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Abstract: Previous studies have shown that partially coating electrode surfaces with patterns of
‘islands’ of hydrophobic tetrafluoroethylene (PTFE; Teflon) may lead to more energy efficient gas
generation. This occurred because the gas bubbles formed preferentially on the PTFE, thereby
freeing up the catalytically active metallic surfaces to produce the gas more efficiently. This work
examined electrochemically induced hydrogen bubble formation on a nickel electrode surface that
had been coated with linear patterns of PTFE. The impact of the PTFE line size (width) and degree
of coverage was examined and analyzed. No improvement in electrical energy efficiency was
observed up to 15 mA/cm2 when comparing the PTFE-coated electrodes with the control bare
uncoated electrode. However, increasing PTFE coverage up to 15% generally improved electrolysis
performance. Moreover, samples with 50% wider lines performed better (at the equivalent PTFE
coverage), yielding an overpotential decline of up to 3.9% depending on the PTFE coverage. A ‘bubble-
scavenging’ phenomenon was also observed, wherein bubbles present on the PTFE lines rapidly
shrunk until they disappeared.
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1. Introduction

The world has, for decades, been shifting energy production away from fossil fuels
toward renewable energy (RE), the potential of which is yet to be fully exploited. Technical,
economic, and socio-political aspects, all of which are interconnected, have challenged the
establishment of RE in the energy market [1–5]. Therefore, many strategies and measures
have been taken to overcome the challenges in these fields.

One of the main strategies to maximize the use of RE has been the development of
energy storage systems [6]. The most common types of energy storage technologies are
mechanical, thermal, and electrochemical in character [5,7,8]. Hydrogen, on which this
work focuses, is an energy carrier that can be produced in RE-powered electrochemical cells
and which can be stored in large amounts in geological formations like salt caverns under
the Earth’s surface [9]. Renewable hydrogen of this type, also called ‘green hydrogen’, can
be used as fuel and feedstock for industrial applications (for example, in the chemical and
steel industries [10,11]) and could also be used in the future in heavy transport applications
such as maritime and aviation propulsion [12].

Green hydrogen, which is hydrogen produced from water using electrolysis that is
powered by RE, effectively serves as a store of renewable energy, i.e., a renewable fuel.
As with all processes involving energy conversion, a critical feature of green hydrogen is
the energy efficiency with which it can be produced during electrolysis [13]. Present-day
commercial electrolyzers are inefficient at producing green hydrogen, leading to poorly
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efficient energy storage compared to batteries [14]. Attempts to increase the reaction effi-
ciency by using expensive platinum-group metals (PGMs) have caused higher electrolyzer
costs [15–17].

Key losses that occur during electrolysis arise from the formation of gas bubbles and
their presence on electrode surfaces and in the electrolyte. Both hydrogen and oxygen are
produced in the form of gas bubbles that reduce the overall efficiency of the process. The
bubbles block the active surface area by masking the electrode, thereby leading to ohmic
overpotentials (due to blocking of the ionic pathways between the anode and cathode)
as well as activation overpotentials (due to blocking of the chemical reactions) [18,19].
Therefore, keeping the electrode surface and the inter-electrode space free of gas bubbles
is essential for the realization of highly efficient electrolyzers and competitive hydrogen
prices in the energy market [20,21].

Understanding bubble mechanics is key to developing strategies to improve elec-
trolytic performance. Bubble formation is known to go through four stages [20], namely nu-
cleation, growth, detachment, and the mass transport of bubbles away from the electrodes
and out of the inter-electrode space. The newly formed gas molecules at the electrodes
(e.g., hydrogen molecules) are not only poorly soluble in water, but they also exhibit low
diffusion constants [22]. As a result, newly formed gas has no way to escape the elec-
trode and instead supersaturates the electrolyte around the electrodes, with concentrations
growing as high as 125–350 times the saturation concentration before gas bubbles start
nucleating [23–25]. The need to achieve these supersaturation levels represents inefficien-
cies in the gas production process [24,25]. Once a bubble has nucleated, it may grow by
coalescence with other bubbles or by gas diffusion into the bubble, with gas concentrations
around it in the solution falling to near-saturation concentration, as shown in Figure 1 [23].

