

respectively. iCVD GDEs with the exception of poly(PFEMA) GDL and ECO-5 GDL 

exhibited the low Tafel slope, which are close to the values of RT/F (~60 mV dec-1) for 

ORR at low overpotential in alkaline solution (0.1 M-6 M KOH solution) as reported in 

the literature ( , 2019).   

 

 
Figure 4.10. Tafel plots of commercial GDE, GDEs with homopolymer GDLs and their 

copolymers. 
 

The low Tafel slope, in theory, indicates easy adsorption of the oxygen species on 

the surface during ORR process resulting in higher catalytic activity and lower 

polarization concentration ( , 2019; Amin et al., 2015; Franzen et al., 2019). 

On the other hand, the Tafel slopes of GDEs with poly(PFHEA) GDL and ECO-5 GDL 

are close to the value of 2RT/F (~120 mV dec-1), which is generally measured at high 

overpotentials (higher than 0.8V) in similar alkaline solutions (see in Table 4.5). This 

observation may be the result of mass-transport restriction during ORR process, which is 

consistent with the results reported in the literature for traditional GDEs (Jiang and 

. Therefore, a lower Tafel slope does not 

necessarily translate to higher oxygen permeability.  
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Table 4.5. Kinetic parameters of GDEs with iCVD GDLs 

GDE Ecorr, 
mV Icorr, mA Tafel slope 

at low overpotentials, V dec-1 
commercial GDE -200 21.2 1.14 
GDE w/poly(V4D4) GDL -165.4 40.24 0.79 
GDE w/poly(PFHEA) GDL -215 2.26 0.68 
GDE w/poly(PFEMA) GDL -0.13 3.88 1.09 
GDE w/HCO-5 GDL 3.69 3.83 0.89 
GDE w/ECO-5 GDL 173 2.54 1.18 

 

EIS is a powerful tool to characterize impedances in a gas diffusion electrode. EIS 

analysis was performed at the Open Circuit Potential (OCP) from 10 kHz to 10-1 Hz in 6 

M KOH solution. Nyquist plots, as shown in Figure 4.11(a), provide information on three 

types of GDE resistances; ohmic (solution), charge transfer, and diffusion resistances 

(Tada et al., 2017). Nyquist plots of GDEs consists of a single semi-circular curve and a 

diffusion drift which can be fitted using Randles and equivalent circuits model as shown 

in Figure 4.11(b). Randles model (Model 1) is generally used to describe simple 

electrochemical systems and includes only electrolyte resistance (Re), charge-transfer 

resistance (Rct) in medium-frequency region and Warburg impedance (ZW) in the low-

frequency region. The Warburg impedance is a key parameter to determine diffusion 

coefficients. The Warburg impedance is expressed as ZW w -1/2- w -1/2 (j2 =  1) and 

ZW= W-1  w represents the Warburg impedance coefficient ( .s-1/2), 

 and W is Warburg impedance element (S.s-1/2) (Choi et al., 

2020). The Warburg impedance coefficient is related to the diffusion coefficient, and 

w values indicate faster diffusion. In high-frequency region, the intercept in x-axis 

(Zreal) represents the ohmic (electrolyte) resistance (Re), and the semicircle from high- to 

medium-frequency range is associated with the combination of charge transfer resistance 

(Rct) and interfacial resistance (Rf). Model 2 expands Model 1 with the addition of 

interfacial resistance (Rf). Electrochemical parameters extracted from the fit to the 

equivalent circuit models are listed in Table 4.6. Rct and Rf describe the kinetics of cell 

reaction. Lower values of Rct and Rf indicate faster reaction kinetics (Cherian et al., 2013). 

As listed in Table 4.6, GDE with poly(V4D4) homopolymer GDL shows at least four 

orders of magnitude higher charge transfer resistance than other GDEs. The lowest value 

of Rct + Rf was obtained with HCO-  

Nyquist plots as seen in Figure 4.11(a). For commercial GDE, W value describing the 

diffusion at the interface between the electrolyte and active material particles was 

determined to be 0.81. GDEs with poly(V4D4) GDL and HCO-5 GDL exhibited higher 
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W values (0.92 and 0.84, respectively) than commercial GDE indicating better oxygen 

transport. 

 

 

 
Figure 4.11. (a) Impedance spectra of GDEs, (b) equivalent electrical circuit models ((1) 

Model 1 (2) Model 2. Resistances (Ri), double layer capacitance (Cdl), 
Warburg impedance (W), electrolyte resistance (Re), capacitance of film 
(Ci)). 

 

The relation between real impedance (Zre -

frequency region is shown by using following equation (Liu et al., 2016; Khamsanga et 

al., 2019). 
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Zre = Re + Rct w -1/2 (4.5) 

D = R2T2/2A2n4F4C2 w2 (4.6) 

constant, A is GDE area, n is the number of electrons per molecule, C is the molar 

w is the Warburg impedance coefficient. The Warburg impedance 

w) of GDE with HCO-5 GDL (0.32) is lower than that commercial GDE 

(0.37) indicating better diffusion as listed in Table 4.6.  

 

Table 4.6. Electrochemical parameters extracted from the fit to the equivalent circuit 
models for EIS data  

Sample Re, 
 

Rct, 
 

Rf, 
 

W,  
S.s-1/2 

Chi-
square, 

 

Warburg 
impedance 
coefficient, 

w, 
-1/2 

Commercial GDE 3.55 0.14 - 0.81 0.8x10-4 0.37 
GDE w/poly(V4D4) GDL 4.67 6.55x104 0.71 0.92 1.84x10-4 0.29 
GDE w/poly(PFHEA) GDL 4.32 4.12 0.89 0.16 9.72x10-4 1.52 
GDE w/poly(PFEMA) GDL 4.84 4.42 0.68 0.79 4.1x10-4 9.99 
GDE w/HCO-5 GDL 32 1.50 2.89 0.84 5.53x10-5 0.32 
GDE w/ECO-5 GDL 4.85 3.28 7.79 1.5x10-2 4.39x10-3 12.32 
 

For comparison, oxygen transport was also evaluated by Chronoamperometric 

method which is a useful tool to evaluate diffusion coefficients. Oxygen transport process 

in the electrode takes in three steps: (i) oxygen diffusion across GDL, (ii) dissolution of 

oxygen into the electrolyte film which create three-phase (gas-liquid-solid) boundary, (iii) 

diffusion of the dissolved oxygen through thin film to reactive site. Using the Cottrell 

equation (Yap and Doane, 1982; Zhou and Vander Poorten, 1995):  

 

                                                       (4.7) 

 

where i is the limited current (A), n the number of electrons, F the Columbic charge 

(96,485 C mol 1), A the surface area of the electrode (cm2), D the diffusion coefficient 

(cm2 s 1), t the time (s) and C* is the concentration of reactant (M), oxygen diffusion 

coefficients of for different samples can be calculated. The diffusion process is slow and 

dependent on the thickness of GDL; therefore, using ultra-thin iCVD GDLs should 

improve oxygen mass transport (Zhou and Vander Poorten, 1995). Oxygen diffusion 
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coefficients listed in Table 4.7 were calculated using EIS (Eq. (4.6)) and 

chronoamperometry (Eq. (4.7)) data for comparison. Although there are small differences 

in calculated diffusion coefficients between two methods, the results agree well with 

oxygen permeability measurements. The oxygen diffusion coefficient of poly(PFHEA) 

homopolymer GDLs is comparable to oxygen diffusion coefficient of commercial GDE. 

The oxygen diffusion coefficient for GDE with HCO-5 GDL in 6 M KOH solution is 20 

times higher than that for commercial GDE and is almost four times higher than GDE 

with ECO-5 GDL making it a better candidate as gas diffusion layer for use in a GDE for 

a metal-air battery. Poly(V4D4-co-PFHEA) copolymer GDLs improve the oxygen 

transport due to a cross-linked network structure with the highly oxygen permeable 

siloxane and smaller fluorinated groups compared to poly(V4D4-co-PFEMA).  

