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Abstract

The increasing energy demand has led to excessive greenhouse gas emissions, contributing to climate

change. Greenhouse gases, especially carbon dioxide, are key drivers of global warming, and fossil fuels

account for over 50% of global energy production. However, fossil fuels have significant drawbacks,

including CO2 emissions, finite supply, and dependence on unreliable imports. As a result, there is a

global push to research and develop alternative, climate-neutral fuels to replace fossil fuels.

To address these environmental challenges, membrane technologies have emerged as promising solu-

tions. These technologies rely on selective permeability, allowing only specific molecules or ions to

pass through. Ion Exchange Membranes (IEMs) are a specific type of membrane which allow the

passage of ions, while blocking co-ions. IEMs are increasingly being explored for innovative applica-

tions in energy conversion and production, which can be classified into water-based applications and

energy-based applications. This thesis investigates an application of each type: Reverse ElectroDial-

ysis (RED) as an energy production method starting from seawater and Direct SeaWater Electrolysis

(DSWE) for green hydrogen generation.

The thesis begins by discussing various methods for blue energy harvesting, focusing on reverse elec-

trodialysis, and on the materials used in IEMs. Graphene-based IEMs reinforced with aramid fibers to

enhance mechanical performance were used for this application. Different Graphene Oxide (GO) and

fiber concentrations were investigated to evaluate their impact on the membrane properties. The mem-

branes were then characterized morphologically, physicochemically and electrochemically, in terms of

permselectivity and ionic resistance.

The potential of DSWE as an innovative approach for green hydrogen production was then addressed.

A detailed overview of the materials used in fabricating for the IEMs and catalysts for the electrolysis

process was provided and the performance of a commercial bipolar membrane for this kind of appli-

cation was then evaluated. Special emphasis was placed on optimizing the cathode-side catalyst for

the Hydrogen Evolution Reaction (HER) of the experimental setup and exploring different deposition

techniques and substrate materials at Wetsus, the European Center of Excellence for Water Technol-

ogy in Leeuwarden, The Netherlands.

Finally, the future scalability of membrane fabrication was discussed, including the potential of roll-

to-roll processes, and prospects for meeting the European Union’s targets for sustainable hydrogen

production through DSWE, such as using asymmetric bipolar membranes.
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Introduction

The growing energy demand has led to excessive greenhouse gas emissions and climate change. This

situation has driven research communities to seek out renewable energy sources that are affordable,

efficient, and reliable to replace fossil-fuel-based technologies. Blue energy, known as salinity-gradient

energy, has recently gained attention in research and development. It exploits the osmotic energy

generated by the salinity gradients between seawater and freshwater, relying on the Gibbs free energy

released when two solutions with different salinity levels mix. Thus, blue energy does not produce

significant greenhouse gas emissions or suffers from intermittency issues. This process is driven by the

increase in system entropy without any change in enthalpy [1].

In parallel, hydrogen is emerging as a potential energy carrier that can be used to decarbonize our en-

ergy system. However, 96% of hydrogen production currently relies on fossil fuels [2], through steam

methane reforming of natural gas or coal gasification, thus contributing to carbon emissions. The

hydrogen produced using these non-sustainable methods is referred to as gray hydrogen. To integrate

hydrogen into a carbon-free energy system, sustainable production methods must be developed. A

possible solution to produce hydrogen using environmentally friendly methods is to use water electroly-

sis, which splits water into oxygen and hydrogen using renewable electricity. In this case, if the current

is supplied using renewable energies, the hydrogen is commonly known as green hydrogen. However,

water electrolysis requires high-purity water, which is challenging in terms of freshwater consumption

and desalination methods. To address this limitation, Direct SeaWater Electrolysis (DSWE) is be-

ing investigated. DSWE is an advanced method to produce green hydrogen directly from seawater

without the need for desalination.

1.1 Blue energy

Blue energy, based on the osmotic energy generated by the salinity gradient between two solutions

with a different salinity concentration, is a type of renewable energy that is considered secure, scalable,

reliable and, most importantly, constant.

The three main technologies for blue energy harvesting are Pressure Retarded Osmosis (PRO), Reverse

Electrodialysis (RED), and Capacitive Mixing (CapMix) (figure 1). Some of these are membrane-

based, while others may incorporate a membrane, although not in their standard configuration. The

role of these membranes is crucial: they prevent the mixing of high-salinity and low-salinity solutions,

thereby maintaining the salinity gradient necessary for energy generation. The most used membranes

for this kind of applications are Ion Exchange Membranes (IEMs). IEM is a semi-permeable membrane

which permits the selective passage of ions while blocking others. They can either be Cation Exchange

Membranes (CEM), which allow positive ions to pass, or Anion Exchange Membranes (AEM), which

allow negative ions to pass.
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Figure 1: Configurations of the three main technologies for harvesting blue energy [3].

In the case of Pressure Retarded Osmosis (PRO), a low-salinity solution and a pressurized high-

salinity solution are separated using a water-permeable membrane, creating osmotic pressure. The

membrane allows the transport of the solvent of the lower concentrated solution, such as river water,

toward the high concentrated solution, like seawater. The osmotic pressure is then converted into

mechanical energy to drive hydro-turbines and generate electrical power [4]. The efficiency of this

technology is highly dependent on the properties of the membrane, mostly on its permeability. In fact,

the efficiency of the system can be greatly reduced by the permeation of salts into the membrane. Using

PRO, it is possible to generate 1MW for one cubic meter per second of freshwater that flows through

the membrane [1], however, developing a high performance and a solute-impermeable membrane is

fundamental to the generation of high efficiency PRO power plants.

In Reverse Electrodialysis (RED), an IEM is placed between two streams of different salinity, allowing

ions to flow from the most concentrated stream to the less concentrated one. This ions flow between the

two sides of the membrane creates a potential difference. Redox couples at the current collector convert

the ion flow into an electrical current flow which runs in the external circuit [5]. In figure 2, a stacks

of alternating anion-exchange membranes and cation-exchanges membranes for RED application, is

reported. The opposite movement of anions and cations across the AEM and CEM, according to their

concentration gradients, creates a net charged ion flux.

Figure 2: RED technology configuration [1].

On the other hand, Capacitive Mixing (CapMix) typically operates without membranes, using two

porous electrodes submerged in alternating high- and low-salinity solutions. Usually, an intermediate

washing step is included between solution exchanges to prevent contamination. The capacitance of

these electrodes shifts as the solutions are exchanged: exposure to high-salinity water charges the

electrodes, while immersion in low-salinity water lowers their potential, enabling discharge. In the

basic CapMix configuration, the electrodes charge or discharge through the surface accumulation of

charges from the solution to the electrode. This charge-discharge cycle can be used to capture and

convert this energy into electricity [6]. The addition of an IEM leads to the Capacitive Donnan poten-

tial configuration of the CapMix technology, which takes advantage of the Donnan potentials. This
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potential is an electrochemical potential that develop across such membranes due to the imbalance of

mobile ions across a charged membrane, restricting the permeation of co-ions.

Table 1 summarizes the working principle, power densities and the scalability of RED, PRO and

CapMix. Reverse electrodialysis is widely regarded as the most promising salinity energy technology

thanks to its balance of efficiency (high power density), scalability, and technological maturity. In

contrast, CapMix has a lower power density compared to the other technologies and limited scala-

bility due to the degradation of the electrodes over repeated cycles. However, research is exploring

innovative solutions, such as parallel electrode connections, to address these limitations and enable

up-scaling of this technology.

Table 1: Comparison of Reverse Electrodialysis (RED), Pressure Retarded Osmosis (PRO), and Ca-
pacitive Mixing (CapMix) technologies. The table summarizes their operational mechanisms, achieved
power densities, and up-scaling possibilities [6] [7] [8].

