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Abstract

:

The need for sustainable energy solutions is steering research towards green fuels. One promising approach involves electrocatalytic gas conversion, which requires efficient catalyst surfaces. This study focuses on developing and testing a hydrophobic octadiene (OD) coating for potential use in electrocatalytic gas conversion. The approach aims to combine a plasma-deposited hydrophobic coating with air-trapping micro- and nanotopographies to increase the yield of electrocatalytic reactions. Plasma polymerisation was used to deposit OD films, chosen for their fluorine-free non-polar properties, onto titanium substrates. We assessed the stability and charge permeability of these hydrophobic coatings under electrochemical conditions relevant to electrocatalysis. Our findings indicate that plasma-deposited OD films, combined with micro-texturing, could improve the availability of reactant gases at the catalyst surface while limiting water access. In the presence of nanotextures, however, the OD-coated catalyst did not retain its hydrophobicity. This approach holds promise to inform the future development of catalyst materials for the electrocatalytic conversion of dinitrogen (N2) and carbon dioxide (CO2) into green fuels.
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1. Introduction


The need for sustainable energy solutions is steering research efforts towards the development of green fuels [1]. The electrocatalytic conversion of dinitrogen (N2) and carbon dioxide (CO2) gases into valuable fuels is a promising route [2]. Electrocatalytic systems are designed to use electricity to destabilise reactant gas molecules without high energy consumption [3]. Yet the gas conversion reactions are typically hindered by two common bottlenecks: the poor solubility of the reactant gases in aqueous electrolytes [4] and the competing hydrogen evolution reaction (HER) [4,5]. To address these challenges, it is pivotal to control the wettability of the catalyst to increase contact with the reactant gas and limit water adsorption at the solid surface. MacFarlane et al. addressed these challenges for electrocatalytic nitrogen reduction reaction into ammonia (eNRR) by using a non-aqueous solvent [6]. Specifically, almost 100% Faradaic efficiency was achieved by using tetrahydrofuran (THF) as the solvent and ethanol as the hydrogen donor with a phosphate-based proton shuttle in a pressurised reactor. However, moving away from aqueous media comes at an environmental cost. Another possible solution to these challenges is to advance the design of the catalytic material itself, both in terms of chemistry and microstructure, aiming at increasing the amount of reactant gas reaching the reaction site while limiting water access/adsorption. Previous studies have analysed the efficiency of various catalytic materials for these types of reactions [7,8,9,10], and forming nanostructures on the surface has also been shown to increase electrocatalytic efficiency [11,12,13]. For instance, Mougel et al. proved the merit of this strategy for CO2 conversion in pioneer work where hydrophobised nanostructured copper was shown to facilitate air trapping. This unique catalyst design increased the supply of CO2 reactant gases available at the reaction sites and in turn, augmented the electrocatalytic conversion yield [14]. This novel approach demonstrated the potential of three-phase systems to transform the field of green fuel production via electrocatalytic conversion of insoluble gases like N2 and CO2 [15]. However, the hydrophobisation of catalyst material at scale remains a technical challenge.



Plasma-based methods could be used to impart hydrophobic properties to catalyst materials. In particular, plasma polymerisation is a versatile and eco-friendly thin film deposition technique used to achieve surface modifications. This technique consists of vaporising, fragmenting and ionising an organic monomer in a vacuum chamber [16] which then forms a highly cross-linked organic film on the electrode. There are three variables that can be readily adjusted to produce plasma polymer films with different physicochemical properties. These include deposition time, radiofrequency (RF) power and ignition pressure [17]. The longer the deposition time, the thicker the film becomes [18]. Controlling the deposition power and ignition pressure adjusts the density of cross-links within the film and in turn its functionality and stability [19]. These variables have been studied for a range of precursors, typically small volatile organic monomers which have low vapour pressure at ambient conditions. Though optimal deposition conditions are reactor- and application-specific, the interplay between the three parameters allows for fine-tuning of the thin film properties. For application in electrocatalytic reactions aiming to convert a gas reactant into a soluble product, a hydrophobic catalytic surface is desirable, and therefore 1,7-octadiene has been selected as a suitable monomer. Octadiene (OD) is fluorine-free, non-polar and has previously been shown to successfully produce hydrophobic thin films using plasma polymerisation [18].



In this work, we explore the feasibility of using plasma polymerisation to hydrophobise the surface of a catalyst material with a thin OD film, designed to enhance gas trapping via micro- and nanotexturing. We hypothesise that combining a plasma-deposited hydrophobic coating with air-trapping micro- and nanotopography could enhance the yield of electrocatalytic conversion of gaseous reactants like CO2 and N2. Indeed, if the catalyst surface is inherently hydrophobic, then when appropriately textured, it is expected that reactant gas bubbles will accumulate at the surface, thus increasing the concentration of the reactant adjacent to the catalyst reaction site [20,21]. Our approach uses plasma polymerisation to coat the catalyst surface with a nanothin hydrophobic coating, moving away from solvent-based processes in favour of a more environmentally friendly, scalable and versatile method. Since plasma polymer deposition is a substrate-independent technique, it is possible to create large areas of hydrophobic catalysts from a variety of metals tailored for specific electrocatalytic reactions.