 

Table 4.7. Calculated oxygen diffusion coefficients for GDEs 

GDEs 
Diffusion coefficient 

x 108, cm2 s-1 

(using EIS data) 

Diffusion coefficient 
x 108, cm2 s-1 

(using 
Chronoamperometry data) 

commercial GDE 1.69 1.84 
GDE w/poly(V4D4) GDL 26.8 22.5 
GDE w/poly(PFHEA) GDL 2.32 3.94 
GDE w/poly(PFEMA) GDL 0.23 0.28 
GDE w/HCO 5 GDL 32.5 39.51 
GDE w/ECO 5 GDL 8.64 6.76 

 

4.4. Conclusions 

 
 Poly(V4D4), poly(PFHEA), poly(PFEMA) homopolymer, poly(V4D4-co-

PFHEA), and poly(V4D4-co-PFEMA) copolymer coatings with different compositions 

were deposited via iCVD to be used as GDLs on gas diffusion electrodes for metal-air 

batteries. Oxygen and water v

measured using  support membranes.  It was found that thin iCVD GDLs 

showed six to seven orders of magnitude lower water permeability (ranging from 0.261 

x 10-15 to 0.581 x 10-15 mol m m-2s-1Pa-1) than Psf membranes as previously reported (3.38 

x 10-9 mol m m-2s-1Pa-1) (Choi et al., 2019). In the literature, the water transmission rates 

of layer as GDL for GDE were reported as 11.16-811.99 g m-2day-1 (Amici et al., 2016a; 

Amici et al., 2016b; Xie et al., 2019). It was found that thin iCVD GDLs exhibited water 



  

53 
 

vapor transmission rates varying from 5.48 g m-2 day-1 to 11.32 g m-2 day-1; between 2 

and 150 times lower than commercial GDLs (Choi et al., 2019). 

 In addition, polymeric materials used as GDLs such as polyimide Kapton 

(Nicodemo et al., 1992), PVDF-HFP poly(vinylidene fluoride co-hexafluoropropylene) 

(Amici et al., 2016a), HDPE (high density polyethylene) (Xie et al., 2019), PTFE 

(polytetrafloroethylene) (Gilbert et al., 2004), etc. were reported have oxygen 

permeabilities between 0.01 and 4.21 Barrer. iCVD deposited GDLs exhibited higher 

oxygen permeability varying between 0.61 and 5.66 Barrer (0.204 x 10-15 and 1.895 x   

10-15 mol m m-2s-1Pa-1). iCVD deposited poly(V4D4-co-PFHEA) copolymer with a 1:1 

ratio of V4D4:PFHEA showed an exceptional 10.5 Barrer (3.53 x 10-15 mol m m-2s-1Pa-

1), the highest oxygen permeability for similar GDLs reported in the literature. 

Electrochemical performance of GDEs with iCVD GDLs was investigated by 

polarization measurements, CV, and EIS analysis. CV analysis showed that poly(V4D4-

co-PFHEA) GDLs are responsible for higher electrocatalytic activity for oxygen 

reduction compared to homopolymer and poly(V4D4-co-PFEMA) copolymer GDLs. 

Fabricated GDE electrodes with poly(V4D4-co-PFHEA) and poly(V4D4-co-PFEMA) 

exhibited higher oxygen reduction current densities (228.2 mA cm-2 and 189.2 mA cm-2, 

respectively) compared to commercial GDE (132.7 mA cm-2). The chronoamperometry 

measurements and EIS analysis also confirmed findings of oxygen permeability 

measurements. By combining siloxane and fluorinated matrix, poly(V4D4-co-PFHEA) 

copolymer GDLs provide enhanced oxygen transport and reduce moisture entrance 

significantly. Using the well-balanced properties of siloxane and fluorinated polymer 

chemistries, iCVD process is an excellent low-cost method for the fabrication of an 

oxygen-permeable hydrophobic gas diffusion layers for battery application. 
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CHAPTER 5 

 

ROBUST FLUORINATED SILOXANE COPOLYMERS 

VIA INITIATED CHEMICAL VAPOR DEPOSITION FOR 

CORROSION PROTECTION 

 
5.1. Introduction 

 
A great deal of interest has arisen in polymer coatings for protection of metal 

surfaces against physical damage and corrosion in a wide range of applications. An ideal 

corrosion-resistant polymer coating should have excellent chemical stability, high 

mechanical strength, strong adhesion to the surface and outstanding passivation ability 

(Cao et al., 2018; Chen et al., 2019; Nautiyal et al., 2018; Rajitha, et al., 2020). One of 

the advantages of using polymeric coatings is the ability to tune the morphology, chemical 

composition, adhesion, and thickness of the coating to reduce the corrosion rate or 

minimize contact of liquid media with coated surface (Ikhe et al., 2016). Although 

polymer coatings are physical barrier layers between the substrate and corrosive media, 

complete corrosion prevention is still a challenge since water, ions, and oxygen from the 

external environment can gradually diffuse into polymer coatings. The use of 

superhydrophobic polymers is among the most effective methods to inhibit direct contact 

of the substrate with water (Ikhe et al., 2016; Cao et al., 2018; Caldona et al., 2020; 

Semiletov et al.; 2020). Fluorinated polymers are especially attractive as protective 

coatings due to their release and nonstick abilities, low abrasion and friction, low 

refractive index and surface energy, and antifouling properties (Chambers et al., 2006; 

Graham et al.; 2000; Munekata, 1988; Scheirs, 1997; Yang et al., 2008). The 

fluoropolymer matrix has a small carbon-fluorine bond polarization and provides 

extremely high bonding energy (Banks et al., 1994) making it a preferred candidate for 

applications requiring high-temperature and/or harsh-environment performance (He et 

al., 2015). 

This chapter has been published as: 
G., Ebil, O. (2021) Robust fluorinated siloxanecopolymers via initiated chemical vapor 

deposition for corrosion protection, Journal of Materials Science, 56 (20), 11970-11987. 
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Commonly used methods to prepare fluoropolymer coatings for protection of 

metallic surfaces from the effects of corrosion degradation are etching (Emarati and 

Mozammel, 2020; Huang et al., 2015), lithography (Jeong et al., 2009; Martines et al., 

2005), anodizing (Emarati aand Mozammel, 2020; Nishimoto et al., 2014), laser 

processing (Steele et al., 2013), coating of the surface using layer by layer deposition 

(Bravo et al., 2007; Chunder et al., 2009), electrodeposition (Liu et al., 2015), sol gel 

deposition (Liang et al., 2014; Mahadik et al., 2016), and electrospinning (Han and Steckl, 

2009; Li et al., 2009). Cao et al. reported a superhydrophobic film based on polydopamine 

functionalized with 1H,1H,2H,2H-perfluorodecanethiol (PFDT) on a brass surface 

deposited using hydrothermal method to improve long-term chemical and thermal 

stability of films (Cao et al., 2018). Vuoristo et al. demonstrated corrosion resistive 

polyvinylidene fluoride (PVDF), ethylene chlorotrifluoroethylene (ECTFE), 

perfluoroalkoxy alkane (PFA) and perfluoroethylenepropylene (FEP) coatings on low 

alloy steel Fe 37 (St 37) by thermal spray process (Leivo et al., 2004). Combining 

electroetching, anodizing, sealing and surface modification methods, Mozammel and 

Emarati prepared a superamphiphobic surface on Al alloy 2024 (AA 2024) and 

demonstrated strong barrier effect of fluoropolymer coatings (Emarati and Mozammel, 

2020). Xu et al. applied chronoamperometric methods to produce perfluorinated 

lubricant/polypyrrole composite polymer coatings for protecting low alloy steel from the 

corrosion (Zhu et al., 2014). The increase in the coating thickness confines the electron 

and heat transfer, while achieving the chemical stability for metals in electronic devices, 

heat conductor, and heat exchangers (Liu et al., 2007; Ates et al., 2016; Zhao et al., 2019; 

Liang, 2001; Kaufman et al., 1980; Roldughin and Vysotskii, 2000). However, most of 

these methods still suffer from thickness nonuniformity, conformality problems due to 

poor surface wetting, pinhole and other defects due to fast solvent evaporation etc. 

limiting their corrosion protection performance. Chemical Vapor Deposition (CVD) 

offers the smoothest conformal, cross-linked polymer coatings with good thickness 

control due to vapor phase polymerization process (Chen et al., 2019; Chan and Gleason, 

2005; Coclite et al., 2009). Recently, CVD process has been used for the fabrication of 

fluorinated films to improve corrosion resistance of metals in aggressive media. Ishizaki 

et al. used microwave Plasma Enhanced Chemical Vapor Deposition (PECVD) process 

to fabricate superhydrophobic coatings on magnesium alloy AZ31 to improve chemical 

stability and corrosion resistance of AZ31 alloy (Ishizaki et al., 2010).  
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However, the corrosion rates still remain high for effective protection and 

fluorinated homopolymer films do not achieve chemical/mechanical robustness required 

in harsh environments such as strong organic solvents, acids, bases, and oxidants (Chen 

et al., 2019; Zhu et al., 2020). An ideal protective polymer coating should provide 

corrosion protection in such environments for weeks and months without any measurable 

change in its chemical and mechanical properties. A facile approach employed for the 

fabrication of a chemically and mechanically robust polymer coatings involves 

crosslinking and/or establishing covalent bonding between the coating and the substrate 

(Grignard et al., 2011; Seok et al., 2018; Achyuta et al., 2009; Zhu et al., 2020) or using 

stacked polymer films (Yoo et al., 2013). Ye et al. demonstrated superhydrophobic 

bilayer polymer coatings consisting of highly cross-linked polyethylene glycol diacrylate 

(PEGDA) bottom layer and nanostructured poly(perfluorodecyl acrylate-co-ethylene 

glycol diacrylate) (poly(PFDA-co-EGDA)) top layer on copper, Si wafer and polystyrene 

via iCVD. It was demonstrated that highly crosslinked film provided an effective oxygen 

barrier and good corrosion resistance (Chen et al., 2019).  