Technology Mechanism Achieved power density Scalability

PRO

Osmosis drives water
from the low-salinity
solution to the high-salinity
solution, generating osmotic
pressure that is converted
into mechanical energy

2.3-38 W/m2
limited scalability due
to fouling and
mechanical stress

RED
Ion-exchange membranes
create an electric potential via
an ion concentration gradient.

0.77-1.2 W/m2

high scalability thanks
to low resistance
membranes and
modular design

CapMix

Electricity is generated through
charge and discharge cycles of
porous electrodes immersed in
solutions with different salinity
levels

0.007 - 0.2 W/m2 parallel electrode
configuration is promising

As highlighted in the table 1, the most used membranes in the case of reverse electrodialysis

technology are Ion Exchange Membranes (IEMs). IEMs are semi-permeable membranes which permit

the selective passage of certain ions while blocking others. These membranes are divided into two

categories, according to the type of ions that are allowed to pass through. Cation Exchange Membranes

(CEM) allow only the passage of cations, since they possess anionic groups on the surface (e.g.,

sulfonate −SO−
3 or carboxylate −COO

−
). On the other hand, Anion Exchange Membranes (AEM)

do not allow cations to pass through the membrane, due to the presence of cationic groups (e.g.,

quaternary ammonium −NR
+
3 ) on their surface (figure 3).

Figure 3: Working principle of IEMs [9].
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Thanks to their ability to maintain ionic separation under electrical potential gradients, these

membranes are critical in applications such as water desalination, fuel cells, and electrodialysis. How-

ever, their fabrication may include the use of materials with high environmental impact. For example,

synthetic polymers, often derive from petrochemicals [10]. Thus, it is important to develop environ-

mentally friendly methods for membrane fabrication.

Selecting the appropriate membrane requires tuning its properties with the specific demands of the

future application, since different technologies prioritize distinct characteristics [9]. Ideally, IEMs

should possess high permselectivity and thermal and mechanical stability, as well as low ionic resis-

tance. Permselectivity is the membrane’s ability to preferentially transport counter-ions, which are

ions of charge opposite to the fixed groups, while blocking co-ions, which share the same charge as the

surface groups. High permselectivity is achieved through a dense distribution of functional groups.

However, achieving ideal permselectivity of 100% remains challenging due to practical limitations

such as membrane imperfections and swelling under operational conditions. Similarly, Ionic resistance

describes the resistance offered by the IEM to the movements of ions through it.

Mechanical and thermal stability are also vital for IEMs, particularly in demanding industrial applica-

tions. To increase the mechanical stability, a reinforcement may be added to the membrane, making it

thicker. However, thin membranes exhibit lower electrical resistance compared to thicker membranes,

thus a trade-off must be found.

Traditional polymeric membranes face challenges such as performance reduction in highly concen-

trated or multivalent solutions and a higher degree of swelling [11]. Thanks to the large variety of

polymers which can be used as matrix for the membrane, different properties and characteristics can

be obtained. For example, membranes with high porosity can usually have large conductivity [12].

The most used polymers as matrix for the polymeric membranes are polystyrene, polypropylene and

polyethersulfone [13]. IEMs can also be made from inorganic materials, such as zeolites, which offer

better thermal stability. However, they are generally more expensive and may exhibit lower electro-

chemical performance in certain applications [14].

The recent development of two-dimensional (2D) materials, such as graphene and its derivatives, of-

fers a promising alternative to compensate the ionic resistance-permselectivity trade-off. These new

materials address the limitations of traditional membranes and pave the way for more efficient and

sustainable ion-exchange technologies.

Graphene oxide

Graphene Oxide (GO) is a two-dimensional material derived from oxidized graphene sheets. It is

functionalized with oxygen-containing groups such as hydroxyl (−OH), carboxyl (−COOH), and

epoxy (−O−) groups, which confer hydrophilic properties. GO exhibits a combination of mechanical

strength (130GPa tensile strength), large surface area (2630m
2/g) and tunable electrical conductivity

[15]. Moreover, the lamellar structure of GO allows precise control over interlayer spacing (typically

0.6–1.2nm), enabling size-selective ion transport, while its intrinsic negative surface charge allows

cation selectivity.

Graphene oxide represent a promising alternative for the production of green membranes if produced

with environmentally friendly methods. GO can be used in CEM thanks to the negative charge in-

trinsically present on its surface. However, it can be easily functionalized in order to obtain AEM.

GO membranes have several advantages compared to traditional polymeric membranes, thanks to

the large surface area, mechanical strength and electrical conductivity of the graphene oxide. Their

stacked nanosheet structure creates nanochannels for rapid ion transport (low resistance) while main-

taining charge-selectivity (high permselectivity). Furthermore, GO’s mechanical robustness allows

thinner membrane designs (10µm) compared to conventional IEMs ( 50–200µm), reducing overall

resistance while maintaining durability.
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However, its current fabrication method relies mainly on energy-intensive methods, which include the

use of harsh chemicals and toxic by-products, therefore it is important to develop a green method for

its future large-scale application [10].

To enhance the mechanical strength of GO-based membranes, reinforcements such as Aramid NanoFibers

(ANFs) can be incorporated in the composite membrane. Aramid nanofibers are composed of aro-

matic benzene rings linked by amide (−CO−NH−) bonds. According to the position of these bonds

on the benzene rings, aramid fibers are categorized in Para (Kevlar ™) configuration, if the bonds are

opposite, and Meta (Nomex ™) configuration, in which the bonds are adjacent and attached to the

ring at carbons 1 and 2 [16]. These different configurations are reported in the figure 4. Nomex fibers,

made of poly(m-phenylene isophthalamide), have a zig-zag meta-configuration, which reduces tensile

strength but enhances flexibility. These fibers are used as reinforcement in membrane fabrication

thanks to their thermal stability, resistance, and high mechanical strength.

Figure 4: Aramid fibers in PARA (Kevlar ™) and META (Nomex ™) configuration.

1.2 Direct Seawater electrolysis for hydrogen production

As global energy demands continue to rise, hydrogen is emerging as a critical energy carrier and a

promising alternative to fossil fuels. Its versatility allows for applications including transportation,

industrial processes, and energy storage. To realize the full potential of hydrogen, environmentally

sustainable production methods must be employed. Proton Exchange Membrane Electrolysis (PEME)

and Alkaline Water Electrolysis (AWE) are established environmentally friendly technologies for pro-

ducing hydrogen from water. However, both PEME and AWE systems rely on high-purity water as a

feedstock.

While desalination of seawater to provide pure water is not prohibitive in terms of energy or cost [17],

it does require regular maintenance and creates large amounts of highly saline waste concentrates,

which are difficult to dispose of, so it is preferable to avoid it. Moreover, as hydrogen demand scales

up for future use to more than 7Mt for Europe, resource shortages in using pure water from drink-

ing water may arise [18]. An emerging alternative to avoid desalination to make ultra-pure water is

Direct Seawater Electrolysis (DSWE). DSWE represents an attractive route to sustainable hydrogen

production, as it directly uses seawater, an almost infinite resource of constant and reliable water.

The electrolysis of water involves two key electrochemical reactions: the Hydrogen Evolution Reac-

tion (HER) at the cathode and the Oxygen Evolution Reaction (OER) at the anode. The HER is

a two-electron process that generates molecular hydrogen, while the OER is a four-electron process

that produces molecular oxygen. The HER and OER reactions are respectively represented by the
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following equations vs Normal Hydrogen Electrode (NHE):

2H
+
+ 2e

−
⟶ H2, E

0
(H+,H2) = 0.000V (1.1)

4OH
−
⟶ O2 + 2H2O + 4e

−
, E

0
(OH−,O2) = 0.404V (1.2)

where E
0
is the standard redox potential of the corresponding reaction which indicates the tendency

of a redox couple to undergo reduction or oxidation and it is defined under standard conditions: 298

K, 1 atm pressure (for gases), and 1M concentration (for solutions).