For the proposed application, the thin film must be (1) permeable to protons and (2) stable in electrolyte solution and under current exposure. Protons must be able to reach the catalyst for the electrochemical reaction to occur (Scheme 1). Additionally, the film must be unaffected by the electrocatalytic environment and maintain its hydrophobic properties. This involves the thin film withstanding acidic electrolyte environment, as well as mechanical and electrical stress. Previous works have shown that hydrophobic plasma polymer films deposited from the vapour phase of perfluorooctane with a thickness of 30 nm or less allowed charge transfer [22]. However, the stability of fluorine-free plasma polymerised octadiene films at the solid-electrolyte interface of an electrocatalytic cell has yet to be demonstrated. This study aims to determine appropriate plasma deposition conditions to synthesise stable and hydrophobic consistent thin films. The surface properties of octadiene coatings, namely thickness and wetting properties, were characterised using ellipsometry and optical contact angle measurements. Film stability was assessed by comparing the film thickness and surface wettability before and after various treatments. Specifically, to test the octadiene plasma polymer films in conditions relevant to catalysis, their electrochemical properties were determined when deposited on titanium substrates, and subjected to cyclic voltammetry cycles. Titanium was chosen as it has a high affinity towards nitrogen and is also corrosion resistant, making it a suitable conductive working electrode [21].



The hydrophobic OD films were also tested as potential surface modifiers for micro- and nanotextured electrodes. In classic electrochemical set-ups, a solid catalyst is used, which can be textured and hydrophobised on the top side in contact with the electrolyte (Scheme 1, left). However, in this configuration, the amount of solubilised gas being trapped in the surface texture and reaching the catalyst is limited. Another configuration has been proposed to create through 3-phase cells, where the substrate is porous in its entire thickness. The amount of reactant available in this case is increased as the gas can be supplied from the bottom side of the substrate and transported through the porous working electrode (Scheme 1, right). The gas conversion reaction can then occur at the three-phase interface between the aqueous electrolyte solution, gas bubbles and catalytic surface. In this 3-phase configuration, it is important that the surface modification be hydrophobic enough to prevent electrolyte solution leaking through the porous catalyst. This set-up also limits water access to the catalyst, hindering the HER. In this work, we tested the suitability of two types of porous titanium substrates—meshes and microporous sponges—for 3-phase cells configuration when combined with optimised OD films. Lastly, we tested the effect of surface nanostructuring on the properties of the catalyst. Indeed, intrinsically hydrophobic surfaces (contact angle > 90°) are expected to become even more hydrophobic as their roughness increases according to Cassie’s and Wenzel’s frameworks which take into account surface roughness [23]. This was tested by creating nanopores into the microporous titanium substrate via electrochemical etching. This nanotexturing could not only increase the catalyst surface area but also enhance the hydrophobicity of the surface, thus creating a potential new type of material for enhanced electrocatalysis of gaseous reactants into green fuels.




2. Materials and Methods


2.1. Plasma Polymer Deposition


2.1.1. Substrate Preparation


Plasma polymer deposition was used to coat different types of substrates with octadiene thin films. A selection of substrates was used to test the different properties of the OD coating. Silicon wafers (10 × 10 mm) were used as standard smooth reference surfaces to evaluate film thickness and stability. Solid Ti (Titanium foil, 0.2 mm thick, GoodFellow, Cambridge, UK) was used to assess the films’ proton permeability and porous micro Ti (Titanium foam frit, 1.5 mm thick, with 1 μm, 5 μm and 10 μm average pore sizes) and Ti mesh (0.1 mm woven wire mesh diameter, 1 mm hole size, TiShop, London, UK) was used to assess the capability of OD film to be used as a hydrophobic layer in 3-phase electrochemical set-up. All titanium substrates were cut into 10 × 20 mm size to fit the electrochemical cell. The selected substrates were first sonicated in ethanol for 15 min and then acetone for another 15 min before drying with N2 gas. The substrates were placed in a convection oven (Binder, Tuttlingen, Germany) to dry at 100 °C for 1 h.




2.1.2. Plasma Polymerisation of Octadiene


Plasma polymer deposition was performed using a custom-made acrylic and glass chamber fitted with brass electrodes (Figure S1). The plasma reactor chamber was cleaned with air plasma at the RF power of 30 W at 2.0 × 10−1 mbar for 30 min. The monomer, 1,7-octadiene (C8H14, 98% purity, Sigma-Aldrich, Melbourne, Australia) was then attached to the reactor via a needle valve. A degassing procedure was performed by three freeze-thaw cycles using liquid nitrogen. The substrates (titanium samples and Si wafers) were then placed on the bottom brass electrode and an additional air plasma cleaning cycle was conducted for 3 min to remove surface impurities. The plasma polymer deposition conditions tested are detailed in Table 1.