Employing mechanically flexible and hydrolytically stable polysiloxane films 

such as poly(V4D4) in copolymer structure leads to improved chemical and mechanical 

properties (Achyuta et al., 2009; Seok et al., 2018; Grignard et al., 2011; Goksel and 

Akdogan, 2019). Copolymer films of ionically conductive polysiloxane and hydrophobic 

fluoropolymers can enhance conduction and improve long-term stability while inhibiting 

the direct contact of the metal with medium, thus suppressing aggressive corrosion. Lee 

et al. fabricated a crosslinked organosilicon-acrylate copolymer thin film consisting of 

V4D4 and cyclohexyl methacrylate (CHMA) via iCVD process to provide a moisture 

barrier with improved mechanical stability (Seok et al., 2018). Murthy et al. used iCVD 

to synthesize a copolymer film with V3D3 monomer and hexavinyldisiloxane (HVDS) 

as a spacer for a potential application in neutral probe fabrication and reported enhanced 

chemical durability in both polar and nonpolar solvents such as tetrahyrofuran, acetone, 

isopropyl alcohol, and dimethyl sulfoxide due to its highly cross-linked nature (Achyuta 

et al., 2009). Kwak et al. fabricated a copolymer using poly(V4D4)  and poly(PFDMA) 

(poly-perfluorodecyl methacrylate) via iCVD to improve the mechanical durability of the 

film fluoropolymer films (Lee et al., 2019). However, only a few studies related to iCVD 

poly(V4D4) films in literature have reported their physical properties such as passivation 

performance (Zhao et al., 2019). Gleason and co-workers evaluated chemical stability 

and corrosion resistance of iCVD fabricated homopolymer films of polydivinylbenzene 
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(poly(DVB)), poly(V3D3), poly(V4D4), and poly(1H,1H,2H,2H-perfluorodecyl 

acrylate) (poly(PFDA)). They reported that poly(V3D3) and poly(V4D4) films exhibited 

excellent stability and reduced surface corrosion due to crosslinked covalent organic 

network (Zhao et al.; 2019). 

Here, we report highly crosslinked, hydrophobic copolymers of V4D4 and 

PFHEA/PFEMA synthesized via iCVD for corrosion protection of metals. Fabricated 

hydrophobic films showed excellent durability in various organic solvents and were 

found to be very effective for corrosion protection of metal and other substrates. The low 

process temperature and extreme flexibility of iCVD process enable fine tuning of 

physical and chemical properties of polymer films making it very attractive for the 

fabrication of self-cleaning, corrosion-resistant, transparent barrier layers on a large 

variety of substrates, including temperature sensitive materials. 
 

5.2. Experimental  

5.2.1. Materials 
  

Analytical grade chemicals, 2,4,6,8-tetramethyl-2,4,6,8 tetravinylcyclotetra 

siloxane (V4D4, Sigma-Aldrich, 97%), 2-(perfluorohexylethyl)acrylate (PFHEA, 

Fluoryx Inc.) and 2-(perfluoroalkyl) ethylmethacrylate (PFEMA, Fluoryx Inc.) as 

monomers, and tert-Butyl peroxide (TBPO, Sigma-Aldrich, 98%) as initiator were used 

in fabrication of polymer thin films. Organic solvents such as tetrahydrofuran (THF, 

Panreac, 99.9%), dichloromethane (DCM, Sigma-Aldrich), N,N-dimethylformamide 

(DMF, Sigma-Aldrich), chloroform (Sigma-Aldrich), diethyl ether (Sigma Aldrich), 2-

propanol (Sigma- - -

- 2O2, 

Sigma-Aldrich) were used in durability tests. Commercially available copper and zinc 

plates (0.8 cm x 1.5 cm) were used for corrosion tests. Metal plates were polished with 

emery paper and then cleaned using 2-propanol (Sigma- g 

process. 
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5.2.2. Fabrication of Polymer Coatings  

 

For the fabrication of polymer coatings, a custom-built iCVD system was used. 

The deposition chamber was prismatic in shape with a width of 30 cm and a height of 4 

cm. The top of the reactor was covered with a 2.5 cm thick quartz plate. The reactor was 

equipped with a filament array which was suspended 2.5 cm over the substrate to supply 

thermal energy for the decomposition of initiator. Nichrome filaments were resistively 

heated via AC power supply. The substrate temperature was controlled by an external 

circulator (WiseCircu - refrigerated bath circulator). The reactor pressure was controlled 

using a throttling butterfly valve (MKS Model 253). The vacuum was provided via a 

rotary vane pump (BSV10, Baosi) equipped with a cold trap. Thin-films of poly(V4D4), 

poly(PFHEA) and poly(PFEMA) homopolymers, and poly(V4D4-co-PFHEA) 

and poly(V4D4-co-PFEMA) copolymers were fabricated on metal and crystalline silicon 

(c-Si) substrates. In order to obtain sufficient vapor pressure, PFHEA and PFEMA 

monomers were heated to 65 oC and 95 oC, respectively. Monomer vapors were metered 

into the chamber through mass-flow controllers (MKS 1479A). For poly(V4D4) 

deposition, V4D4 monomer was heated to 90 oC and fed into the chamber through a 

special mass-flow controller (MKS 1150C). TBPO was introduced into the reactor at 

room temperature through a mass-flow controller (MKS 1479A). Reactor pressure was 

maintained at 250 mTorr throughout this study. The substrate and filament temperature 

were adjusted for optimum deposition rate for homopolymers and copolymers. The 

filament temperature was set to 250 oC for PFEMA homopolymer, and fixed at 300 oC 

for all other homopolymer and copolymer film depositions. Thicknesses of homopolymer 

films on c-

films on metal substrates was 250 nm to evaluate the corrosion resistance. The deposition 

conditions for homopolymers and copolymers are summarized in Table 5.1.  

 

Table 5.1. Process conditions for iCVD deposited homopolymers and copolymers  

Sample name FV4D4 
sccm 

FPFHEA 
sccm 

FPFEMA 
sccm 

FTBPO 
sccm 

Ptotal 
mTorr 

Tsubstrate 
oC 

poly(V4D4)  0.32 - - 0.16 

250 

45 
poly(PFHEA)  - 0.39 - 0.13 25 
poly(PFEMA)  - - 0.20 0.025 35 
poly(V4D4-co-PFHEA) 0.22 0.22 - 0.66 45 
poly(V4D4-co-PFEMA) 0.22 - 0.22 0.66 45 
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5.2.3. Film Characterization 

 
The thicknesses of fabricated films were measured using an Mprobe-Vis20 system 

with a spectral range of 400-1100 nm, 2 mm spot size and 2 nm measurement accuracy. 

Fourier Transform Infrared spectroscopy (FTIR) analysis was performed using a Perkin 

Elmer Inc.-Spectrum BX FTIR Spectrometer for the evaluation of the quality and 

chemical composition of monomers and fabricated polymer films. The spectra were 

measured from 4000 to 650 cm-1 with a resolution of 4 cm-1 and accumulating over 20 

scans. All spectra were baseline corrected and thickness normalized. Surface 

morphologies of fabricated iCVD films were investigated using Scanning Electron 

Microscopy (SEM) (FEI Quanta250 system). Water Contact Angle (WCA) 

measurements were conducted to investigate the hydrophilicity of the surface for 

fabricated iCVD films with a Theta Optical Tensiometer. 