Thermodynamically, to induce water splitting a 1.23V theoretical voltage is required, but in practice

the reaction is triggered by a larger potential. This is because the two reactions have large activation

barriers, leading to an excess potential for the overall water splitting, referred to as overpotential.

This overpotential contributes significantly to the energy consumption of the electrolysis process.

Each electrochemical reaction has distinct requirements influenced by the surface pH conditions at

each electrode.

The European Union target for Direct Seawater Electrolysis (DSWE) is to operate at a current density

of 5000A/m2
with a cell voltage of 2.0V under isothermal conditions, specifically within a temperature

range of 50–60 °C. However, this study maintains a constant temperature of 30.0 °C as the Fumatech

bipolar membrane should not operate above 40 °C.
Several configurations of electrolyser cells have been proposed for DSWE, but those utilizing bipolar

membranes stand out due to their ability to sustain a pH gradient, enabling the water-splitting half-

reactions to occur under their most kinetically favorable conditions[19].

In this study, a hybrid setup that includes a Bipolar Membrane (BPM) electrolyser and an osmotic

cell is employed to realize an in situ self-driven water desalination and water electrolysis in a single

system.

1.2.1 Bipolar membranes

A Bipolar Membrane BPM is a particular ion exchange membrane composed of a Cation Exchange

Layer (CEL) and an Anion Exchange Layer (AEL) and a junction in between that contains a water-

splitting catalyst. The water-splitting catalyst splits water into protons and hydroxyl ions. The AEL

contains positive charges and is used to prevent cation transport, while the CEL contains negative

charges and allows only cation passage. Consequently, anions and cations are not allowed to pass both

layers of the BPM. Thus, when a current is applied, the flux is sustained by OH
−
and H

+
ions, which

are generated at the interface AEL/CEL.

The BPM can be used in two working conditions, according to the relative position of electrodes and

BPM: reverse bias mode and forward bias mode (figure 5). In the reverse bias mode, the CEL faces

the cathode, and the AEL faces the anode. OH
−
ions are produced at the junction of the bipolar

membrane and diffuse through the AEL, creating a high pH solution (alkaline environment, in yellow

in figure 5). In contrast, H
+
ions produced at the junction of the bipolar membrane is transported

through the CEL to produce an acid solution, depicted in blue in figure 5[19]. In forward bias mode,

the opposite happens: H
+
and OH

−
ions travel toward the interface, recombining into water and

creating a low resistance condition for the BPM. In this case, the CEL faces the anode and the AEL

faces the cathode [20].

Being composed of two layers, the overall BPM properties depend on the interface’s and single layers’

properties. The BPM must have high selectivity and low operating voltage; however, achieving high

selectivity often conflicts with maintaining low operating voltages, leading to a trade-off in BPM

design.
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Figure 5: BPM in (a) reverse bias mode; (b) forward bias mode [20]. The yellow region represents the
alkaline environment of the Anion Exchange Layer (AEL), which allows the passage of negative ions
(X

−
), while the blue region corresponds to the acid environment of the Cation Exchange Layer (CEL),

which allows the passage of positive ions (M
+
). The AEL/CEL interface region is the Intermediate

Layer (IL), where water dissociation, represented by the gray arrows, occurs.

For water electrolysis applications, the Bipolar Membrane (BPM) must be operated in reverse bias

mode to prevent the recombination of ions into water. This is achieved by maintaining the Cation

Exchange Layer (CEL) at a lower potential than the Anion Exchange Layer (AEL) [21]. This potential

difference drives the mobile H
+
and OH

−
ions away from the BPM junction. The water reaches the

junction of the bipolar membrane through diffusion, which must be ensured by a continuous supply

of water in the electrolysis cell via the osmose membrane. The rate of diffusion of water towards the

junction of the Bipolar Membrane should be high enough to avoid membrane dehydration and an

unstable pH gradient [19] at the current density applied of 1000A/m2
.

The BPM in reverse bias condition establishes a stable pH gradient across the BPM, with a higher

pH on the AEL side (anode) and a lower pH on the CEL side (cathode).

In bipolar membrane water electrolysis, the Hydrogen Evolution Reaction (HER) has a theoretical

onset potential of 0V vs Standard Hydrogen Electrode (SHE) at pH 0, while the Oxygen Evolution

Reaction (OER) begins at +0.404V vs SHE at pH 14. However, the pH gradient introduces an

additional voltage penalty due to the thermodynamic relationship between pH and potential [19]:

EpH = 2.3
RT

nF
∆pH = 0.059V ×∆pH = 0.826V (1.3)

assuming ∆pH = 14. The voltage penalty inherent to the pH gradient across a Bipolar Membrane

(BPM) highlights the critical need for introducing oxygen and hydrogen evolution electrocatalysts.

Electrocatalysts are catalysts that participate in electrochemical reactions, without consuming the

catalyst itself during the reaction. They lower the activation energy of the reaction, i.e. the energy

barrier that must be overcome before the reaction can take place, making the reaction faster, thus

reducing the overpotential.

The stable pH gradient established across the BPM creates distinct environments at each electrode,

necessitating electrocatalysts specifically optimized for these conditions. At the anode, hydroxyl ions

(OH
−
) are oxidized to oxygen in an alkaline environment, requiring catalysts optimized for high pH.

Meanwhile, at the cathode, protons (H
+
) are reduced to hydrogen in an acidic environment, demand-

ing catalysts suited for low pH.

In this study, we assume a local pH equal or close to zero at the interface of the CEL layer of the

bipolar membrane and the cathode and a local pH close to 14 at the interface of the AEL of the

bipolar membrane and the anode.
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1.2.2 BPM electrolysis basic set-up

The optimal approach to achieve zero-gap bipolar membrane electrolysis is to place the electrocatalyst

layers directly at the surfaces of the bipolar membrane. However, due to the wet storage condition

of the commercial bipolar membrane of Fumatech (Germany), used in this research, direct coating of

the electrocatalyst on the surfaces of the bipolar membrane is not feasible. Instead, Porous Transport

Layers (PTL) must be employed to apply the electrocatalyst layer to oxidize hydroxyl ions to oxygen

and reduce protons to hydrogen. The PTL is a porous substrate that facilitates the transport of gases,

specifically oxygen and hydrogen, and liquids. For optimal performance, the PTL must demonstrate

high conductivity for either hydroxyl ions or protons and be stable against corrosion at the anode.

The thickness of the PTL varies and is in the order of 50 − 1000µm.

Seawater electrolysis offers several advantages in resource availability and cost-effectiveness compared

to pure-water electrolysis. However, the complex ionic composition of seawater presents a significant

challenge for this technology. These challenges are mainly related to chloride and other undesirable

cations such as Mg
2+
, Ca

2+
, and Sr

2+
, which are abundant in seawater. They are the reason of the

limited use of electrolysis for hydrogen production, with currently only 4% hydrogen produced by this

method [2]. Due to the predominance of Na
+
and Cl

−
ions in seawater, researchers often employ a

0.5M NaCl solution as a simplified model to simulate natural seawater in laboratory studies [22].