2.2. Octadiene Film Characterisation


2.2.1. Thin Film Thickness


A spectroscopic ellipsometer (VASE, J.A Woollam, Lincoln, USA) was used to determine the thickness of the plasma polymer thin film coatings. Data were collected at three angles of incidence (65°, 70° and 75°) over a 250–1100 nm wavelength range in 10 nm intervals. The plasma coating on the Si wafer was modelled as a Cauchy layer. As a starting point for the fit, the refractive index was set to 1.4 as a wavelength-independent parameter and the adsorption coefficient at 0. The optical properties and film thickness were then determined from the comparison of the data with the model.




2.2.2. Thin Film Wetting Properties


Advancing and receding water contact angles were measured using an optical contact angle measurement system (OCA 25, DataPhysics Instruments, Filderstadt, Germany). For each measurement, a 1.0 μL Milli-Q water droplet was deposited onto the sample. After baseline alignment, 1.5 μL was continuously dispensed via a needle into the original droplet, and advancing contact angle measurements were carried out when the droplet base diameter was growing. This was repeated in reverse where 2.0 μL were continuously withdrawn from the same droplet and receding contact angle measurements were performed when the droplet base diameter began decreasing. Contact angles of three water droplets were measured for each sample. A dosing rate of 0.06 µL/s and a 500 µL Hamilton glass syringe equipped with a thin needle was used for all measurements. The tangent leaning method was applied to extract the contact angles from the acquired images.





2.3. Film Stability Test


2.3.1. Stability in Aqueous Electrolyte


Octadiene thin films were deposited onto silicon wafers and allowed to stabilise for 24 h. The samples were then subjected to a stability test by incubation in K2SO4 electrolyte solution (0.1 M, pH 3, ChemSupply, Gillman, Australia) for 1 and 24 h. After incubation, the samples were rinsed with Milli-Q water to remove the electrolyte, and then air dried for 24 h. The changes in film thickness and wetting properties of each sample were determined with ellipsometry and optical contact angle measurements before and after the electrolyte incubation test, following the methodology described in the previous sections.




2.3.2. Stability under Current


Octadiene thin films were deposited onto solid (non-porous) titanium substrates and allowed to stabilise for 24 h before measuring advancing and receding water contact angles on the deposited films. The films were then subjected to an applied current via cyclic voltammetry. The electrochemical potential was ramped from −0.1 to −1.0 V vs. RHE with a step of 10 mV and a scan rate of 1080 mV/s for 10 cycles in K2SO4 electrolyte solution (0.1 M, pH 3, ChemSupply, Gillman, Australia). A platinum wire was used as the counter electrode and Ag/AgCl as the reference electrode. After the 10th cycle, the samples were removed from the electrochemical cell, rinsed with Milli-Q water, and allowed to dry for 24 h. Water contact angles were remeasured on the dried substrate and compared with the initial values.




2.3.3. Stability in Three-Phase Electrochemical Cell


A selection of coated and uncoated samples (1 μm micro Ti, 10 μm micro Ti and 0.1 mm Ti mesh) were secured between two Teflon® blocks with a 0.336 cm2 diameter hole in each block (Figure S2). The coated side of the titanium was placed facing upward and in contact with the electrolyte. Electrolyte solution, K2SO4 (0.1 M, pH 3), was pipetted into the top well. The substrate was observed for 1 min to see if any of the electrolyte solution leaked through. If the sample successfully held the solution without leakage, the substrate was then used for step potential chronoamperometry. The potential was increased if the substrate continued to hold the solution. Initially, the potential was set to −0.1 V for 200 s, then −0.5 V for 90 s, −0.75 V for 90 s and finally −1 V for 90 s.





2.4. Electro-Etching


The formation of nanoporous structures was achieved with a two-step electrochemical process, as previously described [24]. Micro Ti samples were ultrasonically cleaned for 15 min in acetone, then ethanol, and dried with N2 gas. A two-electrodes system was used for the electrochemical steps described hereafter. For the electropolishing step, the titanium plate, acting as the working electrode, was secured between two Teflon® blocks, and a silver wire was used as the counter electrode (0.5 mm in diameter, 99.99% purity, GoodFellow, Cambridge, UK). The well in the top Teflon® block was filled with 750 μL of NH4F (0.0675 M in ethylene glycol with 1.0% water; ethylene glycol, Reagent Plus grade, purity > 99%, Sigma-Aldrich, Melbourne, Australia). The working and counter electrodes were connected to an EA-PS 9080-60T power supply (Elektro-Automatik, Viersen, Germany). The power supply was controlled by the equipment’s EA power control program. A constant potential of 80 V was applied to the working electrode for 45 min at room temperature. Afterward, the plate was rinsed with ethanol and sonicated in Milli-Q water for 15 min to remove the sacrificial layer. Next, the polished titanium substrate was again secured between the Teflon® blocks with the set-up described above. A total of 750 μL of the same electrolyte was added to the cell and a constant power of 80 V was applied for 1 min etching time. When the etching was complete, the sample was rinsed with ethanol and dried with N2 gas. The sample was then again cleaned ultrasonically for 15 min in ethanol at room temperature [25].