 

5.2.4. Chemical Stability and Durability Tests 

 
The durability of poly(V4D4), poly(PFHEA), poly(PFEMA) homopolymers and 

poly(V4D4-co-PFHEA) and poly(V4D4-co-PFEMA) copolymer films in various organic 

solvents was investigated following procedures described in literature (Seok et al., 2018). 

Solubility tests were performed by immersing iCVD coated substrates in various organic 

solvents including tetrahydrofuran (THF), 2-propanol (IPA), acetone, hydrogen peroxide 

(H2O2), toluene, dichloromethane (DCM), N,N-dimethylformamide (DMF), chloroform 

and diethyl ether for 30 min and then drying at 70 oC for 1 h under vacuum. Adhesion to 

silicon wafer and optical glass was tested as described previously in literature (Ozpirin 

and Ebil, 2018). A cellophane adhesive tape was applied on the film surface and then 

rapidly removed from the surface at the angle that was normal to the coated surface. The 

percentage of delamination was calculated by dividing the test surface into equally spaced 

grids. The coating adhesion test was evaluated by visual inspections using a reflectometer 

and optical microscope. The thickness of each film before/after the adhesion test was 

measured. 
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5.2.5. Electrochemical Tests 
 

Anti-corrosion performance of iCVD coatings was evaluated using a 

Potentiostat/Galvanostat/ZRA (Gamry Model 22162) with a tripolar electrode 

measurement apparatus consisting of a Pt wire as counter electrode, a saturated Ag//AgCl 

reference electrode and polymer film coated Cu or Zn metal plate as working electrode 

with an exposed area of 1.2 cm2. Polarization curves and electrochemical impedance 

spectra were obtained in 5 wt.% NaCl solutions at room temperature under open-circuit 

conditions. iCVD coated Cu and Zn plates were immersed in 5 wt.% NaCl solution for 

30 min for stabilization before the polarization measurements. Potentiodynamic 

polarization was performed within a potential range of Open-

250 mV at a scan rate of 1 mV s-1. Corrosion parameters such as corrosion potential (Ecorr), 

corrosion current density (Icorr), polarization resistance (Rp), and anodic/cathodic Tafel 

a c) were calculated by using the potentiodynamic curves. For EIS analysis, AC 

impedance (OPC was applied at a frequency range of 100 mHz to 10 kHz with 

a sinusoidal signal perturbation of 10 mV and 5 points per decade. Similar to 

potentiodynamic polarization, all iCVD coated samples were immersed into NaCl 

solution for 30 min before the impedance measurements. 

 

5.3. Results and Discussion  

5.3.1. FTIR Analysis of Perfluorinated Polymer Coatings 
 

Chemical compositions of PFHEA and PFEMA monomers and homopolymers 

were investigated by FTIR analysis, as shown in Figure 5.1. The characteristic peaks of 

C=O at 1745 cm-1 are clearly shown in PFHEA and PFEMA spectra. The three peaks in 

1140-1240 cm-1 region indicate stretching of -CF2 and -CF3 end groups. The intensity of 

characteristic peaks representing strong bending and stretching of C=C at 985 cm-1, 995 

cm-1and 1640 cm-1 disappear due to complete free-radical polymerization (Wang et al., 

2010; Zhang et al., 2014a). Table 5.2 lists FTIR absorption frequencies and peak 

intensities of both PFHEA and PFEMA homopolymers (Wang et al., 2010; Yin et al., 

2017). 
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Table 5.2. FTIR absorption band assignments for PFHEA and PFEMA 

Group iCVD film 
(cm-1) 

literature 
(cm-1) intensity Ref. 

-CF3 vibration wag 700 700 medium Yin et al., 2017 
=CH2 wag 735 720-740 medium Trujillo et al., 2009 
-CF3 stretch 1143 1142 medium Yin et al., 2017 
-CF2 absorption vibration stretch 1232 1200-1240 medium Yin et al., 2017 
-CH2 and CH3 deformation 1415 1200-1500 medium Gedde, 1999 
C=C stretch acrylic double bond 1640 1630-1640 medium Wang et al., 2010 
C=O stretch in ester group 1741 1735-1750 strong Wang et al., 2010 

CH stretch of vinyl bond 3000 2995-3020 medium O'Shaughnessy et 
al., 2006 

 

 

 
Figure 5.1. FTIR spectra of (a) PFHEA monomer and (b) poly(PFHEA) film synthesized 

in iCVD system. 
 

5.3.2. Chemical Stability of Perfluorinated Polymer Coatings 

 

Determination of the chemical stability of iCVD films in various solvents is 

essential to evaluate their corrosion protection performance. The hydrolysis of the ester 

group is extremely slow due to the hydrophobic character of fluorinated polymers making 

them attractive candidates for protective materials (Grignard et al. 2011). Most of 

previous studies in literature related to hydrophobic films as protective layers have solely 

used WCA measurements to claim good chemical stability. Chemical stability of iCVD 



  

62 
 

homopolymer films deposited on c-Si wafer was measured by the change in film thickness 

after immersion in various organic solvents including THF, DCM, acetone (polar aprotic 

solvents), IPA, ethanol, H2O2 (polar protic solvents), toluene, chloroform and diethyl 

ether (nonpolar solvents) for 30 min. Figure 5.2 shows relative thickness change and 

WCA values of iCVD poly(PFHEA) and poly(PFEMA) homopolymers after immersion 

in solvents. Even without any crosslinking or surface grafting, both iCVD films showed 

good durability in organic solvents. The relative thickness change of poly(PFHEA) 

homopolymer films was less than 5% with the exception of diethyl ether in which a 10% 

thickness change was measured after immersion. On the other hand, poly(PFEMA) films 

showed greater durability with less than 1.5% thickness loss except THF and diethyl ether 

in which 13% and 15% changes were measured, respectively. The change in WCA for 

homopolymer films after immersion in solvent are also shown in Figure 5.2. The lowest 

WCA for poly(PFHEA) homopolymer was measured after immersion in diethyl ether in 

which the highest thickness reductions was also observed. Overall, WCA values did not 

change significantly and varied between 87o and 99o. Compared to poly(PFHEA), iCVD 

deposited poly(PFEMA) films are more hydrophobic with a WCA of 146o vs 102o for 

poly(PFHEA). Immersion in solvents resulted in slight reduction in WCA of 

poly(PFEMA) except THF and diethyl ether in which WCA changed significantly. This 

observation is also in line with thickness measurements shown in Figure 5.2(b). However, 

poly(PFEMA) homopolymers still showed hydrophobicity after immersion test. The 

results indicate that iCVD fluorinated homopolymer films exhibit good resistivity against 

organic solvents.  
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Figure 5.2. Relative thickness change and absolute WCA values for (a) poly(PFHEA) 

and (b) poly(PFEMA) homopolymer films after immersion in various 
solvents.    

 

The solubility resistance of fluorinated homopolymer coatings (both 

poly(PFHEA) and poly(PFEMA)) was estimated by measuring the loss of thickness after 

immersion in solvents. There were no significant changes in measured thicknesses 

indicating no swelling and or dissolving of the films. Both poly(PFHEA) and 

poly(PFEMA) films passed all solubility tests. More details about thickness 
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measurements are given in online resource Table 5.3. FTIR spectroscopy was also used 

to investigate durability of poly(PFHEA) and poly(PFEMA) homopolymers films after 

immersion tests, shown in Figure 5.3. Although peak intensities were slightly decreased, 

all characteristic peaks were still visible after the immersion in diethyl ether confirming 

durability of homopolymers in most organic solvents.  