The presence of chloride ions in seawater will seriously hinder direct seawater electrolysis, especially

for the OER process, that is a sluggish process as it is a four-electron transfer process, and relatively

slow compared to HER, which is a dual-electron transfer process. Moreover, the chlorine evolution is

faster and contributes to about 70% of the anode reaction while the other 30% is oxygen evolution

at the anode. Because of its high concentration in seawater and low standard redox potential, Cl
−

is considered the main competitor in the oxidation process because it can easily undergo a Chlorine

Evolution Reaction (CER) in the electrochemical process. CER vs SHE is given by:

2Cl
−
⟶ Cl2 + 2e

−
, E

0
= 1.36V, pH = 0 (1.4)

To overcome this issue, studies have shown that the pH must be higher than 7.5 in order to maximize

the difference in the potential between the OER and the hypochlorite formation. This suggests that

alkaline conditions are beneficial to OER. This is one of the reasons why the use of the BPM is crucial

for direct seawater electrolysis. In fact, in contrast to setups employing only a Cation Exchange

Membrane (CEM), the high local pH at the BPM anode interface inhibits OCl
−
formation at the

anode, mitigating the risk of undesired chlorine or hypochlorite generation. In contrast, using only

a CEM would not create this high local pH at the anode, leading to OCl
−
formation in pH-neutral

anolyte conditions. However, BPM is not ideal, so it can allow some Cl
−
flow from the cathode to the

anode, which is unwanted because Cl
−
should not be present on the anode side (forbidden Cl

−
path).

To overcome the co-ion transport of chloride, the bipolar membrane therefore is operated at a high

current density of 1000A/m2
. The applied current density is limited by the membrane’s properties:

exceeding this limit with the Fumatech BPM used in this research can cause membrane dehydration

and failure.

There are different approaches for supplying water in the process of Bipolar Membrane Electrolysis:

• Seawater as the anolyte:

Introducing seawater directly at the anode poses several issues, particularly due to the com-

plexation of non-passivated nickel (commonly used as the PTL of the electrolysis cell) with

chloride anions during anodization at the AEL side of the bipolar membrane. The presence of

these chloride ions, even in trace amounts, can cause corrosion of the Ni electrode during the

anodization process because several complexes can be formed: Ni(II)Cl
+
, Ni(II)Cl

−
2 . One

possible solution is to replace Ni with a noble metal like platinum (Pt). However, this is costly

and less desirable. An alternative is to passivate first the Ni electrode in very pure alkaline
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solution in advance to prevent corrosion of nickel in seawater. This is accomplished by using

first ultrapure potassium hydroxide (KOH) solution, which forms a passivation layer on nickel

during anodization, protecting it from unwanted reactions. NiO, Ni(OH)2, and NiOOH can

be formed during this passivation. After this passivation step, we postulate that a pH-neutral

electrolyte like sodium sulfate may be used as an anolyte. The local pH value at the AEL sur-

face of the bipolar membrane (high pH) also high in the case of a pH-neutral bulk electrolyte

while running the bipolar membrane in water-splitting conditions (producing acid and base at

the junction of the bipolar membrane) at a high current density of 1000A/m2
. Semiconductor-

grade KOH is preferred as an anolyte for the passivation of pure nickel. However, being very

expensive, standard KOH is purchased and purified first in-situ.

• Seawater as the catholyte (configuration used in this work):

When seawater is used directly as the catholyte, scaling (formation of insoluble precipitates on

the cathode surface) can occur due to the presence of divalent cations like Ca
2+

and Mg
2+

ions,

especially when a cation or anion exchange membrane is employed as the separator. During

water reduction, hydroxyl ions and hydrogen gas are made at the cathode. This leads to scaling

due to the formation of CaCO3 and MgCO3. To enable the use of seawater as the catholyte,

a low local pH must be introduced at the surface of the electrocatalyst for the HER. This can

only be accomplished by using a bipolar membrane. During the process of water splitting in

the bipolar membrane, protons are generated at the surface of the cation exchange layer of

the bipolar membrane. This approach uses the local low pH environment at the surface of

the bipolar membrane where hydrogen gas is made via the reduction of protons at the porous

transport layer containing the electrocatalyst for the Hydrogen Evolution Reaction (HER). This

cell configuration with the bipolar membrane enables a very low local pH at the PTL for hydrogen

gas formation and reduces scaling formation during the cathodic reaction, as the reaction now

involves the reduction of protons to hydrogen gas rather than reducing water to hydroxyl ions

and hydrogen gas. To further prevent scaling, it is necessary that the porous transport layer,

which acts as a porous substrate for the electrocatalyst for the reduction of protons, has at least

a porosity of 5% or more.

1.2.3 Modified DSWE System with Integrated Electrocatalysts

One of the primary objectives of this study is to reduce the overall cell voltage in a direct seawater

electrolysis system using a hybrid set-up with bipolar membrane electrolysis cell combined with a

osmose cell. To achieve this, electrocatalysts for OER and HER must be strategically integrated onto

the porous transport layers at the interface of the bipolar membrane, enhancing reaction kinetics and

minimizing overpotentials for OER and HER.

Due to the pH gradient generated across the bipolar membrane the conditions for the electrocatalyst

for the oxidation of hydroxyl ions at the anode and the conditions of the electrocatalyst for the re-

duction of protons at the cathode are not identical, necessitating electrocatalysts that are specifically

optimized for the unique pH environment of each electrode. Therefore, two different electrocatalysts

must be added at the surface of the porous transport layer at the AEL of the BPM (anode) and the

surface of the porous transport layer at the CEL of the BPM (cathode).

State of the art catalysts includes noble metals as HER catalyst. However, their high cost and low

abundance prohibits large-scale implementation of noble metal catalyst in DSWE devices. Based on

literature data, another possibility for the electrocatalysts and PTLs include earth abundant materi-

als as electrocatalyst for the HER. For example, nickel-based HER catalysts, such as NiFeCo alloys,

are known to reduce the overpotential associated with the hydrogen evolution reaction, leading to

increased catalytic activity. The enhanced catalytic performance is attributed to the interactions be-

tween the catalytic properties of Ni (low hydrogen overvoltage) and Co (high hydrogen absorption)
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[23].

Transition metal oxides like Ni-oxides and Fe-oxides are preferred as electrocatalyst at the anode for

cost efficiency. Porous sintered stainless steel or nickel foam can serve as a porous transport layer that

can be coated with transition metal oxide electrocatalyst, such as NiFe2O4.

From these considerations, the experimental setup was modified to investigate the impact of differ-

ent PTL materials and electrocatalysts on the performance of the DSWE system. The modifications

encompass a range of materials for both anode and cathode PTLs, as well as variations in the electro-

catalysts employed. Subsequent sections of this thesis explore these modifications, with a particular

focus on the Hydrogen Evolution Reaction (HER) catalyst at the cathode. The diverse coating tech-

niques utilized to deposit the electrocatalyst for the HER onto the PTLs are also examined.

The hybrid set-up as used in our work was based on the integration of an in situ water purification pro-

cess using the omosis cell, creating a self-driven phase transition mechanism, that was coupled to the

bipolar membrane electrolysis cell. The osmosis cell extracted pure water from a 0.5M NaCl solution,

as artificial seawater, while preventing the passage of undesirable ions such as chloride, magnesium,

and calcium ions (as illustrated in figure 6). This was achieved by employing a hydrophobic, porous

polytetrafluoroethylene (PTFE)-based membrane in the osmosis cell. Mass transfer occurred through

a liquid–gas–liquid phase transition: liquid pure water from seawater evaporates, migrated across the

membrane in its gaseous state, and subsequently recondensed upon absorption by the catholyte (1M

Na2SO4). The driving force behind this water migration is the difference in water vapor pressure be-

tween seawater and the catholyte solution of the bipolar membrane electrolyser cell. The hydrophobic

nature of the porous membrane provides antifouling properties, as well as a self-sustained transport

mechanism for water vapour. The pressure gradient facilitates water evaporation from the seawater

at the membrane interface of the osmose membrane, generating pure water in situ for the electrolysis

process [24].