2.5. Surface Characterisation


2.5.1. X-ray Photoelectron Spectroscopy


X-ray photoelectron spectroscopy (XPS) analysis was performed using a Kratos Supra+ spectrometer with a monochromatic Al Kα X-ray source operating at a power output of 225 W and X-ray photon energy of 1486.6 eV. The analysis area was 0.3 × 0.7 mm2. Survey scans were collected over a range of 0–1100 eV binding energy with a dwell time of 55 ms using 160 eV pass energy and 0.5 eV step size with three sweeps. The results were processed using CasaXPS software (Ver. 2.3.24PR1.0, Casa Software Ltd., Teignmouth, UK) [26].




2.5.2. Scanning Electron Microscopy


Morphological analysis was carried out using a Zeiss Gemini 460 field emission scanning electron microscope (FESEM). The imaging was obtained at an acceleration voltage of 2.0 kV, a spot size of 9.0 pA and a working distance of 2 mm or less.





2.6. Electrochemistry


2.6.1. Cyclic Voltammetry and Chronoamperometry


All cyclic voltammetry and electrochemical impedance spectroscopy measurements were performed using an electrochemical analyser (Ivium-n-Stat, Ivium Technologies, Eindhoven, the Netherlands). All chronoamperometry measurements were performed with potentiostat (Gamry Instruments, Warminster, USA) and analysed with the equipment software Gamry EchemAnalyst (Version 7.8.2).



All measurements used a standard three-electrode system where Ti substrates acted as the working electrodes, a Pt coil as the counter electrode, and an Ag/AgCl electrode as the reference electrode (RE-1B, ALS Co., Ltd., Tokyo, Japan). The analysis area was a circle with a diameter of 0.336 cm2.




2.6.2. Electrochemical Impedance Spectroscopy


The electrochemical impedance spectroscopy (EIS) measurements were conducted in static electrolytes in the frequency range of 1,000,000 Hz to 0.01 Hz with a 10 mV amplitude at open circuit potential (OCP). The acquired EIS data were fitted and analysed using IviumSoft (Ivium-n-Stat, Ivium Technologies, Eindhoven, the Netherlands). Equation (1) was used to calculate proton conductivity, adapted from a previous study [27]:


    K   f   =    1     R   f      .    d   t     



(1)




where Kf is proton conductivity, Rf is film resistance in ohms (Ω), obtained from fit using an equivalent circuit (detailed in Section 3.6), d is the distance between electrodes (0.2 cm) and t is film thickness in nm.






3. Results


3.1. Film Stability in Electrolyte


There are three main deposition variables that affect the stability of a thin film deposited via plasma polymerisation. These are as follows: (1) deposition time, (2) power and (3) ignition pressure. The stability of the OD thin films under investigation was assessed for different deposition times, RF power and ignition pressure, by determining their wettability and thickness before and after exposure to the electrolyte solution (1 h/24 h incubation). Evaluating film thickness following prolonged exposure to electrolyte also provides some insight into the film adhesion to the substrate, which can be deemed satisfactory when no delamination is observed.



3.1.1. Time


With increasing deposition time, the film thickness increases following a linear trend (Figure 1a). This trend is consistent with all samples regardless of the incubation, and no delamination was observed indicating good film adhesion to the underlying substrate. Notably, films that were deposited for 90 s and more exhibited a considerable increase in thickness following the 24 h incubation in electrolyte treatment. A 17% increase in thickness after 24 h incubation was observed for the 30 s film, whereas for the 120 s sample, the thickness increased by 50%. This “swelling” phenomenon is attributed to the absorption of the electrolyte solution, which is also expected to influence film permeability and surface wettability properties [28]. Films deposited for 60 s and less were more consistent in terms of post-incubation thickness. The mean advancing contact angle of the deposited film was consistent across all deposition times, 90 ± 4° (Figure 1b). However, incubation in electrolyte solution did affect the hydrophobicity of the surface. The advancing water contact angle reduced by 5% on average after 24 h incubation for all the samples deposited for 120 s or less (Figure 1b).




3.1.2. Power


Octadiene films were deposited with increasing ignition powers from 5 to 40 W. Deposition at 5 and 10 W produced thinner films than those deposited at 20 W and above (Figure 1c). This is likely due to the low monomer fragmentation rate occurring at low powers, which limits polymerisation and cross-linking on the surface. Films deposited at higher power were found to be highly stable in the electrolyte solution, demonstrated by consistent thicknesses and contact angles before and after incubation (Figure 1c,d). Other studies have also observed an increase in film thickness and stability with higher powers [28]. It was demonstrated that the smaller the pressure-to-power ratio is, the more cross-linked the film becomes. This finding is consistent with the results presented in Figure 1d, which implies that dense films are less permeable to solvent. The mean contact angle has a slight decreasing trend with increasing power. This suggests that films deposited at lower powers are more hydrophobic. Films deposited at 20 W are the most stable, but not as hydrophobic as those deposited at 10 W.