 

 

 
Figure 5.3. Changes in the FTIR spectra before and after solubility tests (a) poly (PFHEA) 

(b) poly(PFEMA) films. 
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Table 5.3. Film thickness measurements after immersion in various solvents 

Solvent 

poly(PFHEA) film  poly(PFEMA) film 
Initial 

thickness 
 

Final 
thickness 

 

Removal 
(%) 

 Initial 
thickness 

 

Final 
thickness 

 

Removal 
(%) 

THF 1.7547 1.6770 4.42  0.9891 0.8572 13.3 
IPA 1.7612 1.7271 1.94  1.0305 1.0286 0.18 
EtOH 1.8330 1.8128 1.11  1.0292 1.0213 0.76 
Acetone 1.9166 1.8471 3.63  0.9876 0.9862 0.14 
H2O2 1.9612 1.9266 1.76  1.0146 1.0125 0.21 
Toluene  1.7988 1.7767 1.23  1.0159 1.0053 1.04 
Chloroform 1.6447 1.6275 1.05  1.0450 1.0087 1.22 
Diethyl ether 1.6291 1.4636 10.16  1.0212 0.8855 15.26 

 

In addition to simple immersion tests in various organic solvents, we also 

evaluated the durability and chemical stability of these homopolymer films after thermal 

and ultrasonic treatment with mechanical mixing in dichloromethane (DCM) which is a 

very strong solvent. Poly(PFHEA) and poly(PFEMA) films were heat treated at 70 oC for 

1 hour under vacuum. Sonication was carried out in DCM for 30 min. The change in film 

thickness and WCA measurement after the test are shown in Figure 5.4. Both 

homopolymer films were completely removed or dissolved in DCM after 30 min 

ultrasonic treatment. Polymer films were found out to be durable in simple DCM 

immersion. Mechanical mixing during immersion in DCM seems to reduce durability of 

the films slightly while thermal annealing before test did not improve durability in DCM. 

Poly(PFEMA) homopolymer films showed slightly reduced WCA values after immersion 

in DCM with and without mechanical mixing while WCA sharply decreased with 

mechanical mixing for poly(PFHEA) homopolymer.  
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Figure 5.4. Relative thickness change and absolute WCA values for (a) poly(PFHEA) 

and (b) poly(PFEMA) homopolymer films after immersion in DCM. 
 

FTIR analysis of homopolymer films showed all characteristic peaks after 

immersion in DCM with or without mechanical mixing and also confirmed complete 

removal of the film from the substrate surface with ultrasonic treatment, as shown in 

Table 5.4 and Figure 5.5. It seems ultrasonic treatment is a very effective method to 

remove these homopolymer films from the surface.  
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Figure 5.5. Change in FTIR spectra of (a) poly(PFHEA) and (b) poly(PFEMA) films after 

annealing, mechanical mixing and sonication. 
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Table 5.4. Film thickness measurements before and after immersion in dichloromethane 
(DCM) 

Solvent 

poly(PFHEA) film  poly(PFEMA) film 
Initial 

thickness 
 

Final 
thickness 

 

Removal 
(%) 

 Initial 
thickness 

 

Final 
thickness 

 

Removal 
(%) 

DCM 1.7612 1.7129 2.74  0.9968 0.9898 0.67 
DCM+annealing 1.9857 1.9634 1.12  1.0101 1.0005 0.95 
DCM+mechanical 
mixing 1.8602 1.7825 4.18  1.0276 0.8905 13.31 

DCM+mechanical
mixing+annealing 1.8673 1.7409 6.77  1.0282 1.0128 1.49 

DCM+sonication 1.8398 no 
measured ~100  1.0043 no 

measured ~100 

DCM+sonication+
annealing 1.8603 no 

measured ~100  0.9985 no 
measured ~100 

 

5.3.3. FTIR Analysis of Crosslinked Copolymer Coatings 

 
In addition to poly(PFHEA) and poly(PFEMA) homopolymers, two different 

series of crosslinked copolymer thin films were synthesized via iCVD process by 

copolymerization of V4D4 with acrylic (PFHEA) and methacrylic (PFEMA) monomers. 

Chemical structures and FTIR spectra of monomers and copolymers in iCVD process are 

shown Figure 5.6 and Figure 5.7, respectively. For poly(V4D4) homopolymer, the peaks 

between 1064 cm-1 and 1073 cm-1 in FTIR spectrum represent asymmetric Si-O-Si 

stretching related to eight-member siloxane ring in network configuration and the peak at 

1260 cm-1 shows the strong Si-CH3 symmetric bending (Achyuta et al., 2009; 

O'Shaughnessy et al., 2006; Trujilo et al., 2009). In poly(V4D4-co-PFHEA) and 

poly(V4D4-co-PFEMA) of FTIR spectra, the shoulders at 1140 cm-1 and 1240 cm-1 are 

representative of C-F chains and provide evidence of a copolymer with crosslinked 

network structure. Also, the peak at 1740 cm-1 corresponds to stretching C=O in the 

acrylic group or methacrylic group (Wang et al., 2010; Yin et al., 2017). By adjusting the 

flow rate of the fluorinated monomer, the composition of copolymers can be controlled. 

However, there may be a difference between feed composition and copolymer 

composition due to the monomer adsorption rate on the surface (Gleason, 2015). 
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Figure 5.6. Chemical structures of monomers, initiator radical and copolymers in iCVD 

process. 
 

 
Figure 5.7. FTIR spectra of poly(V4D4), poly(PFHEA), poly(PFEMA) and their 

copolymers. 
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5.3.4. Chemical Stability of Crosslinked Copolymer Coatings 
 

Similar to homopolymer films, the chemical stability of poly(V4D4-co-PFHEA) 

and poly(V4D4-co-PFEMA) copolymers deposited on c-Si substrates was evaluated by 

the change in film thickness after immersion in strong organic solvents as described in 

the literature (Seok et al., 2018). The relative changes in thicknesses of homopolymers 

and copolymer films before and after immersion in THF, DCM, DMF, chloroform and 

diethyl ether for 30 min are shown in Figure 5.8.  

 

 
Figure 5.8. The relative change in film thickness for copolymers with varying (a) PFHEA 

and (b) PFEMA content in the film. 
 

 

 

 

 

 

 

 

 

 

(Cont. on next page) 
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Figure 5.8. Cont. 

 

The monomer flow rate ratios in copolymerization process are given in Table 5.1. 

Poly(V4D4-co-PFHEA) polymers showed up to 30% thickness loss, while the maximum 

thickness loss was around 15% for poly(V4D4-co-PFEMA). This might be related to the 

differences between the length of the pendent perfluorocarbon chains (nPFEMA = 4 10; 

nPFHEA = 6) (Tsibouklis et al., 2000; Wang et al., 2010). It is also possible that formation 

of small molecules or short side chains due to certain process conditions might lead to 

insufficient cross-linking of polymer making it sparingly soluble (Achyuta et al., 2009). 

In addition to chemical composition, the durability of copolymer films in a solvent is also 

affected by overall quality and uniformity of the film as well as the surface properties of 

the substrate on which the copolymer is deposited. The chemical stability of the films was 

also analyzed after the tests. FTIR analysis confirmed V4D4 and PFHEA/PFEMA 

moieties for both copolymer films after solubility test, indicating durability good 

resistance of iCVD copolymer films against strong solvents, as shown in Figure 5.9. 
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Figure 5.9. Changes in FTIR spectra of (a) poly(PFHEA), (b) poly(PFEMA), (c) 

poly(V4D4), (d) poly(V4D4-co-PFHEA) and (e) poly(V4D4-co-PFEMA) 
before and after dissolution test in various solvents. 

 

 

 

 

(Cont. on next page) 
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Figure 5.9. Cont. 
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Figure 5.9. Cont. 

 

In addition, SEM analysis before and after immersion in diethyl ether confirmed 

the durability of polymer coatings as there were no significant change in surface 

morphologies, as seen in Figure 5.10. 

 

 
Figure 5.10. SEM images of iCVD polymers before and after solubility test. 

 

(Cont. on next page) 
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Figure 5.10. Cont. 

 

5.3.5. Corrosion Tests 
 

The corrosion protection performances of homo and copolymers on copper and 

zinc substrates were evaluated via Tafel polarization measurements as shown in Figure 

5.11. The potentiodynamic polarization was measured after achieving constant OCP. 

Tafel curves were generated for poly(V4D4), poly(PFHEA), poly(PFEMA) 

homopolymers as well as poly(V4D4-co-PFHEA) and poly(V4D4-co-PFEMA) 

copolymers in 5 wt.% NaCl solution. The values of the anodic and cathodic Tafel slopes 

A C) provide valuable information on corrosion protection efficiency of the 

C A 

corresponds to the metal dissolution in an anodic branch (Ikhe et al., 2016).  
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Figure 5.11. Potentiodynamic polarization measurements for iCVD coatings on (a) copper 

and (b) zinc substrates. 
 