 
Figure 1. Concentration of oxygen (blue) and bubble radius (red). Bubble nucleates (r > 0) when gas
has reached nucleation concentration. Reproduced with permission from [23].

Bubbles grow until they reach detachment size. The bubble radius (i.e., bubble size) at
detachment is determined by a mechanical force balance, including buoyancy, pressure,
drag, inertia, capillary, and lift forces, as well as the size of the nucleation site [23]. In
Figure 2, a bubble at the surface of one electrode in a vertical setup of the electrolysis cell is
shown. When the buoyancy forces overcome the interfacial tension force (at the interface
between the bubble and nucleation site), the bubble is said to have reached detachment
size [26]. Thereafter, it will detach from the nucleation site and travel toward the electrolyte
surface and out of the inter-electrode space due to buoyancy, overcoming adhering forces
that are present upon the bubble. On the nucleation site, another bubble will form [23].



J. Compos. Sci. 2024, 8, 368 3 of 16
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Figure 2. Schematic view of vertically positioned electrode with bubble attached (dashed-line circle)
and released bubble (full-line circle) after some time. After the bubble reaches detachment size, it
detaches due to buoyancy forces overcoming adhering forces. Produced according to [23,26].

Previous studies have shown that bubble management has a significant effect on
gas-generating catalytic reactions and consequently on the efficiency of water electroly-
sis [27]. The term ‘bubble management’ may include bubble-removing methods, such as
mechanical convection, sonication, pressure modulation, the application of magnetic fields,
or modifications to the wettability of the catalytic surface by making it superhydrophilic or
superhydrophobic. The latter two effects may be used either to avoid bubble attraction (by
reducing the liquid–solid interface contact angle) or promote preferential bubble nucleation
(by directing bubble formation to specific controlled sites on the electrode surface) [20,28].

One bubble management strategy that has previously been examined involves creating
“hydrophobic islands” on an electrode surface. This approach exploits surface tension (or
free surface energy), which is a term used to describe the energy needed to increase the
surface area of an object (or material) [29]. Surface tension is governed by its cohesive
forces. When a fluid is brought into contact with an object, their surfaces interact and the
force imbalance at both surfaces decrease; that is, the free surface energy of both surfaces
is reduced. The degree of this reduction depends on how significant the interaction with
the new neighbouring molecules is and determines whether the interfacial surface area of
the fluid with the object will increase or not. It also determines how much it will increase.
This process describes the ‘wettability’ of a surface or material. When, for example, a solid
surface interacts very favourably with a water (fluid) surface, a hydrophilic/aerophobic
surface with a contact angle of <90◦ is created, as depicted in Figure 3 (left), wherein the
surface is strongly wetted by the fluid. By contrast, if the surface repels the fluid (water),
then a hydrophobic/aerophilic surface with a contact angle of >90◦ is created, as depicted
in Figure 3 (right) [29]. The wettability of the surface depends on the balance of the cohesive
forces at the interface and the adhering forces inside the fluid.

hydrophilic/aerophobic surface hydrophobic/aerophilic surface 

Water droplet 

 < 90°  > 90° 
metal PTFE 

Figure 3. Schematic depiction of a water droplet on a hydrophilic/aerophobic surface with contact
angle θ < 90◦ (left) and a hydrophobic/aerophilic surface with contact angle θ > 90◦ (right). Adapted
and reproduced with permission from [29].
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The Marangoni effect is a phenomenon that occurs when materials with different
surface tensions interact with each other. It describes, amongst others, the mechan-
ics of attraction between the surface of a hydrophobic material such as the polymer
poly(tetrafluoroethylene) (PTFE; or Teflon) and a gas bubble, which is also intrinsically hy-
drophobic [29–31]. While an exact analysis of the mechanics on the micro- and nanoscopic
level is very complex and non-trivial, an approach based on surface tension theory and
interfacial phenomena can be taken, as schematically shown in Figure 4.

 

Figure 4. Marangoni effect on a Ni electrode with a PTFE ‘island’ coated on it. Water molecules,
which are hydrophilic, are repelled by and move away from PTFE to higher surface tension regions,
while gas bubbles (or molecules), which are also hydrophobic, are attracted to and move toward the
PTFE island. Reproduced referring to the theory described in [29,30].