3.1.3. Pressure


Films deposited at low pressures (1.0 × 10−1 mbar) were unstable, as evidenced by a 24% decrease in thickness after 24 h incubation, indicating film loss. On the other hand, very high pressures (2.2 × 10−1 mbar) also showed instability due to solvent/electrolyte absorption. The thickness of this sample increased by 34% of its original thickness after 24 h incubation (Figure 1e). In contrast, ignition pressures between 1.3 × 10−1 and 2.0 × 10−1 mbar produced stable films. For these ignition pressures, similar thicknesses and contact angles were recorded for all treatments (Figure 1f), although the wider distribution in the receding contact angle values also suggests the films were overall less homogeneous than films deposited for longer times and at higher powers.



Overall results from the stability tests post incubation indicate that films deposited for less than 60 s, at 20 W and with the medium pressure of 1.3 × 10−1 mbar were the most stable.





3.2. Film Stability under Current


For electrocatalytic applications, not only is it important that the thin film is stable and hydrophobic in the electrolyte solution, but also that the film is able to maintain its surface properties and integrity after exposure to an electrical current. This was tested by subjecting OD plasma polymer films deposited on a conductive titanium substrate to cyclic voltammetry.



Five octadiene plasma polymers were deposited between 30 and 180 s on solid Ti for electrochemical stability testing. The advancing and receding contact angles were measured before and after 10 cyclic voltammetry cycles. The advancing contact angles before and after cyclic voltammetry were found to be largely unchanged, displaying high stability down to −1.0 V vs. RHE. When the receding angle was compared before and after CV, the samples deposited for 2 min and longer maintained higher angles than films deposited for 90 s or less. Therefore, thicker films displayed greater stability to current exposure in terms of wetting properties (Figure 2a), but displayed higher absorption of the electrolyte solution than thinner films, as shown in the previous section (Figure 1a). Figure 2b shows that the films deposited at 10 W had the highest advancing contact angle. The receding contact angle of the film deposited at 5 W is significantly lower than 10 W and 20 W. This could indicate that the film is non-continuous over the substrate causing the droplet to adhere more strongly to the titanium while the droplet recedes, thus lowering the receding angle.




3.3. XPS


XPS was used to analyse the chemical composition of the octadiene films deposited over a range of ignition pressures.



The carbon content of the film went through a maximum for films deposited at 1.3 × 10−1 mbar before decreasing again as the pressures went up to 2.2 × 10−1 mbar. Inversely, the oxygen content was higher for the lowest and highest pressures (Figure 3a). This finding is consistent with the previous observation that both extreme pressures led to lower film stability and lower contact angles (Figure 1e,f). The samples analysed after cyclic voltammetry were found to have a higher oxygen percentage than the samples prior to CV measurements, and more so for the films deposited at higher pressures. The cyclic voltammetry treatment was conducted in an aqueous solution where oxygen can be produced at the counter electrode contributing to the increased oxygen percentage. Exposure to the atmosphere would also be expected to contribute to the O content. Other studies have found that without any treatment, carbon-centred radicals can oxidise to peroxy radicals and hydroperoxides before forming stable C-O groups on the surface [29]. During plasma deposition, octadiene is fragmented and ionised, forming a variety of carbon-hydrogen cross-linked species that can contain radicals. Therefore, it is reasonable to expect that C-O groups will form in octadiene films regardless of the treatment. This oxidation would also be expected to accelerate with higher exposure to oxygen, such as during CVs.



After consideration of all three plasma deposition variables and their effect on film stability in aqueous solutions and under electrical stress, it was confirmed that films deposited with 1.3 × 10−1 mbar ignition pressure, 10 W RF power and 2 min deposition time were the most appropriate compromise between stability and hydrophobicity.




3.4. Porous Substrate Selection


In 3-phase electrochemical cell set-ups used for gas conversion, a conductive porous substrate is required to support the thin film and serve as an electrocatalyst. This substrate must be porous to allow gas transport, but also hydrophobic enough to prevent electrolytes from passing through the substrate (Scheme 1). A 0.1 mm titanium mesh and two types of porous titanium sponges, referred to as micro Ti, were tested as potential candidates and are shown in Figure 4a,b. As seen in these photographs, there is a large difference in pore size between these two materials (3 orders of magnitude). It is also important to note that the labels “1 μm” and “10 μm” are merely commercial identifiers for micro Ti, and not accurate labels related to the actual pore sizes. The SEM images in Figure 4c,d demonstrate the irregularities of the actual pore sizes. The contact angle for all uncoated Ti samples was unmeasurable as the droplet would immediately absorb into these hydrophilic substrates. In contrast, the contact angle for octadiene-coated mesh was above 100°, though not as high as the contact angle for the micro Ti samples. Coated micro Ti with pore size of 1 μm was found to be the substrate with the highest contact angle of 137° on average (Figure 4e). It is expected that this high contact angle is achieved through the hydrophobic thin film promoting air bubbles to form in the micro pores [17,23].