The effective anti-corrosion performance is attributed to minimizing the diffusion 

of the corrosive elements such as oxygen, water molecules and chloride ions towards the 

metal surface. The corrosion process is directly dependent on the wettability of the metal 

surface (Ishizaki et al., 2010; Zhu et al., 2014).  

The important corrosion parameters, i.e. corrosion current density (Icorr), corrosion 

potential (Ecorr), cathodic/anodic Tafel c a) received from Tafel curves are listed 
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in Table 5.5. Experimental polarization resistance (Rp) was calculated by Stern-Geary 

equation (Emarati and Mozammel, 2020): 

 

 (5.1) 

 

where Icorr is the corrosion current in amps, A is the anodic beta Tafel coefficient for 

anodic portion in V dec-1, C is the cathodic beta Tafel coefficient for anodic portion in V 

dec-1.  

Corrosion potential and corrosion current density are two indicative parameters 

for corrosion reaction. The lower corrosion current density and higher corrosion potential 

signify a lower corrosion rate which means better corrosion protection behavior (Chen et 

al., 2019; Rajitha and Mohana, 2020). Unlike wet processes like spin coating and dip 

coating, most iCVD deposited polymers exhibit very small or no porosity due to lack of 

solvent in polymerization environment. Since polymerization reactions occur on cooled 

substrate surface, and not in gas phase iCVD coatings can conform to the overall 

geometry making them highly suitable to use as anti-corrosion coatings. Still, the porosity 

of iCVD coatings on metal surfaces was calculated from potentiodynamic polarization 

measurements, using Equation 5.2 (Pawar et al., 2007): 

 

 (5.2) 

 

where Rpbare is the polarization resistance of bare metal, Rpcoated is the polarization 

corr a is 

the anodic Tafel slope for bare metal. The protection efficiency ( %) of the coatings were 

calculated from Icorr values of the samples, using the expression (Zhu et al., 2014): 

 

 (5.3) 

 

The results suggest that siloxane films significantly increase Ecorr and provide 

better corrosion protection for metal surfaces. Copolymerization of V4D4 with 

fluorinated monomers results in lower Ecorr compared to poly(V4D4) homopolymer; 
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however, chemical and mechanical stability in strong organic solvents is greatly 

improved. For copper substrates, poly(V4D4-co-PFHEA) coatings showed the highest 

protection efficiency (91%) and the lowest corrosion rate (0.018 mpy). All homopolymers 

exhibited lower corrosion rates and higher protection efficiencies than poly(V4D4-co-

PFEMA) copolymer. On zinc substrates, poly(V4D4) and poly(PFHEA) homopolymers 

followed by poly(V4D4-co-PFHEA) copolymer showed lower corrosion rates and higher 

protection efficiencies. 
 

Table 5.5. Kinetic parameters of iCVD polymers on copper and zinc substrates 
 Ecorr, 

mV 
Icorr, 

 
A, 

mV/dec 
C, 

mV/dec 

Corrosio
n rate, 
mpy 

Rpx10-3, 
2 

Porosity, 
%  

Copper         
Bare -247 18.9 106 159 0.182 1.46   
poly(V4D4) -42 4.2 1922 213 0.046 19.82 6.33 77.78 
poly(PFHEA) -156 7.8 68 201 0.086 2.83 3.73 58.73 
poly(PFEMA) -213 14.4 87 248 0.158 1.94 1.57 23.81 
poly(V4D4-co-PFHEA) -169 1.7 59 249 0.018 12.18 0.65 91.01 
poly(V4D4-co-PFEMA) -169 12 77 245 0.132 0.25 3.75 36.51 
Zinc         
Bare -988 939 152 1015 9 8.79   
poly(V4D4) -98 2 531 137 0.024 20.54 1.81 99.79 
poly(PFHEA) -60 0.1 136 92 0.002 100.08 0.85 99.99 
poly(PFEMA) -910 874 156 1015 8.05 9.05 4.46x10-6 6.92 
poly(V4D4-co-PFHEA) -967 140 87 1015 1 5.69 2.92x10-8 85.09 
poly(V4D4-co-PFEMA) -983 550 139 1015 6 1.45 1.62x10-7 41.43 

dec: decade 
mpy: mils per years 

 
EIS analysis is a powerful tool that provides valuable information about corrosion 

protection performance, robustness of coatings, and electrochemical activity at 

coating/metal interface. EIS analysis was performed for bare metals and polymer-coated 

metals from 100 mHz to 10 kHz in 5 wt.% NaCl solution. Measurements were performed 

after 30 min of immersion for stabilization. Nyquist plots of bare metals and polymer-

coated metals (copper and zinc) are presented in Figure 5.12 with insets showing enlarged 

Nyquist plots. The impedance plots of the copolymer coatings showed that there are two 

different capacitive loops as shown in Figure 5.12. The first loop refers to the polymer 

coating itself, while the second one is attributed to the dissolution process taking place at 

the coating-metal interface (Sadagopan et al., 2005). The Nyquist semi-circles with wider 

diameters indicate better corrosion resistance (Rajitha and Mohana, 2020). As shown in 

Figure 5.12, homopolymers of poly(V4D4) and poly(PFHEA) and their copolymer 

poly(V4D4-co-PFHEA) coating exhibit better anti-corrosion and barrier performance 

than poly(PFEMA) homopolymer and poly(V4D4-co-PFEMA) copolymer coatings with 
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lower corrosion impedance. The variations between poly(V4D4-co-PFHEA) and 

poly(V4D4-co-PFEMA) copolymer performance might be due to differences in 

crosslinked network due to acrylate and methacrylate groups linked to V4D4 (Sakai et 

al., 2012).  

 

 

 
Figure 5.12. Nyquist plots of iCVD polymers on (a) copper and (b) zinc substrates. 
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Bode plots of samples from the same experiment are shown in Figure 5.13. Bode plots 

-90 degrees), and provide valuable information about electrochemical 

activity at the coating metal interface and the extent of water diffusion or penetration 

(Caldona et al., 2020; Kunst et al., 2014). The shift in time constant through high 

frequency to medium/low frequency indicates the presence of a passivation layer on the 

top of metal surface (Hsu and Mansfeld, 2001). The medium to low frequency 

phenomenon is associated with the acceleration of interaction between coating and metal 

surface . Figure 5.13 shows circuit behavior representative of a capacitor 

at frequencies above 100 Hz and of a resistor at frequencies below 1 Hz with the exception 

of poly(V4D4) and poly(PFHEA) homopolymer. From Figures 5.13 (a) and (c), bare 

metal and homopolymer coated samples have only one peak at low frequency region 

while poly(V4D4-co-PFHEA) and poly(V4D4-co-PFEMA) coated samples showed two-

time constants. The phase angle of poly(V4D4-co-PFHEA) coating on copper surface 

shows well-defined time constants in high frequency range indicating a better corrosion 

barrier. However, on zinc surface the lack of high frequency time constants imply poor 

or defective copolymer coatings. This observation is also in agreement with calculated 

protection efficiencies listed in Table 5.5 where poly(V4D4) and poly(PFHEA) 

homopolymers exhibited better protection efficiency compared to copolymer coatings, 

especially on zinc. Figure 5.13 (b) and (d) show parallel resistor-capacitor behavior of 

polymer coatings by illustrating the effect of measurement frequency on current flow. 

The current passes through the circuit capacitors at high frequencies and passes through 

the circuit resistors as lower frequencies (Loveday et al., 2004a; Loveday et al., 2004b; 

Loveday et al., 2005). The lower breakpoint frequency can correspond to reduction of 

corrosion delamination (Caldona et al., 2020). The shift in the breakpoint frequency 

through high frequencies might indicate electrolyte diffusion through the coating. As the 

frequency decreases, the trend lines diverge, and the dissimilar resistance values of 

polymer coatings become apparent. A coating experiencing corrosion at the substrate 

requires a second parallel resistor-capacitor in series with the coating resistor as observed 

for both copolymer coating on zinc, as seen in Figure 5.13 (d) (Loveday et al., 2004a; 

Loveday et al., 2004b; Loveday et al., 2005).  
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Figure 5.13. Bode plots of iCVD polymers on (a), (b) copper and (c), (d) zinc substrates 

 

 

 

 

 

 

(Cont. on next page) 
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Figure 5.13. Cont. 