Figure 6: Osmosis cell working principle. Pure water passes as a gas from the 0.5M NaCl as artificial
seawater to the catholyte thanks to difference water vapor pressure between seawater and catholyte.



Materials and Methods

This section details the materials and methods employed in this research. Firstly, we describe the

materials and procedures for fabricating the Graphene Oxide-based Ion Exchange Membranes (GO

IEMs), along with the associated characterization techniques. Secondly, we will present the exper-

imental set-up used for Direct SeaWater Electrolysis (DSWE). This includes a description of the

materials used in the various experiments, with a particular emphasis on the electrocatalyst coating

methods applied to different porous transport layer materials. We conclude with a discussion of the

characterization methods used to evaluate the performance of the DSWE set-ups.

2.1 GO membranes for blue energy applications

2.1.1 GO membrane materials

The materials used for the fabrication of the membranes using dead-end filtration are GO 2% wt, pur-

chased by Graphenea, and Aramid NanoFibers (ANF) in Meta (Nomex) configuration. To create the

ANF dispersion 751.23mg of KOH are solubilized in a solution containing 250ml DiMethyl SulfOxide

(DMSO), together with ethanol drops. Later, 500mg ANF are added to the solution, obtaining a

dispersion with 2mg/ml of ANF. For the membrane characterization, potassium chloride KCl (0.5M

and 1M) and sodium chloride NaCl (0.5M) were used. All the chemicals were supplied by Sigma

Aldrich.

2.1.2 GO membrane fabrication

Graphene Oxide-based Ion Exchange Membranes (GO IEMs) were fabricated using a dead-end filtra-

tion technique (Figure 7). In this method, a liquid solution is placed within a hollow cylinder with a

circular porous filter at the bottom. A gas line connected to the top of the cylinder applies pressure to

remove the solvent. A circular hydrophilic filter is positioned directly above the porous filter, which

retains the solid particles. Due to the presence of a residual solvent inside the final product, after

filtration, the membranes were dried on a flat surface at 60 °C under atmospheric pressure, to ensure

uniform evaporation of the residual solvent.

The solutions used contained 2 wt% GO in a DiMethyl SulfOxide (DMSO) and water mixture (50:1

weight ratio), along with aramid fibers in the meta configuration at varying concentrations.

18
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Figure 7: Dead-end filtration set-up.

2.1.3 GO membrane characterizations

After the fabrication, the membranes underwent characterization through various techniques. Field

Emission Scanning Electron Microscopy (FE-SEM) was employed to asses the thickness and surface

properties of the membrane. Subsequently, Fourier Transform Infrared spectrometry (FTIR) was uti-

lized to determine the functional groups of the membranes. Finally, electrochemical measurements

were conducted to evaluate the most important properties of these membranes, specifically permse-

lectivity and ionic resistance.

Morphological characterizations

A Field emission scanning electron microscopy analysis was performed to analyze the cross-section

of the membranes. FE-SEM is a technology used to analyze the morphologhy of a specimen under

vacuum condition. This microscope uses electrons, generated by a field emission source, to scan the

object under study. An electric field gradient accelerate the electrons and optical lenses deflect them.

The specimen emits secondary electrons that generate an electrical signal. The advantages of using

electrons instead of light are the improved resolution and depth of focus. However, the specimen must

be made conductive, so an additional coating layer can be necessary.

Physico-Chemical characterizations

Fourier Transform Infrared Spectrscopy FTIR was used for the physico-chemical analysis. FTIR anal-

ysis uses infrared light with variable frequency to scan test samples and observe the intensity of the

active vibrational modes of the chemical bonds present in the sample. In the resulting intensity spec-

trum, two regions can be easily identified: the functional groups region, corresponding to wavenumbers

larger than 2000cm
−1

and the fingerprint region, for wavenumbers smaller than 2000cm
−1
. The func-

tional group region is used to identify specific chemical bonds, based on their characteristic absorption

peaks. In contrast, the fingerprint region is unique to each molecule, providing a complex pattern of

peaks.
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Electrochemical characterizations

Different electrochemical analyses are pursued on the same membrane to evaluate the permselectivity

and ionic resistance of each membrane. These measurements are performed using a side-by-side

cell, reported in figure 8. It is composed of two compartments with one inlet and one outlet each,

connected to a pump for the flow of the corresponding solution. The membrane is placed between the

two compartments, and two gaskets are used at the membrane-cell interfaces to avoid leaking. Two

luggin capillaries are integrated to insert the reference electrode inside the compartments, so that they

are in contact with the solution. The electrical measurements begin after the two compartments are

filled with the corresponding solution.

To calculate the permselectivity, the Open Circuit Potential (OCP) is measured using a side-by-

side cell, filled with the same solution on both sides. KCl is typically used for the permselectivity

measurements as the mobility of K
+
and Cl

−
ions are closer. Permselectivity measurements require

a concentration gradient, hence one side of cell is filled with 0.1M KCl and the other one with 0.5M

KCl. Ag/AgCl Reference electrodes are used as Sensitive Electrode (SE) and Reference Electrode

(RE) (figure 8a). To measure the ionic resistance the side-by-side cell is filled with NaCl at the same

concentration, and titanium meshes are used as Working Electrode (WE) and Counter Electrode

(CE). In this case, 0.5M NaCl solution is utilized (figure 8b).

Figure 8: Schematics of the side-by-side cell used for the (a) permselectivity and (b) ionic resistance
measurements. Dark blue and light blue represent solutions with different concentrations [25].

Different measurements were carried out: OCP, IV potentiostatic, and VI galvanostatic for the

permselectivity and Electrochemical Impedance Spectroscopy (EIS), IV potentiostatic, and VI gal-

vanostatic for the ionic resistance. These experiments are performed three times with a time difference

of 30 minutes.

The open circuit measurements consists of an OCP run with a duration of 15 minutes. The IV po-

tentiostatic is a potential sweep from −40mV to 40mV at a scan rate of 0.01V/s. Similarly, the VI

galvanostatic is a current sweep from −10mA to 10mA at a scan rate of 0.005A/s. To perform the

EIS, used only for the ionic resistance, a frequency ranging from 10
5
Hz to 0.1Hz with 5mV amplitude

is run. This oscillating potential avoids membrane polarization, while IV potentiostativ and VI gal-

vanostatic shows also effects due to membrane polarization.

The open circuit potential is calculated as the average of the potential values over the 15 minutes run
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(figure 3.1). In the case of IV potentiostatic and VI galvanostatic, the OCP potential corresponding

to Emeas is the potential obtained at a current of 0A, as depicted in figure 9b and 9c, respectively.

(a)

(b) (c)

Figure 9: Examples of (a) OCP, (b) IV potentiostatic, and (c) VI galvanostatic measurement to
calculate the open circuit voltage.

In the EIS measurement, the ionic resistance corresponds to the real part of the impedance when

the imaginary part is 0 in the Nyquist plot, i.e. the plot in which the real part and the negative

imaginary part of the impedance are on the x axis and y axis, respectively (figure 10a). In the IV

potentiostatic, the resistance is given as the inverse of the slope of the IV curve (figure 10b), while in

the VI galvanostatic it corresponds to the slope of the VI curve (figure 10c).



22

(a)

(b) (c)

Figure 10: Examples of (a) EIS, (b) IV potentiostatic, and (c) VI galvanostatic measurements to
calculate the ionic resistance.

All measurements must also be performed without the membrane, to measure the blank values

which must be subtracted from the measured value, isolating the contribute of the membrane only.

Blank measurements are performed after the runs.