These three substrates were then subjected to leak tests to determine which coated material would remain the most hydrophobic in the electrolyte solution and under exposure to current. This test involved aqueous electrolyte solution (K2SO4) being pipetted onto each of the coated substrates (see Figure S2). If the sample could prevent electrolytes from penetrating through the substrate for 1 min, a voltage was then applied to the titanium. In Table 2, the samples shown in green are those that were able to maintain hydrophobic properties under electrical stress down to −1.0 V vs. RHE. All bare (i.e., uncoated) titanium materials absorbed electrolyte solution within 1 min and were therefore not tested further. The 1 µm micro Ti is the only substrate that did not allow any leakage even under electrical stress.



XPS survey analysis was repeated to investigate the thin film composition before and after electrical stress on micro Ti. Figure 5 shows that a very small change in the C:O ratio after 10 CV cycles was observed. This is a good indicator for high resilience to electrical stress of the octadiene coating on both micro Ti substrates. Therefore, the 10 µm micro Ti failing the leak test can be attributed to the effect of pore size rather than a change in chemistry.



Step potential chronoamperometry was then conducted to investigate the conductivity of the OD films on various titanium substrates.




3.5. Chronoamperometry


Chronoamperometry is another technique that can provide information on the stability of thin films when exposed to electrical stress. A completely insulative film would show no current produced at any potential, whereas a conductive sample would produce current signals (in absolute value) that follow Ohm’s law.



In Figure 6, the conductivity of a solid titanium substrate coated with a thin film of only 7 nm in thickness (Figure 6a) is compared to that of the same substrate coated with a 23 nm thick film (Figure 6b) over a range of potentials. As the potential increases from −0.1 V to −1.5 V vs. RHE, the current increases for both samples. As the potential becomes more negative, water reaching the electrode undergoes a reduction reaction, where protons are reduced to form hydrogen gas. As this reaction occurs, electrons are produced at the anode causing an increased flow of current. Here, the substrate coated with the thinner film shows a greater current than the thick film. This indicates that the thin film is more permeable to water than the thicker film, producing a higher current.



Solid Ti has a flat and uniform surface which, when coated with a thin OD film, is completely concealed. Micro Ti on the other hand is made up of irregular pores which when coated are not sealed by the film. In a working cell with coated micro Ti, electrolytes can travel through the electrode porous structure without significant film resistance and make contact with a larger electrode surface area thanks to its microporous structure. As a result, a higher current is observed with micro Ti as the substrate (Figure 6c,d) compared to solid Ti (Figure 6a,b). It is worth noting that whilst Figure 6b,c were obtained with the 23 nm thick films, the current produced was significantly different between the different pore sizes. This difference in current is therefore due to the microstructure of the titanium material, not the thin film. The current does not stabilise in 10 μm micro Ti with an applied potential of −0.75 V or −1.0 V vs. RHE (Figure 6d). This is perhaps due to large volumes of water reaching the titanium through large pores and damaging the film. In contrast, large currents were measured on the 1 µm micro Ti substrates.




3.6. EIS


Figure 7a shows the impedance of uncoated micro Ti samples. This can be compared to Figure 7b,c which show the impedance of the same substrates but coated with octadiene. The Nyquist plots presented here consist of an inductive behaviour shown at the high-frequency region and a capacitive behaviour shown at the low-frequency region. Figure 7d represents the equivalent circuit fitted with the following elements: Rs (solvent resistance), Rf (film resistance), CPEdl (constant phase element representing double layer capacitance), CPEcell (constant phase element representing cell capacitance) and CPEf (constant phase element representing film capacitance). Similar responses for proton transfer in thin film have been reported [27]. For 1 μm and 5 μm micro Ti, whether uncoated or coated, all samples produce similar impedances (Table S1). These results demonstrate how insignificantly the thin film impacts sample conductivity when deposited on micro Ti with small pores. While the wettability test demonstrated that the coated micro Ti was hydrophobic, the OD coatings were too thin to conceal the pores. The hydrophobicity arises from air trapping in the pores, as the coatings follow the topography of the substrates which retain their porous structures. These “holes” in the coating allow for high charge and electrolyte permeability to the electrode [30]. Thus, the proton conductivity calculations are not expected to be an accurate representation of film permeability despite the relatively large calculated Rf values (Table S1) [31]. Although Figure 7 does not clearly provide information on film permeability, it does highlight the effect of pore size on the overall substrate resistance. Specifically, it appears that increasing the pore size to 10 μm significantly impacts the impedance. The 10 μm sample has a much higher resistance than the 1 μm and 5 μm samples. This suggests that larger free space (pore size) increases resistance when the pores are not filled with solution [32]. This finding is consistent with other studies [33]. Since the small pore sizes had a positive effect on both the hydrophobicity retention (leak test in Table 2) and the electrochemical properties (higher current in Figure 6c, transfer and lower charge transfer resistance in Figure 7b), the titanium substrates were then endowed with even smaller nanostructures to investigate whether a greater increase in surface area would further improve the properties of the system.