 

Figure 5.14 shows three proposed EEC models based on Bode plot analysis to fit 

impedance parameters including solution resistance (Rs), resistance of the coating (Rc) 

which is the function of pore dimensions, constant phase element of the coating (CPEc) 

characterized by the coating thickness and dielectric constant, charge transfer resistance 

at polymer/metal interface (Rct) and constant phase element of electrical double layer 

(CPEdl). The constant phase element (CPE) is commonly used in electric equivalent 
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circuit to decrease the systematical error and represents deviation from true capacitance 

behavior which depends on a few parameters such as coating thickness and defect 

structure (Ishizaki et al., 2010). The impedance of CPE is expressed as 

, where Yo represents the pseudo-capacitance (j2=-

(Caldona et al., 2020). The impedance parameters of bare metals and polymer-coated 

software. Table 5.6 lists model parameters of the best fit to the experimental data using 

EEC models shown in Figure 5.14. Randles model (Model A) is one of the simplest and 

commonly used models describing electrochemical processes at bare metal/medium 

interface using solution resistance in connection with charge transfer resistance and 

constant phase element of electrical double layer. Model B describes corrosion process 

of metal surface with a polymer coating exposed to corrosive medium using solution 

resistance, resistance of polymer coating and constant phase element of the coating. The 

fit parameters, CPEc and Rc, of Model B are used as invariable constants for the non-

perfect coatings which are considered as typical for undamaged coating. Model C 

expands Model B with addition of charge transfer resistance at polymer/metal interface 

and constant phase element of electrical double layer. The higher values of Rc and Rct and 

the lower values of CPEc and CPEdl indicate the better corrosion performance of the 

coating (Pawar et al., 2007).  

 

 
Figue 5.14. Equivalent electric circuits (EEC) used for fitting EIS data of bare and iCVD 

coated metals 
 

The values of electrochemical parameters from EEC fitting are in accordance with 

low Chi- 2) values which are similar to reported values in literature 

1990; Sakai et al., 2012). Chi-Square value 2) calculated between measured and 

model impedances should be greater than or equal to zero (Pan et al., 1996; Feliu, 2020); 
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therefore, only the best fitting models are shown in Table 5.6 and Table 5.7. As shown in 

Table 5.6, poly(V4D4) homopolymer coating shows at least two orders of magnitude 

higher coating resistance than fluorinated homopolymers on copper. On zinc metal 

poly(V4D4) and poly(PFHEA) homopolymers exhibited three orders of magnitude 

higher coating resistance than poly(PFEMA). In addition, poly(V4D4) and poly(PFHEA) 

homopolymers exhibited lower CPEc than poly(PFEMA). The experimental data are also 

in good agreement with the lower values of corrosion current density (Icorr) or higher 

values of corrosion potential (Ecorr) as shown in Table 5.6 (Cao et al., 2018). For uncoated 

copper and zinc, Rs values describing the diffusion of ions into the solution from the 

(Caldona et al., 

2020; Liu et al., 2007). For all iCVD coatings with the exception of poly(PFEMA) 

homopolymer, higher Rs values were obtained. Rct and CPEdl parameters in Model C 

represents electrochemical reactions at the coating and metal interface. Rct values of 

poly(V4D4-co-PFHEA) coatings (3.6x103 

respectively) suggest that these coatings effectively decrease electron-transfer activity at 

the coating-metal interface. A lower CPEdl indicates that electrical charge distribution is 

minimal and the presence of corrosion products are reduced significantly (Caldona et al., 

2020). Additionally, Rc values of poly(V4D4-co-PFHEA) coatings are higher than 

poly(V4D4-co-PFEMA) on both copper and zinc metals. 
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As shown in Figure 5.15 pictures of the samples taken before and after the test 

also support potentiodynamic polarization measurement and EIS analysis findings as 

poly(V4D4), poly(PFHEA) and their copolymers (HCO-5) films seems to perform better 

than poly(PFEMA). The hydrophobic polymer layer inhibits the adsorption of chloride 

ions on the metal surface which leads to the transformation of M(OH)2 (M: metal) to 

soluble MCl2 destroying metal surface (Ikhe et al., 2016). The results suggest that HCO-

5 coatings can act as effective barriers to Cl- ions reaching surface. 

 

 
Figure 5.15. Pictures of bare and iCVD coated (a) copper and (b) zinc samples after 

corrosion test. 
 

Long term durability and corrosion tests of copolymer coatings were performed 

by immersing poly(V4D4-co-PFHEA) coated Cu and Zn plates in 5 wt.% NaCl solution 

at room temperature for 30 days. Samples were cleaned by following the procedure 

described in ISO 8407 standard to remove the corrosion products (ISO 8404:2009, 2009). 

Figure 5.16 shows the surface of uncoated and poly(V4D4-co-PFHEA) coated copper 

and zinc metals immersed in 5 wt.% NaCl solution for 15 and 30 days. The corrosion 

products increased with increasing immersion time and continuously precipitated on the 

surface. Uncoated copper and zinc show severe corrosion after 30 days. Although 

copolymer films deposited on samples were very thin (~250 nm), the difference between 

coated and uncoated samples were clear on macroscopic scale. 

 

Bare Cu After bare Cu Poly(V4D4) Poly(PFHEA) Poly(PFEMA)
Poly(V4D4-co-

PFHEA)
Poly(V4D4-co-

PFEMA)

Bare Zn After bare Zn Poly(V4D4) Poly(PFHEA) Poly(PFEMA)
Poly(V4D4-co-

PFHEA)
Poly(V4D4-co-

PFEMA)
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Figure 5.16. Coated and uncoated Cu and Zn metals after immersion in 5 wt.% NaCl 

solution. 
 

In addition to visual inspection of the metal surfaces, detailed SEM analysis was 

also carried out to evaluate performance of iCVD coatings against corrosion. Figure 5.17 

shows the surface morphology evolution of bare and coated metal samples exposed to 5 

wt.% NaCl solution after 15 and 30 days with insets showing higher magnification. The 

scratches on the surface of uncoated metals are due to initial rough surface cleaning using 

emery papers. Also, there are a few fissures and pits visible at high magnification. There 

is almost no difference in the surface morphology of poly(V4D4-co-PFHEA) coated 

metals compared with bare metals before the corrosion test. The pitting and small pores 

that are uniformly distributed on the entire surface were observed after 15 days and 

became more pronounced after 30 days on uncoated copper. First indication of corrosion 

was observed on poly(V4D4-co-PFHEA) coated copper with a small number of localized 

pits after 15 days. Corrosion seemed to be progressing at a much slower rate compared to 

uncoated sample after 30 days. During corrosion process the electrolyte is adsorbed by 

the coating on copper surface (Ikhe et al., 2016). The electrolyte carries water with 

dissolved O2 and Cl- and brings them in contact with bare copper surface resulting in loss 

. The coating on copper 

surface could not provide complete corrosion protection after 30 days due to formation 

of copper oxides and/or chloride. The platelet-shaped microcrystals appeared on bare Zn 

surface after 15 days of immersion and covered the entire surface in 30 days. However, 
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poly(V4D4-co-PFHEA) coated Zn showed very few of these features in 30 days. After 

that submicron scale corrosion products started to appear and cover the surface. The 

extending exposure time to solution can result in inhibition of oxygen reduction and 

reduce the dissolution of zinc due to formation of passive layer as a corrosion product as 

reported in literature (C

Pawar et al., 2007). 

 

 
Figure 5.17. SEM images of uncoated and HCO-5 coated metals immersed in 5 wt.% 

NaCl solution for 15 days and 30 days. 
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As listed in Table 5.8, measured weight losses of samples after 15 and 30 days 

were consistent with the potentiodynamic polarization, impedance analysis results and 

SEM analysis. The measured weight loss is in accordance with the release rate of M+2 

(M: metal) on the surface of metal which leads to surface damage (Ikhe et al., 2016). 

Poly(V4D4-co-PFHEA) coating provided a certain degree of corrosion protection as 

evidenced by approximately 50% less weight loss compared to uncoated samples. Surface 

hydrophobicity due to the presence of CF3 groups and a crosslinked structure of polymer 

coating seems to have decreased the formation of the corrosion products. 