The apparent permselectivity is calculated as:

αap =
Emem

Ethe
(2.1)

where Ethe is the theoretical potential given by the Nernst equation and Emem is the potential across

the membrane, given by:

Emem = Emeas −∆Eoffset −∆Ej (2.2)

where Emeas is the membrane open circuit potential measured using the Ag/AgCl reference electrode,

Eoffset is the difference between the reference electrodes and Ej is the junction potential. The junction

potential is the potential difference between the reference electrodes and the electrolyte solution and

it is calculated by the Henderson equation, according to the type and concentration of the bulk

solution used. In this study, considering the used concentration of the solutions, Ethe = −37.02mV,

∆Ej = −0.80mV and ∆Eoffset is given by the OCP obtained by the blank measurements. In the case

of permselectivity measurements, two blanks are necessary because of the different concentration of

the solutions. The two blanks will be averaged for the correction.
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The ionic resistance is calculated considering the resistance in Ohm multiplied by the active area of

the membrane, which is equal to 1.77cm
2
for all membranes. In order to obtain the correct value, the

blank resistance must be subtracted considering:

Rm = Rmeas −Rblank (2.3)

2.2 Bipolar Membranes for DSWE

2.2.1 DSWE system materials

The experimental set-up for direct seawater electrolysis employed the following materials and configu-

rations. A 0.5M solution of sodium chloride (NaCl) served as the artificial seawater electrolyte. The

anolyte consisted of a 1M sodium hydroxide (NaOH) solution, while the catholyte comprised a 1M

sodium sulfate (Na2SO4) solution. The osmosis cell incorporated a PMG25 polytetrafluoroethylene

(PTFE) membrane supplied by POREX Virtek, with a specified thickness of 0.19mm. Reference elec-

trodes for both the cathode and anode were mercury/mercury oxide (Hg/Hg2O) from Xylem, filled

with a 1M potassium hydroxide (KOH) solution. The standard electrode potential of the Hg/Hg2O

half-cell is +0.098V versus the Normal Hydrogen Electrode (NHE) in basic solution. A standard

silver/silver chloride (Ag/AgCl) reference electrode was also utilized for the cathode.

In all experiments, a symmetric Bipolar Membrane (BPM) from Fumatech (FPM type) was employed,

operated at a current density of 1000A/m2
and maintained at a controlled temperature of 30.0 °C.

The Porous Transport Layer (PTL) for the anode and cathode comprised nickel foam (Recemat BV,

1.4mm thick, 440g/m2
area density), compressed by 25 − 30% to ensure adequate current collector

contact. A sintered titanium felt coated with 10g/m2
platinum-iridium Mixed Metal Mxide (MMO)

(total thickness 175µm, figure 11a), supplied by MAGNETO SPECIAL ANODES, was also utilized.

Additional cathode PTL materials included titanium mesh (thickness 150µm) coated with 60gP t/m2

(figure 11b), purchased from METAKEM, and sintered nickel felt from Bekaert (1.4mm thickness).

Flattened Ti-mesh 2.0 with a 2.5µm platinum coating (Metakem) served as the current collector for

both the anode and the cathode. A nickel-iron-cobalt (NiFeCo) nanopowder from American Ele-

ments, with an average particle size range of 80 − 120nm, was used as the HER catalyst. A D2020

Nafion ionomer solution (Ion Power) was employed as a binder on the cathode side. The solutions

NiCl2, FeCl2 and CoCl2 used for the electrocatalyst coating on the CEL side are from Sigma-Aldrich.

Temperature control was achieved using a Julabo 300F cryostat, and fluid delivery was managed by

Masterflex L/S pumps.

(a) (b)

Figure 11: (a) Titanium fiber felt (10cm x 10cm) coated with Ir-MMO (10g/m2
) for the anode; (b)

titanium mesh (10cm x 10cm)coated with Pt (60g/m2
) for the cathode.
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2.2.2 Initial DSWE system

The set-up, shown in figure 12, can be considered as a hybrid system since it comprised an osmotic

cell and an electrolyser cell that were connected via the electrolysis cell’s catholyte. The osmotic cell,

with a flowing rate of 600ml/min, supplied pure water from artificial seawater, made of 0.5M NaCl

solution, to the electrolyser via the gas pores of a porous hydrophobic PTFE membrane installed in

the osmotic cell designed and made at Wetsus. The anolyte and the catholyte were pumped into the

electrolyser cell (100mm x 100mm) through the inlets with a pumping speed, equal to 600ml/min in

this work. At the start, 1M sodium sulphate solution was used as the catholyte, providing a conductive

environment for ion exchange at the cathode. The anolyte, which served as the source of hydroxide

ions for the anode reaction of the bipolar membrane electrolyser, was made of 1M NaOH solution.

The electrolyser cell comprised a bipolar membrane BPM with one manifold inlet and one manifold

outlet for the anolyte and the catholyte. The catholyte and the anolyte were stored in two separated

PVC tanks for safety, as well as the (artificial) seawater. Each tank had inlets and outlets used for

pumping out the solution and for pumping in.

The set-up was kept in isothermal conditions at 30.0 °C by means of a cryostat and by using three

flat plate heat exchangers. This temperature is dictated by the specifications of the commercial BPM

used. In the system, also an external thermocouple (Pt-100 sensor) is used for the cryostat to detect

the actual temperature of the catholyte before it enters the electrolyser cell. A cryostat is preferred to

a thermostat since it can also be used to lower the temperature, which can increase due to the Ohmic

losses inside the electrolyser cell.

The hydrogen and oxygen produced must be well separated and disposed of via the fume hood. A

Draeger hydrogen gas detector is installed in the set-up to detect any possible hydrogen leaks. If the

detector senses hydrogen levels reaching 400 ppm in the fume hood, it will immediately cut off the

current. This is crucial because the energy required to ignite hydrogen gas is only 0.02 millijoules.

Initially, two different types of reference electrodes were used: one for the anode potential (reference

electrode is Hg/HgO (1M KOH) and one for the cathode potential (reference electrode is Ag/AgCl).

However, the Ag/AgCl reference electrode for the cathode was replaced by Hg/HgO (1M KOH)

reference electrode for the direct measurement of the bipolar membrane voltage at 1000A/m2
during

electrolysis. The reference electrode must adhere to the following conditions: firstly, it must maintain

a stable potential. Secondly, it should be reversible, meaning it must facilitate rapid reactions at the

electrodes, with permissible low currents only in the range of pA to fA. Lastly, it is essential here

that no chloride (Cl
−
), bromide (Br

−
), or iodide (I

−
) ions are present in the reference electrode. For

this reason, the standard Ag/AgCl reference electrode was susbstituted by the Hg/HgO reference

electrode, which does not contain any chloride, bromide or iodide.
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Figure 12: Schematics of the hybrid set-up for direct seawater electrolysis using a bipolar membrane
electrolysis cell combined with an osmosis cell to extract pure water from 0.5M NaCl used as artificial
seawater. Blue lines correspond to the catholyte (Na2So4), yellow lines to the artificial seawater
(NaCl), and red lines to the anolyte (NaOH). Green and pink lines represent the hydrogen and
oxygen gases generated.

Figure 13 reports a visual representation of the experimental set-up for seawater electrolysis. The

image showcases several key components of the system: the Julabo cryostat for thermostatting the

set-up at 30 °C and the attached Masterflex pumps for anolyte and artificial seawater circulation (right

side), the electrolyser cell (left side) sealed with blue gaskets and connected to separate cylindrical

electrolyte reservoirs for anolyte and catholyte. Three heat exchangers are located behind the elec-

trolyser cell, while the catholyte pump and seawater storage tank with 10L 0.5M NaCl are visible in

the background.
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Figure 13: Hybrid set-up for direct seawater electrolysis using a bipolar membrane electrolysis cell
combined with an osmosis cell to extract pure water from 0.5M NaCl as artificial seawater.

This thesis focuses on the optimization of the bipolar membrane electrolyser cell, particularly on the

application of the catalyst for the HER and OER processes at the cathode and anode side, respectively.