3.7. Effect of Nanotexture


Nanopores were etched in the micro Ti substrates following established procedures [24]. SEM images of the unetched and etched micro Ti are provided in Figure 8. Beyond increasing the overall surface area of the substrate, nanoporosity is expected to also modify the apparent wettability of the surface. Indeed, classic wetting models have shown that hydrophobic surfaces become more hydrophobic when microstructures are added on the surface, while hydrophilic surfaces become more hydrophilic when microstructured. In theoretical wetting models describing the effect of microstructuring, the cut-off contact angle between hydrophilic and hydrophobic surfaces is 90° face nanostructures [23]. Here the intrinsic water contact angle of the OD films on smooth surfaces (Figure 1) falls just around 90° (±4°) and so nanotexturing could either increase or decrease the overall wettability.



Following electrochemical etching, deep nanopores that cover the entire surface are formed. The diameter of the pores is between 30–80 nm. The nano etched micro Ti was then coated with octadiene at 1.3 × 10−1 mbar at 10 W for 30 s or 2 min, corresponding to films with 7 nm and 23 nm in thickness, and the hydrophobicity of the surface was determined via water contact angles measurement (Figure 8c,d).



Both etched micro Ti, with thin and thick OD coatings, absorb aqueous solutions, though the process is much faster for the thin film sample compared to the thick one where the droplet immediately absorbs into the substrate after 400 ms. For the thicker coating, the water contact angle can be measured using a high-speed camera and is over 130°. Yet the surface still absorbs the liquid within 10 s (Figure 8d). The nanotexture did not increase the overall hydrophobicity of the OD-coated substrates. These results suggest that in order for the surface to become more hydrophobic with nanotexturing, the surface must be coated with an inherently more hydrophobic film than octadiene. It is interesting to see that when coated with the same OD thin films, the unetched 1 µm micro Ti becomes more hydrophobic than smooth Ti plates, but the nano etched micro Ti is not hydrophobic. This finding suggests that nanostructures affect surface wettability differently in comparison to microstructures.





4. Conclusions


The effect of plasma polymer deposition conditions on the stability and hydrophobicity of nanothin (below 40 nm) octadiene films was investigated. Longer deposition times led to thicker octadiene films that are capable of absorbing more electrolyte solution, but are also more resilient under electrical stress. OD plasma polymers deposited at low powers (10 W and less) and medium pressures (1.3 to 2.0 × 10−1 mbar) produced films with higher hydrophobicity. The best compromise between stability and hydrophobicity was identified as films deposited with 1.3 × 10−1 mbar ignition pressure and 10 W radio frequency power. OD films deposited in these conditions successfully increased the hydrophobicity of Ti mesh and microporous Ti. This increase in hydrophobicity could withstand exposure to current. For the smallest micropores (1 µm micro Ti), the OD coating hydrophobised the substrate enough to prevent electrolyte penetrating the porous material in a custom-made leak test cell, and yet allowed current transfer with low resistance. This proof-of-concept result shows that the OD surface modification and 1 µm micro Ti material combination could be a viable option as the porous substrate for use in 3-phase electrochemical cells requiring reactant gas trapping. Additional characterisation of the film’s mechanical properties would be insightful in determining the robustness of the film for practical applications. However, further increasing the surface area of the 1 µm micro Ti substrate via nanostructuring did not improve the system. The material instead lost its hydrophobic capacity to prevent liquid penetration in the porous substrate