In an aqueous solution, a hydrophobic material with a low surface tension (such as
PTFE) creates a region of low surface tension around it. Materials with a similarly low
surface tension (e.g., gas molecules or bubbles) are strongly attracted toward the PTFE
surface, while hydrophilic materials are repelled by it [30]. By contrast, a hydrophilic
surface will tend to attract hydrophilic molecules or materials and repel hydrophobic ones.
That is, when there is a significant difference in surface tension at the interface, the material
with the higher surface tension will increase the surface area of the material with the lower
surface tension.

According to these principles, water molecules will tend to move away from a region
of low surface tension in the vicinity of the PTFE surface to a region with higher surface
tension, for example, the metallic surface of an electrode, following a surface tension
gradient where wetting properties are better [29,31]. On the other hand, low-surface-
tension hydrogen molecules dissolved in the solution, as well as hydrogen bubbles formed
on the electrode surface, will tend to be displaced by water molecules as the degree of
attraction between the metallic electrode surface and water, which is much higher than with
a gas [30]. Simultaneously, the degree of attraction between PTFE and hydrogen molecules
and bubbles is very high, leading to hydrogen gas and bubbles moving toward the PTFE
surface. Through this mechanism, gas bubble formation can be directed away from the
electrode surface and onto a PTFE island present on that surface, thereby minimizing the
negative effects of bubbles on its surface [18,29]. As a result, the Ni electrode’s active
surface area remains free for gas-generating reactions to take place while the gas bubbles
form on the surface of the PTFE island.

Bubble nucleation may also preferentially occur at the PTFE–electrode interface, where
an increase in bubble coverage and size has been observed [19]. As has been described by
the mathematical model of Kadyk and colleagues [23], the mass transport of gas into the
bubbles diminishes the likelihood of gas concentrations in the liquid electrolyte reaching
supersaturation levels, which decreases the concentration overpotential.

While there has not been intensive research on the effects of hydrophobic islands
on electrolysis, several studies have confirmed their influence on the performance of
electrolytic cells. Teschke and Galembeck [18] demonstrated that the presence of PTFE
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islands on a cathode can have a beneficial effect on the electrode performance for the
hydrogen evolving reaction (HER) by limiting activation and ohmic losses (overpotential)
at current densities above 10 mA/cm2, while at lower current densities, they had a negative
effect. They found that at an optimal 20% PTFE coverage of the electrode (randomly
dot-coated with PTFE islands), there was an overvoltage reduction of around ~0.15 V.
Heidrich and Müller [19], on the other hand, observed a smaller improvement with their
model with a maximum overvoltage decline of ~8 mV. Interestingly, they found that
bubble coverage increased significantly on PTFE-coated samples and therefore allowed
gas diffusion into the bubbles. They came to the conclusion that this led to a reduction in
the concentration overpotential, contrary to the findings of Teschke and Galembeck. Other
studies [28,32] have examined the influence and dynamic effects of bubble coalescence on
bubble formation as well as on detachment size.

In this work, we have studied electrochemically induced hydrogen bubble formation
on a nickel electrode surface coated with lines of PTFE. The impact of the PTFE line size
(width) and degree of coverage was examined and analyzed. No improvement in the elec-
trical energy efficiency for gas generation was observed up to 15 mA/cm2 when comparing
the PTFE-coated electrodes with the control bare uncoated electrode. However, increasing
the PTFE coverage up to 15% generally improved electrolysis performance. Moreover, sam-
ples with 50% wider lines performed better (at the equivalent PTFE coverage), yielding an
overpotential decline of up to 3.9% depending on the PTFE coverage. A ‘bubble-scavenging’
phenomenon was also observed, wherein bubbles observed to be present on the PTFE lines
shrunk rapidly until they disappeared.

2. Materials and Methods

For this work, nickel (Ni) 200 plate electrodes with an area of 900 mm2 (30 × 30 mm)
were used as the working electrodes (WEs). The surface of the electrodes was covered with
‘lines’ of PTFE, wherein the overall area of the electrode covered with PTFE was 2%, 7%,
or 15%; these percentages are referred to herein as the ‘coverage’ of PTFE applied. The
PTFE was applied as lines having two different widths, namely a 1 mm width or 1.5 mm
width. The performance of the working electrodes thus coated were compared with a
bare uncoated electrode, which is referred to herein as the control electrode with 0% PTFE
coverage. The methodology used in this work was developed and based on practices
described previously.