Figure 14 reports a schematic of the electrolyser cell used in this study. The most important part is

the separator, in our case the symmetric commercial bipolar membrane from Fumatech. For water

electrolysis, the bipolar membrane was used in reverse mode condition, meaning that on the AEL side

there is the anode, while on the CEL side there is the cathode. A Porous Transport Layer (PTL) was

used to contact the BPM with the electrocatalyst. The electrocatalyst can not be directly coated as

the bipolar membrane is offered by Fumatech in a wet condition. Finally, platinized titanium current

collectors were used on both sides of the electrolyser cell. The electrolyser cell used in this study was

a 10cm x 10cm cell that was sealed using fluorinated silicone-type gaskets.
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Figure 14: Schematics of the configuration of the bipolar membrane electrolyser cell. The HER
and OER catalysts are represented by the orange layers, while the Porous Transport Layers (PTLs)
correspond to the green regions. At the AEL/CEL interface there is the BPM junction, depicted in
blue, where the water splitting reaction occurs. The current collectors at the anode and cathode side
are reported in gray. The porous Teflon membrane of the osmosis cell is reported on the cathode side.

Figure 15 shows the sealed electrolyser cell from the anode side and from the cathode side. Note

the difference in color due to the use of titanium fiber felt coated with 10g/m2
Pt− Ir-MMO for the

anode (figure 15a) and a thin titanium mesh coated with 60g/m2
of platinum for the cathode (figure

15b).

(a) (b)

Figure 15: Electrolyser cell (10cm x 10cm): (a) Anode side; (b) Cathode side.

Note that in this electrolyser cell configuration the seawater is contacted with the catholyte of the

electrolyser cell via a porous Teflon membrane with the 0.5M NaCl solution of the osmosis cell.

First test

The initial bipolar membrane electrolysis test utilized Ni-foam without electrocatalyst coated as both
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anode and cathode, compressed 25-30% for current collector contact. This pressure contact is useful

to create a very low ohmic electrical contact between the nickel foam and the metal current collector.

The cathode current collector was a flattened Ti-mesh 2.0 with 2.5µm platinum coating, while the

anode used titanium fiber felt coated with 10g/m2
platinum-iridium mixed metal oxide. No electro-

catalysts were applied to the Ni-foam electrodes used for the cathode side.

Second test

The materials for the second test included five layers of 10g/m2
platinum-iridium mixed metal oxide

coated sintered titanium felt (total thickness 175µm, (figure 11a)) as anode, with a platinum-iridium

coated Ti-mesh as current collector. As cathode, five layers of very thin titanium mesh (thickness

150µm) coated with 60g Pt/m2
(figure 11b), were used. The cathode used a Ti-mesh 1.0 coated with

platinum as current collector.

Third test

Lastly, a Hg/HgO reference electrode was included with a 1M KOH filling solution. From this

moment on the anode remained five layers of platinum-iridium oxide coated sintered titanium felt

contacted with a platinum-iridium coated Ti-mesh as current collector, since stable results were ob-

tained for the anode potential at 1000A/m2
. Thus, we will focus on the optimization of the cathode

side, specifically, on the electrocatalyst material and coating techniques.

Fourth test

For electrically contacting the anode and cathode, two layers of Ni-foam (440g/m2
) with 1.4mm

thickness each were added. For the cathode, the PTL was composed of two layers of nickel foam, each

1.4mm thick, combined with five layers of 60g/m2
platinum-coated sintered titanium felt to facilitate

effective ion transport and reaction kinetics.

Fifth test

In the fifth test the five platinum coated Ti-mesh layers of 150µm at the cathode were replaced with

two layers of Ni-foam of 1.4mm and one layer of Ni-foam of 0.30mm.

Subsequent Tests

In later experiments, one of the Ni-foam layers of the previous test was substituted by a porous nickel

substrate (sintered Ni-felt or Ni-foam) that was coated before assembly of the electrolysis cell with a

HER catalyst using different coating methods and catalyst dispersion composition. Firstly, a NiFeCo

nanopowder was used as an HER catalyst, including the use of Nafion ionomer solution as binding

agent. Later, dip-coating was employed for both sintered nickel felt and nickel foam using a different

dispersion for the coating of a NiFeCo-based HER catalyst at the cathode side.

Electrocatalyst coating methods

Ultraturrax-assisted coating

For electrocatalyst coating on the cathode side, a catalytic ink was prepared using 25mL of a 20 wt%

Nafion solution and 25g of iron-nickel-cobalt (NiFeCo) alloy nanopowder. The solution, with a 5g

Nafion content, was sonicated using an Ultraturrax stitter at 20000rpm. To this, 475mL of a solution

containing 2-propanol and water (1:3 v/v) was added, resulting in a final composition of 83.3 wt%

NiFeCo and 16.6 wt% Nafion binder in water. This ratio is important to ensure adequate solution

homogeneity while maintaining a sufficient proportion of the electrocatalyst to achieve an effective

catalytic activity.

A cooling system, employing an ice bath (figure 16), was implemented to dissipate heat generated

during the Ultraturrax mixing process. To further stabilize the dispersion, 144mg of sodium dodecyl
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sulfate (SDS, 288mg/mol) was added.

The sintered Ni-felt was selected as a substrate for the catalytic coating since many studies suggest

that it shows the best catalytic HER activity [26] thanks to its high corrosion resistance in alkaline

environments and its non-noble metal nature. Moreover, this substrate is hydrophilic and has high

electrical conductivity and porosity.

Prior to coating, the nickel felt substrate was washed with 2-propanol to remove surface contaminants

and ensure proper adhesion of the coating. The cleaned Ni-felt was then dipped into the catalytic

dispersion for a few seconds to deposit the catalyst layer.

The 1.4mm sintered nickel felt coated with NiFeCo, together with a nickel foam layer of 1.4mm and

a nickel foam layer of 0.3mm, was used as the cathode side for the electrolyser cell.

Figure 16: System used for the Ultraturrax-assisted coating of sintered nickel felt with NiFeCo
electrocatalyst, showing the Ultraturrax at 20000rpm and the integrated ice bath.

Vacuum-assisted infiltration coating

To improve catalyst distribution throughout the high-density Ni-felt, a vacuum-assisted coating

method was developed. This new developed system incorporates a vacuum pump to generate a pres-

sure difference, facilitating the transport of the nanopowder particles through the entire cross-section

of the substrate.

In this procedure, a circular sintered nickel felt is placed on a filter paper within a porous circular

ceramic support, called Buchner funnel. The Buchner funnel is then positioned inside a vacuum

connected Erlenmeyer of glass, using rubber gaskets for sealing the Buchner funnel, connected to a

vacuum pump. The catalytic dispersion was composed of 5g Nafion, 25g nanoparticles of NiFeCo,

475mL of 2-propanol and water (1:3 v/v) and 144mg of SDS. As in the previous method, the mixture

was poured onto the Ni-felt surface, and the vacuum pump was activated. Due to the presence of Co

nanoparticles in the nanopowder, this process must be done in the fume-hood.

As shown in figure 17, the pressure difference made the dispersion go through the entire thickness of

the Ni-felt substrate, evidenced by the black-colored dispersion filling the bottom part of the vacuum
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Erlenmeyer. After air-drying overnight, the coated nickel felt was employed as the porous transport

layer at the cathode side of the bipolar membrane electrolyser cell. The coated side was oriented

toward the bipolar membrane, where the hydrogen evolution reaction occurred.

Figure 17: System used for the vacuum-assisted coating of NiFeCo on the sintered nickel felt sub-
strate, showing the vacuum pump and the Buchner funnel containing the filter.