 

Table 5.8. Weight losses of uncoated and coated samples after 15-day and 30-day 
immersion in 5 wt.% NaCl 

Time 
Day 

Weight loss, mg cm-2 
Cu  Zn 

Uncoated poly(V4D4-co-PFHEA)  uncoated poly(V4D4-co-PFHEA) 
15 31.86 13.19  14.15 9.32 
30 43.23 18.52  20.59 11.39 

 

5.3.6. Mechanical Stability of Polymer Coatings 
 

In addition to metals or other opaque substrates, protective coatings are also 

applied to optically transparent materials such as electronic and photonic devices and their 

components where optical transparency of the protective coating is important. It has been 

shown that epoxy based iCVD copolymers exhibit excellent optical transparency in 

visible spectrum, good adhesion to optical glass and good mechanical strength (Ozpirin 

and Ebil, 2018). Adhesion tests were performed for poly(V4D4), poly(PFHEA), 

poly(PFEMA) homopolymers and their copolymers on c-Si and metal substrates to 

evaluate how well iCVD polymers adhere to substrates. The optical microscope images 

of coatings before and after adhesion test are shown in Figure 5.18. Hydrophobic 

materials are known to have a poor adhesion to most substrates, but they can exhibit good 

corrosion resistance (Grignard et al., 2011; Zhu et al., 2020). Very small pieces of 

fluorinated homopolymer coating (poly(PFHEA) and poly(PFEMA)) were removed by 

cellophane tape from the surface after the adhesion test. No other defects or delamination 

was observed under with optical microscope analysis of the surface after the test. The 

area removed during the test was less than 0.5% which still within acceptable range. 

Poly(V4D4) homopolymer showed excellent adhesion to the surface; no defect or 
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delamination was observed. Similarly, poly(V4D4-co-PFHEA) and poly(V4D4-co-

PFEMA) copolymers also showed excellent adhesion to substrates with no visible defects 

or delamination. 

 

 
Figure 5.18. Optical microscopy images of polymer films before and after adhesion test. 
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5.4. Conclusion 
 

Poly(V4D4), poly(PFHEA), poly(PFEMA) homopolymer, poly(V4D4-co-

PFHEA) and poly(V4D4-co-PFEMA) copolymer coatings were synthesized on a variety 

of substrates via iCVD process. The chemical stability and durability of these polymer 

coatings were evaluated by adhesion to substrate tests and immersion in strong organic 

solvents. In addition, the corrosion protection aspects of coatings on copper and zinc 

substrates in 5 wt.% NaCl solution were investigated by potentiodynamic polarization 

measurements and EIS analysis.  

It was found that hydrophobic poly(PFHEA) and poly(PFEMA) homopolymers 

can withstand strong organic solvents well with the exception of THF and diethyl ether; 

however, ultrasonic treatment can remove these homopolymers from substrate surface 

completely. Copolymerization of PFHEA and PFEMA monomers with V4D4 was found 

to increase both chemical durability and improve mechanical strength of coatings since 

vinyl groups of V4D4 were able to bind covalently with PFHEA or PFEMA. 

Copolymerization also increased surface adhesion of the films. In literature, corrosion 

rates for polymer coatings on copper and zinc substrates in 3.5 wt.% NaCl solution were 

reported as 0.035-0.098 mpy and 0.063 mpy, respectively (Cao et al., 2018; Pawar et al., 

2007; Meng et al., 2019). iCVD synthesised polymer coatings exhibited  much lower 

corrosion rates, as low as 0.002 mpy, in 5 wt.% NaCl. Although, the increase in the 

concentration of NaCl accelerates pitting corrosion, iCVD copolymer coatings in a higher 

concentration of NaCl solution still exhibit higher anti-corrosion resistance than those 

reported in the literature (Meng et al., 2019; Han et al., 2016). Between fluorinated 

homopolymers, poly(PFHEA) performed better than poly(PFEMA). EIS analysis also 

confirmed that poly(V4D4), poly(PFHEA) and poly(V4D4-co-PFHEA) copolymer films 

exhibit better resistance to corrosion in 5 wt.% NaCl solution. 

The potentiodynamic polarization measurements reveal that copolymerization of 

fluorinated monomers with V4D4 resulted in coatings with higher protection 

efficiency; 91% for poly(V4D4-co-PFHEA) and 36% for poly(V4D4-co-PFEMA), 

compared to homopolymer coatings; 59% for poly(PFHEA) and 24% for poly(PFEMA). 

Poly(V4D4-co-PFHEA) copolymer coatings showed the best anti-corrosion performance 

with weight loss reduction by 57% and 45% for copper and zinc, respectively, and the 

corrosion rates by nearly a factor of 10.  
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The results of potentiodynamic polarization measurements and EIS analysis, 

together with corrosion and durability indicate that poly(V4D4-co-PFHEA) copolymer 

coating (with 1:1 ratio of V4D4: PFHEA ratio) shows low porosity, highly hydrophobic 

surface, excellent adhesion, good solvent resistance and offers an effective physical and 

chemical protection without the need for surface pretreatment. Combining well-balanced 

properties of siloxane and fluorinated polymer chemistries, iCVD process is an excellent 

low-cost method for fabrication of conformal protective coatings on opaque and 

transparent materials with different geometries.  
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CHAPTER 6 

CONCLUSION 

 
  

 This thesis is aimed to evaluate the feasibility of highly cross-linked, hydrophobic, 

and excellent oxygen selective thin homopolymers of 2,4,6,8-tetramethyl-2,4,6,8-tetra 

vinylcyclotetrasiloxane (V4D4), 2-(perfluorohexyl-ethyl acrylate) (PFHEA) and 2-

(perfluoroalkyl-ethyl methacrylate) (PFEMA) and their copolymers films as potential 

candidates for GDLs materials in GDEs and as barrier corrosion protection of 

metals via the iCVD process. The electrochemical performance, physical and chemical 

properties of the fabricated homopolymers and copolymers on a variety of substrates are 

summarized as follows:   

As reported in Chapter 4, hydrophobic and highly oxygen permeable polymer thin 

films were fabricated as GDLs in GDEs for aqueous metal-air batteries. Thin-film GDLs 

exhibited an average water vapor transmission rate of 7.5 g m-2 day-1 and enhanced 

oxygen diffusion with oxygen permeabilities as high as 3.53 x 10-15 mol m m-2 s-1 Pa-1 

(10.5 Barrer). Water tranmission rate values for poly(V4D4-co-PFHEA) and poly(V4D4-

co-PFEMA) copolymers varied between 5.48 g m-2 day-1  and 11.32 g m-2 day-1; between 

2 and 150 times lower than commercial GDLs (Crowther and Salomon, 2012). Fabricated 

GDEs exhibited higher oxygen reduction current densities (228.2 mA cm-2) compared to 

commercial ones (132.7 mA cm-2). Copolymer GLDs exhibited an order of magnitude 

higher oxygen diffusion (39.5 x 10-8 cm2 s-1) in GDEs compared to commercial 

counterparts (1.84 x 10-8 cm2 s-1). Due to the high oxygen solubility of V4D4 and 

excellent hydrophobic behavior of PFHEA and PFEMA, their copolymers can effectively 

promote the diffusion of oxygen and restrict moisture intake making them ideal materials 

for GDLs.  

 In Chapter 5, the corrosion resistance of the same iCVD polymers, chemical 

durability in various organic solvents and adhesion to the substrate were investigated. It 

was shown that iCVD polymers exhibited excellent adhesion to substrates.  The corrosion 

rates as low as 0.002 mpy on zinc substrates was reached with 250-nm-thick iCVD-

synthesized polymers which is lower than previously reported polymer coatings and more 
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than three orders of magnitude lower than bare zinc. Poly(V4D4) and poly(PFHEA) 

homopolymers show extremely high protection efficiencies (~ 99%) on zinc, while 

poly(V4D4-co-PFHEA) copolymer with slightly lower corrosion efficiency (85 91%) 

provides a better anticorrosion barrier with weight loss reduction by 57 and 45% for 

copper and zinc, respectively, and with improved chemical and mechanical properties.  

In conclusion, all thin-films of 2,4,6,8-tetramethyl-2,4,6,8-tetravinyl 

cyclotetrasiloxane (V4D4), 2-(perfluorohexylethylacrylate) (PFHEA) and 2-(perfluoro 

alkylethylmethacrylate) (PFEMA) deposited via iCVD in this thesis can be adapted for a 

GDL in GDEs and corrosive protective materials on metal surface. Combining well-

balanced properties of siloxane and fluorinated polymer chemistries, iCVD process is an 

excellent low-cost method for the fabrication of GDLs for metal-air battery applications. 

In addition, iCVD process enables fabrication of finely tuned fluorinated siloxane 

copolymer conformal coatings for corrosion protection on a variety of substrates. 
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