2.1. Electrode Preparation

For the PTFE deposition onto the electrode surface, a highly effective method was
developed at the laboratories of the University of Wollongong. Linear grooves of different
(desired) sizes were put onto the electrode surface using a milling/CNC machine (shown
in Figure 5). The length of the grooves was calculated for every corresponding width
and PTFE coverage. The electrodes were labelled in the format ‘c%_xmm’, where c is the
coverage and x is the line width. For example, an electrode with a 7% PTFE coverage
and a 1.5 mm PTFE line width was labelled as ‘7%_1.5 mm’. An exception was made for
the 7%_1 mm electrode. To examine the impact of 1 mm-wide lines across the electrode,
two lines of 30 × 1 mm were applied, which resulted in a coverage of 6.67%. For the sake
of simplicity, this electrode will still be referred to as ‘7%_1 mm’. The margin of error was
considered in the evaluation of the results if it was of significance. A groove depth of
0.34 mm was chosen for attachment stability of the PTFE on the electrodes.

The initial rough surface of the blank electrode was initially polished to achieve a
mirror finish and to remove all visible cracks or crevices. Multiple steps of polishing were
applied, starting with the use of silicon carbide (SiC) sandpaper of P500 grit, followed
by P800, P1200, and P2000, each applied for 2:30 min. Thereafter, the electrodes were
polished with alumina suspensions of 3 µm and 1 µm for 5 min and 10 min, respectively,
producing the mirror-finish surface shown in Figure 6. Since roughness and crevices
play a significant role on bubble formation and determine where it takes place, this
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treatment of the electrode surface ensured that all electrodes had the same roughness
with no edges present from crevices on the surface (visible to the bare eye) [26]. The
resulting surface roughness Sq (root mean square height) was 0.058 µm measured using
a 3D laser microscope.

 

Figure 5. Results of milling machine engraving of 1.5 mm-wide lines, each with a depth of 0.34 mm.
The lines were later filled with PTFE, given an electrode with PTFE lines upon its surface.

 

Figure 6. A 3D laser microscope image of the electrode surface after the polishing procedure. Tiny
scratches of nm thickness are visible.

To remove any organic and other materials off the surface, all samples were immersed
in isopropanol alcohol (IPA) and ultrasonicated for 15 min. After the ultrasonication, the
electrodes were dried and PTFE dispersion of liquid form (60 wt.% in H2O; Sigma-Aldrich
sourced from Bayswater, Australia; contains 10 to 20% polyethylene glycol trimethyl-
nonyl ether) was deposited in the grooves using a 25 G needle (0.50 × 25 mm). The
deposition was possible due to capillary forces. The PTFE was left to dry (polymerize) at
room temperature.

The resulting samples were heated for 6 h in a 40 L, 5-shelf, forced air convection
oven at 200 ◦C to cause the binding of the PTFE with the electrode surface, thereby
creating mechanical stability. After the heating procedure, the samples were left to
cool to room temperature. The samples were kept in a desiccator until they were used
to prevent oxidation and contact with air moisture. Figure 7 depicts the samples that
were prepared.
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a. b. 1mm 1.5mm 

7% 

15% 
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Figure 7. (a) PTFE-coated samples after heat treatment, showing the overall percentage of coverage
with PTFE of the left; (b) control bare electrode sample after heat treatment.

2.2. Measurement of the Overall ‘Coverage’

Measurement of the of PTFE coverage on the samples was performed using image
processing and analysis with ImageJ software (version 1.53k). A photograph of the sample
was taken and saved as a 32 bit image. The threshold of the image was adjusted to the
point where the PTFE lines were filled with red (Figure 8). As a result, the coverage could
be determined as the ratio of the red pixels to the total number of pixels in the image. All
samples had a margin of error in the coverage no greater than 5%, with the lowest accuracy
shown in the low coverages of 2%, which had an accuracy of 95%.

 

Figure 8. Photograph and image analysis (pixelation) to determine PTFE coverage using the program
ImageJ. The photograph was adjusted until the PTFE line was filled with a red color, whereafter the
ratio of red pixels to all pixels gave the PTFE coverage of the entire image.