The results showed that octadiene does not produce a thin film that is hydrophobic enough to form superhydrophobic surfaces with the addition of nanostructures. Future endeavours should take into account the chemistry of the monomer in the selection criteria to guarantee higher hydrophobicity which could result in a superhydrophobic state of the electrode due to a combination of micro- and nano roughness.
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Scheme 1. Electrochemical cell configurations, (left) a classic cell with solid catalyst material that provides limited reactant gas supply by bubbling into the electrolyte and (right) a 3-phase cell configuration where ample reactant gas can be provided from the bottom side of a porous catalyst. The hydrophobic coating (red), deposited from the plasma phase of 1,7-octadiene (C8H14 chemical formula in the centre) favours air trapping in both cases, but must also prevent electrolyte leakage through the porous catalyst in the 3-phase cell. 
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Figure 1. Film thickness: (top row, (a,c,e)) as measured via ellipsometry and contact angles; (bottom row, (b,d,f)) as a function of deposition time (a,b), deposition power (c,d) and ignition pressure (e,f). The thickness and contact angles were measured 24 h after deposition (blue markers), 24 h after the 1 h incubation period at room temperature in 0.1 M K2SO4 pH 3 solution (green markers) and 24 h after the 24 h incubation period in the same K2SO4 electrolyte (orange markers). 
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Figure 2. Water contact angles on solid Ti plates coated with plasma-deposited OD films before (blue) and after (red) CVs, (a) deposition at 10 W power and 1.3 × 10−1 mbar ignition pressure for various deposition times, (b) deposition at 30 s, 1.3 × 10−1 mbar ignition pressure at various powers. Circles indicate advancing angles, while squares indicate receding angles. CV conditions: −0.1 to −1 V vs. RHE, 10 mV E step, 10 cycles, 1080 mV/s scan rate. 
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Figure 3. (a) XPS survey scans of solid Ti plates coated with octadiene at 10 W, 30 s at different ignition pressures deposition. (b) oxygen atomic content (%) before and after CV for all ignition pressures investigated. CV conditions: (−0.1 to −1.0 V), 10 mV E step, 10 cycles, 100 mV/s scan rate. 
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Figure 4. Photographs of (a) 1 mm Ti mesh and (b) 1 µm pore-sized micro Ti. Scanning electron microscopy images (SEM) of (c) unetched 1 μm micro Ti and (d) unetched 10 μm micro Ti at 500× magnification (e) Mean water contact angle of 1 μm micro Ti, 10 μm micro Ti and 0.1 mm Ti mesh samples both coated and uncoated. 
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Figure 5. (a) X-ray photoelectron spectroscopy survey spectra on coated (octadiene; 10 W, 1.3 × 10−1 mbar, 2 min) micro Ti samples (1 μm pore size and 10 μm pore size) before and after 10 cyclic voltammetry cycles. (b) corresponding C:O atomic ratio. CV conditions: −0.1 to −1.0 V, 10 mV E step, 10 cycles, 100 mV/s scan rate, 0.1 M K2SO4 pH 3 electrolyte solution. 
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Figure 6. Step potential chronoamperometry of solid Ti plates coated with octadiene, (a) 10 W, 1.3 × 10−1 mbar, 30 s. (b) 10 W, 1.3 × 10−1 mbar, 2 min, and micro Ti substrates with nominative pore sizes (c) 1 μm and (d) 10 μm, both coated with octadiene 10 W, 0.13 mbar, 2 min. 
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Figure 7. Nyquist plot of micro Ti samples: (a) uncoated and (b,c) coated with octadiene, 10 W, 1.3 × 10−1 mbar, 2 min. (d) equivalent circuit, fitted with electrical elements comprising Rs (solvent resistance), Rf (film resistance), CPEdl (constant phase element representing double layer capacitance), CPEcell (constant phase element representing cell capacitance) and CPEf (constant phase element representing film capacitance). 
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Figure 8. Scanning electron microscope (SEM) images of unetched (a–d) and electro etched (e–h) 1 μm micro Ti substrates at increasing magnification. The magnification of each column from left to right: 250×, 20K×, 50K×, 150K×. Snapshots of a water droplet being dispensed at time 0 s and being absorbed over time into the nano etched 1 μm micro Ti substrates coated with (i) 7 nm thin and (j) 23 nm thick OD film. The different film thickness corresponds to 30 s and 2 min plasma deposition at 1.3 × 10−1 mbar and 10 W. 
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Table 1. Plasma polymerisation conditions using 1,7-octadiene for titanium substrates surface modification.
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	Parameters
	Conditions





	Base pressure (mbar)
	2.0 × 10−2



	Ignition pressure (mbar)
	1.0, 1.3, 1.6, 2.0, 2.2 × 10−1



	Power (W)
	5, 10, 20, 30, 40



	Time (s)
	30, 60, 90, 120, 150, 180










 





Table 2. Hydrophobicity test results. A selection of coated and non-coated substrates was secured between two Teflon® blocks with the OD film facing upwards. A total of 900 μL of 0.1 M K2SO4(aq) electrolyte was pipetted into the well supported by only the porous titanium substrate under investigation. The set-up was observed for 1 min to determine if any electrolyte solution leaked through. If the sample passed this hold/leak test, the same substrate was used as the working electrode for step potential chronoamperometry at −0.1 V for 200 s. Following this, a leak test was performed again. If the solution still did not leak through, the potential was increased sequentially to −0.5 V for 90 s, −0.75 V for 90 s and −1.0 V 90 s.
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Substrate

	
Pore Size

	
Coated

	
1 min Hold

	
−0.1 V

	
−0.5 V

	
−0.75 V

	
−1 V






	
Micro Ti

	
1 μm

	
no

	
no

	
-

	
-

	
-

	
-




	
1 μm

	
yes

	
yes

	
yes

	
yes

	
yes

	
Yes




	
10 μm

	
no

	
no

	
-

	
-

	
-

	
-




	
10 μm

	
yes

	
yes

	
yes

	
yes

	
no

	
No




	
Ti Mesh

	
1 mm

	
no

	
no

	
-

	
-

	
-

	
-




	
1 mm

	
yes

	
yes

	
no

	
no

	
no

	
no
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