2.3. Electrochemical Setup

The working electrodes (WEs), as described above, were tested in a vertical disposition
in a testing apparatus that was immersed in a 6 M KOH liquid electrolyte, as shown in
Figure 9. A Ni mesh with a size of 40 × 180 mm was used as the counter electrode (CE).
The Ni mesh was folded four times to a size of 40 × 45 mm, creating four layers of the Ni
mesh, in order to ensure that the WE was current-limiting at all times. The preparation of
the CE Ni mesh involved 15 min of ultrasonication in IPA, followed by immersion in 5 M
HCl (=16 wt.% in H2O) for 10 min. The purpose of the HCl treatment was to remove any
oxide present on the Ni mesh surface.
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Figure 9. Schematic view of 3-electrode setup of the cell (WE, CE, REF). The WE–CE distance was
30 mm with the REF in the middle, placed 15 cm from each electrode.

A 3-electrode setup was used for this work (WE, CE, and reference electrode), with the
reference electrode (REF) being Hg/HgO. After placing the WE and CE electrodes in the
vertical setup shown in Figure 9, the reference electrode (REF) was placed in the middle of
the gap between the WE and the CE. The distance between the WE and CE was 30 mm.
The cell was sealed with a lid and purged continuously with nitrogen (N2) flow into the
cell to eliminate any other gases present or entering the cell.

The cell assembly is shown in Figure 10. The cell was supported by a construction of a
cut acrylic sheet. The WE was connected with a copper wire using a soldering device. To
keep the WE fixed, it was attached with epoxy resin. The epoxy also served as an isolator
of the back and the sides of the electrode, parts which do not participate in the reaction.

 

Figure 10. Electrochemical cell assembly.

During the chronopotentiometric electrochemical measurements, the very top of
the WE was placed just above the surface of the liquid electrolyte for the reasons de-
scribed below.

2.4. Electrochemical Measurements

All electrochemical measurements were carried out using a VSP biologic potentio-
stat/galvanostat. Chronopotentiometry (CP), cyclic voltammetry (CV) and current inter-
rupt (CI) methods were used for the measurements.

To create a polarization curve, four current densities were chosen for each sample. To
enable an accurate comparison and validation of the results between the samples, the same
current density i [mA/cm2] must be applied. Considering the different PTFE coverages
of the samples, the electrochemically active area of the samples differs. Consequently, a



J. Compos. Sci. 2024, 8, 368 9 of 16

different current had to be applied for each sample so that the current density was the same
for each sample, as shown in Table 1.

Table 1. Absolute applied currents for selected current densities and PTFE coverage.

Coverage c [%] Current I for
2 mA/cm2 [mA]

Current I for
5 mA/cm2 [mA]

Current I for
10 mA/cm2 [mA]

Current I for
15 mA/cm2 [mA]

0 (bare) 18 45 90 135
2 17.64 44.1 88.2 132.3
7 16.74 41.85 83.7 125.55
15 15.3 38.25 76.5 114.75

Table 2 describes the entire experimental procedure, including all measurements with
the corresponding duration, in chronological order. After fully immersing the cell in the
electrolyte, it was purged for 10 min to remove any oxygen (O2) present in the electrolyte
and on the electrodes.

Table 2. Chronological order of the experiments undertaken during the electrochemical measurements.

Procedure/Measurement Duration [min]

Purge 10
CV (20, 50, 100, 200 mV/s) 5

CI (3×) 1
Purge 5

CP (5×) 5 × 20
Purge (5×) 5 × 10

During the measurements, a flow of nitrogen was maintained just above the elec-
trolyte surface (which here is called ‘blanketing’). During purging, a flow of nitrogen was
bubbled into the electrolyte. After the purging procedure, a set of CV (cyclic voltammetry)
measurements (at scan rates of 20, 50, 100, and 200 mV/s) were carried out to determine
the electrochemical active surface area (ECSA) of each electrode. This was followed by
3 repeated CI (current interrupt) resistance measurements. During the CI measurements,
gas bubbles were produced by the electrodes and anchored on the electrode surface. To
eliminate their influence on the following CI measurements, gas bubbles were eliminated
by lifting the cell out of the electrolyte for 1 s. At the end of the third CI measurement, the
cell was purged for 5 min.

This was followed by CP (chronopotentiometry) measurements repeated 5 times
(quintuple repeats), which included 5 min of each of the four currents (2, 5, 10, 15 mA/cm2)
which lasted 20 min in total. At the end of each CP run, the cell was lifted to get rid of the
bubbles in the electrolyte and on the electrode surface, followed by 10 min of purging. As
gas bubbles are still present in the electrolyte, they are attached to the electrode surface
during the purging procedure. For this reason, the cell was lifted again for 1 s after 5 min
of purging. This whole procedure was repeated five times for statistical evaluation.

Video recordings were created with the camera of a smartphone placed outside of the
glass beaker (transparent color) containing the solution and the cell.

3. Results and Discussion
3.1. A Hypothesis That Was Tested

Figure 7a shows all the PTFE-coated electrodes prepared for this work. The control
(bare) electrode is shown in Figure 7b. As can be seen, the PTFE lines started at the edge
of the metal surface. This was deliberate, with the intention of leaving the top edge of the
WE just above the surface of the liquid electrolyte. That is, the top edge of the PTFE line
was made to lie just above the surface of the electrolyte solution and be exposed to and
surrounded by the nitrogen blanket (N2) that was maintained above it. We had speculated
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that according to the phenomena described above, when a bubble forms on the PTFE
surface, it should be strongly attracted to it and form a relatively flat bubble (of the type
depicted in Figure 3 (left)). It seemed possible that if multiple such flat bubbles formed
on the surface of the PTFE lines, then they may coalesce, potentially providing a pathway
for gas to travel up the PTFE line and exit above the surface of the liquid into the gaseous
surroundings. One purpose of the work was to see whether a vertical setup of PTFE lines in
contact with the gaseous atmosphere at its top edge would allow gas to be directly released
to the gaseous blanket above the liquid surface in this way.

3.2. Optical Observations

Unfortunately, we did not observe gas generation that was unambiguously of this
type. Discrete gas bubbles were generally observed to form on the PTFE lines, where they
grew larger and moved upward due to buoyancy after release. However, we did observe a
‘bubble-scavenging’ phenomenon, wherein bubbles present on the PTFE lines appeared to
shrink rapidly until they disappeared.

In the discussion below, we will first describe a typical sequence of bubble formation
on the control bare electrode. We will then discuss and compare this to a typical sequence
of events observed on an electrode coated with PTFE lines. Finally, we will describe the
‘bubble-scavenging’ phenomenon noted above.

Bubble formation on a bare electrode: Figure 11 shows a snapshot of a video recording
taken during a CP run on the bare sample. Considering the flat and smooth electrode
surface, no attached hydrogen bubbles were observed on the electrode. The bubbles
shown in the picture were free-moving bubbles that quickly released and moved upward
toward the water surface. However, attached static bubbles were observed on the edges
of the electrode where the epoxy resin met the metallic surface and formed an interface.
Additionally, some tiny parts of the electrode edges may have been left uncovered by the
epoxy resin, which also strongly attracted bubbles.

 

Figure 11. Snapshot of video recording during CP run on bare uncoated electrode at 15 mA/cm2.

Bubble formation on an electrode coated with PTFE lines: Figure 12 shows an image
sequence of a recorded CP run on the 15%_1.5 mm electrode. Between 00:00:08 and 00:00:15,
the bubble on the right PTFE line formed on the PTFE line and then grew larger due to gas
transport into the bubbles or bubble coalescence while being attached to the PTFE line.

After 00:00:15, the bubble reached detachment size and started moving slowly upward
along the PTFE line while its size continued to grow. As can be seen at 00:00:45 (Figure 13),
the bubble became bigger and its shape changed due to buoyancy forces pushing it upward.
At this point, the bubble moved faster and within 1 s (at 00:00:46), its position changed
significantly compared to the previous sequence (00:00:45 in Figure 13), while its size did
not change noticeably. In this way, the bubble was guided to the water surface and out
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of the inter-electrode space by the vertical PTFE line while still being attached along the
PTFE line.

 
00:00:08 00:00:15 

Figure 12. Image sequence (at 00:00:08 and 00:00:15 s) of CP run on 15%_1.5 mm sample. Bubble
size grows.

 
00:00:45 00:00:46 

Figure 13. Image sequence (at 00:00:45 and 00:00:46 s) of CP run on 15%_1.5 mm sample. Even after
reaching detachment size, the bubble does not detach completely but stays attached on the PTFE line
and travels along the line toward the electrolyte surface.

This could happen because of the Marangoni forces mentioned by Bashkatov et al. [28],
where the adhering forces overcome buoyancy forces. It is important to note that static
bubbles on the electrode edges at the epoxy resin interface were present on this and all
other samples, as it was already shown for the bare electrode. Furthermore, other attached
bubbles were observed at the electrode–PTFE interfaces.

The bubble attraction effect by the PTFE was also observed in the image sequence in
Figure 14. At 00:00:54, two bubbles residing next to each other on the edge of the PTFE line at
the Ni–PTFE interface coalesced into a single bigger bubble while they were spontaneously
pulled by the PTFE at 00:00:55. This demonstrates that bubbles were attracted by the PTFE,
removing them from the electrode surface.
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00:00:54 00:00:55 

Figure 14. Bubble coalescence onto the PTFE line of two bubbles sitting at the PTFE–Ni interface at
second 00:00:54 and 00:00:55 (marked with black circles).

An unusual phenomenon was observed, however, at time points 00:00:56–00:00:57
(Figure 15). In a matter of one second, the bubble shown by the black circle in the 00:00:56
image shrank rapidly until it completely disappeared. It seemed to have been ‘scavenged’
by the PTFE. While we cannot say for sure what happened to the gas inside the bubble,
the sequence of events could possibly be consistent with the bubble rapidly flattening,
causing the gas to move upward, toward the liquid surface (since the top edge of the PTFE
is in contact with the air). This could possibly be enabled by special (albeit undefined)
conditions of the bubble and its vicinity, a strong attraction of the bubble to the PTFE, and
the vertical positioning of the PTFE line, which together with the PTFE connected to the
blanked gaseous atmosphere above the liquid, may conceivably have acted as a canal for
the gas in the bubble to rapidly exit the inter-electrode space and the electrolyte.

 

00:00:56 00:00:57 

Figure 15. ‘Bubble-scavenging’ effect of the coalesced bubble on PTFE at second 00:00:56 and 00:00:57
(marked with black circles). The bubble is assumed to ‘deflate’ due to gas being removed toward the
water surface along the PTFE line.
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3.3. Polarization Curves

Figure 16 shows the polarization curves of the samples coated with 1 mm lines of
PTFE (each of which was the average of the quintuplet repeats of the CP step) compared to
the control bare electrode (the data for which were the result of the average of two measure-
ments). All data were resistance-corrected via Hg/HgO. The measured potential for all
four samples indicated that the presence of the 1 mm lines of PTFE on the Ni electrode did
not improve the performance of the electrolysis when compared to the results of the bare
electrode. That is, the bare electrode required a lower voltage (i.e., a less negative voltage)
at all current densities than the PTFE-coated electrodes.

 

Figure 16. Polarization curves of samples coated with 1 mm PTFE lines (geometrical active area); CP.

There was, however, a clear trend based on the PTFE coverage. While the control
bare electrode achieved potentials as low as ca. −1.26 V at 2 mA/cm2 and ca. −1.33 V at
15 mA/cm2, the best performing PTFE sample was the one with 15% coverage (15%_1 mm),
achieving ca. −1.31 V at 2 mA/cm2 and ca. −1.415 V at 15 mA/cm2. The worst performing
sample (2%_1 mm) required ca. −1.34 V at 2 mA/cm2 and −1.44 V at 15 mA/cm2. This
shows that with an increasing PTFE coverage up to 15%, the performance of the PTFE
samples and the efficiency of hydrogen production increased.

Coating the Ni electrode with 1.5 mm-wide PTFE lines produced a better overall
performance compared to the 1 mm lines, as shown in Figure 17. In that case, all of the PTFE-
coated samples performed essentially identically to the uncoated bare control, except for
the 7%_1.5 mm sample. Thus, despite the reduced active surface area of the PTFE samples,
they produced gas as efficiently as the bare uncoated electrode (except for 7%_1.5 mm). The
15%_1.5 mm sample produced 2 mA/cm2 at ca. −1.26 V—almost performing the same as
the bare electrode. At 15 mA/cm2, the 15%_1.5 mm samples required −1.36 V. Compared
to the 15%_1 mm sample, this is a decrease in voltage of around 3.8% and 3.9%, respectively.
Likewise, the 7%_1.5 mm sample shows an improvement in efficiency compared to the
7%_1 mm sample, with a potential decrease of around 3% and 2.1%, respectively. These
findings mean that the width of the PTFE lines played an important role in the electrolysis
performance of the coated Ni electrode, a finding which adds to the study of Teschke and
colleagues [18].

The performance of all samples (described in Figures 16 and 17) is shown for clear
comparison in Table 3 among the samples coated with 1 mm-wide PTFE lines (Table 3a)
and those coated with 1.5 mm-wide PTFE lines (Table 3b).
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Figure 17. Polarization curves of samples coated with 1.5 mm PTFE lines (geometrical active area); CP.

Table 3. Measured voltage [V] for current densities 2, 5, 10, 15 mA/cm2 of (a) samples coated with
1 mm-wide PTFE lines and (b) samples coated with 1.5 mm-wide PTFE lines.

(a)

Current Density
i [mA/cm2]

PTFE Coverage
(0%)

PTFE Coverage
(2%)

PTFE Coverage
(7%)

PTFE Coverage
(15%)

2 −1.26 −1.34 −1.32 −1.31
5 −1.30 −1.39 −1.37 −1.36
10 −1.33 −1.42 −1.40 −1.39
15 −1.35 −1.44 −1.42 −1.41

(b)

Current Density
i [mA/cm2]

PTFE Coverage
(0%)

PTFE Coverage
(2%)

PTFE Coverage
(7%)

PTFE Coverage
(15%)

2 −1.26 −1.26 −1.28 −1.26
5 −1.30 −1.30 −1.33 −1.30
10 −1.33 −1.34 −1.37 −1.34
15 −1.35 −1.35 −1.39 −1.36

4. Conclusions

This work sought to study novel gas-generating electrodes coated with new line
patterns of Teflon (PTFE) in an attempt to reduce overpotentials produced in gas-generating
electrochemical cells, thus increasing system efficiency.

This work was focused on the hydrogen evolving reaction (HER). Line patterns of
1 mm and 1.5 mm widths were used with three different overall coverages (2%, 7%, 15%).
The performance in the hydrogen generation of the six samples was compared to an
equivalent bare electrode. Furthermore, the cell was positioned vertically, and the top of
the PTFE lines were placed in contact with the gaseous volume above the liquid. PTFE was
deposited in and filled line grooves made on the surface of the electrode.

The depositing method for the PTFE lines proved to be highly accurate (ca. 95%) and
varying widths and lengths of the line could be achieved. Wider lines had an overall better
performance, as the samples with 1.5 mm-wide lines demonstrated less overpotential than
the samples with 1 mm lines. When the width was increased by 50% (1.5 mm lines), the
overpotential was reduced from 2.1% to 3.9% depending on the coverage degree. Over-
potential also decreased with increasing PTFE coverage. As a result, the best performing
sample was the one coated with 1.5 mm lines and 15% PTFE coverage, which performed
almost the same as the control bare electrode. However, none of the samples performed
better than the control bare electrode.
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Optical observations were made. Hydrogen bubbles at the PTFE–Ni interface were
attracted to and moved onto the PTFE due to Marangoni forces. As the bubbles increased
in size, they constantly moved upward (due to buoyancy forces) along the PTFE lines with
increasing speed, without being detached until they exited the inter-electrode space. This
shows that PTFE lines in a vertical setup can very well assist in guiding attached bubbles to
desired directions. Some bubbles were also attracted by the PTFE and rapidly shrunk until
they disappeared in a matter of seconds. This phenomenon was called ‘bubble-scavenging’,
as the bubbles seemed to disappear on the PTFE. The governing forces and mechanism
responsible for this ‘bubble-scavenging’ phenomenon are non-trivial and should be studied
further to be understood. Further research including samples with higher coverage and
various PTFE sizes (width) should be carried out to establish the influence of line patterns
on the bubbles and electrolysis performance.
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