Dip-coating

The issues related to the previous coated substrate are related to the use of the HER catalyst in the

form of nanopowder, composed by high density particles with a very small diameters that made it very

difficult to create a homogeneous dispersion. This led to the formation of precipitates at the bottom

of the bottle containing the nanoparticle solution, and additional stirring using the Ultraturrax mixer

solved this settling issue only temporarily. That is why a completely different coating technique was

used, avoiding the use of the NiFeCo nanopowder.

The dense sintered nickel felt surface was etched with a 1M HCl solution for 30 minutes, to remove

NiO layer from the nickel surface. After that, the nickel felt was horizontally placed in a glass

container for two weeks in solution containing 23.8g/L NiCl2, 2.0g/L FeCl2, and 29.98g/L CoCl2.

The container was taped with Parafilm to avoid the evaporation of the solution.

Another option is to use a nickel foam placed vertically in a plastic container. The container was

again sealed using Parafilm.

2.2.3 DSWE characterizations

Morphological characterizations

A Scanning Electron Microscopy (SEM) analysis was performed to analyze the structure of the PTL

coated with the catalyst for the HER process. SEM is a technology used to analyze the topography

of a specimen under vacuum condition. This microscope uses electrons, generated by a field emission

source, to scan the object under study. An electric field gradient accelerates the electrons and optical

lenses deflect them. The specimen emits secondary electrons that generate an electrical signal. The

advantages of using electrons instead of light are the improved resolution and depth of focus. However,

the specimen must be made conductive, but in our case no additional coating layer is necessary, since

all the substrates used were Ni-based.
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Chemical characterizations

Energy Dispersive X-Ray spectroscopy (EDX) is a chemical analysis capable of identifying the elements

present in the sample under study, as well as their amount. A beam of X-rays is focused on the sample

exciting electrons in the inner shell of the atoms in the sample. The so-created hole is then filled by an

electron coming from a shell with higher energy. The difference between these energies is then emitted

in the form of an X-ray. In this way, a particular electromagnetic spectrum is obtained, with peaks

that depend on the atomic structure of the sample. This chemical analysis allows the estimation of

the concentration of each element in the sample.

Electrochemical characterizations

Electrochemical analysis was conducted to evaluate four potentials: cell potential, anode and cathode

potentials, and BPM potential. This electrochemical analysis was performed using IVIUM software

and a potentiostat while the direct current of 10A was supplied by power supply from DELTA ELEK-

TRONIKA. Chronopotentiometry was carried out with a current range of 100nA (the potentiostat

is not generating the DC current for electrolysis, this was done by the external power source) and a

potential range of 10V, with a sampling rate of one second. The analysis was run every test for four

hours to assess cell stability over time. Before initiating the electrical analysis, the pumps and cryostat

were activated. Once the cryostat stabilized the temperature at 30.0°C, the DELTA ELEKTRONIKA

power source applied the 1000A/m2
current density, and IVIUM software started data recording.

After the four-hour run, the current was stopped automatically, and the data were extracted from

the IVIUM software. This process was repeated four times per test, though some measurements were

shorter due to some IVIUM software issues.

In this study, the set-up operated at a current density of 1000A/m2
, with a total current applied of

10A, a limit imposed by the commercial bipolar membrane used (Fumatech FPM). Exceeding this

current density could lead to membrane dehydration due to excessive water consumption, ultimately

causing membrane failure, as the manufacturer specifies that the membrane must remain hydrated.

The voltage efficiency VE is defined as:

V E =
Eminimum

Ecell
× 100% (2.4)

where Eminimum is the minimum voltage necessary for the water electrolysis, equal to 1.229V and

Ecell is the actual cell potential at a given current density of, for instance, 1000A/m2
. However, this

definition is only valid for conventional electrolysis cells like the Proton Exchange Membrane Electrol-

ysis cell and the Alkaline Water Electrolysis cell. In the case of the Bipolar Membrane Electrolysis

cell, the measured cell voltage minus the bipolar membrane voltage (EBPM ) can be compared to the

conventional cell voltage Ecell. In the case of bipolar membrane electrolysis, the cell voltage at a given

current density is built up from four components:

• The anode potential as measured vs a reference electrode;

• The cathode potential as measured vs a reference electrode;

• The bipolar membrane voltage as the voltage measured between two reference electrodes;

• The ohmic voltage loss inside the Bipolar Membrane Electrolysis cell.

Therefore, the voltage efficiency for the electrode reactions of BPM electrolysis can be calculated via

an alternative definition as:

V E =
Eminimum

Ecell − EBPM
× 100% (2.5)
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To evaluate the efficiency of the water electrolysis systems, the anode and cathode overpotentials are

important values that must be determined. The overpotential is the extra voltage required to drive

an electrochemical reaction at a given current density. Ideally, a reaction with zero activation energy

would occur exactly at its standard potential, however, electrochemical reactions require an activation

energy that is represented by the overpotentials. The anode and cathode overpotential, given in Volt,

are defined as:

ηanode = Eanode − E
0
(OH−,O2) (2.6)

ηcathode = Ecathode − E
0
(H+,H2) (2.7)

where anodically the following reactions is assumed vs NHE

4OH
−
⟶ O2 + 2H2O + 4e

−
, E

0
(OH−,O2) = 0.404V (2.8)

and cathodically we assume proton reduction, according to the following reaction vs NHE

2H
+
+ 2e

−
⟶ H2, E

0
(H+,H2) = 0.000V (2.9)

with Eanode and Ecathode being the measured anode and cathode potential vs NHE. In our case, two

identical reference electrodes Hg/HgO (1M KOH) were used, with the standard electrode potential

of the Mercury/Mercury Oxide (1M KOH) reference electrode is equal to +0.098V vs NHE. The po-

tential difference between both Hg/HgO (1M KOH) reference electrodes was identical to the bipolar

membrane voltage at the given current density in our set-up.



Results and Discussion

In this chapter, the results of the GO membrane fabrication and characterization are presented.

Later, the outcomes of the morphological, chemical, and electrical analysis of the DSWE systems are

discussed.

3.1 GO membranes for blue energy applications

3.1.1 GO membranes fabrication

In this study, four distinct combinations of Graphene Oxide (GO) content and Aramid NanoFiber

(ANF) concentrations were examined: 10 mg and 15 mg of GO, each paired with 25% and 50% ANF.

The dead-end filtration process was conducted at varying pressures ranging from 5 to 8 bar, resulting

in different filtration and drying times. The fabrication parameters and the corresponding filtration

and drying times for the membranes containing 10 mg GO are reported in table 2 as example. As

expected, higher applied pressures resulted in faster filtration times. Additionally, the drying time

appeared to be independent of the applied pressure and remained relatively constant for all the cases.

As illustrated in figure 18, all the fabricated membranes share a diameter of 4.7 cm, determined by

the size hollow cylinder employed in the process.

Figure 18b shows that the fabricated membranes exhibit different surface roughness. This variation

can be attributed to the applied pressure during the fabrication process, which influence the filtration

time.

Table 2: Fabrication parameters and corresponding filtration and drying time for the membranes
containing 10 mg of graphene oxide and a differen ANF content.

Type of membrane Pressure Filtration time Drying time @60C

10 mg GO, 25% ANF
5 bar 90 min 30 min
7.5 bar 30 min 30 min

10 mg GO, 50% ANF
5 bar 60 min 45 min
7.5 bar 45 min 30 min

33
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(a) (b)

Figure 18: Fabricated membranes: (a) used concentrations of GO and ANF; (b) photos of the mem-
branes after the drying.

3.1.2 GO membrane characterizations

Morphological characterizations

From the SEM analysis in figure 19, the thickness of the membranes was determined to range between

3 − 8µm. Additionally, figure 19c reveals the formation of aramid nanofiber clusters of different sizes

within the membrane. These clusters arise from the aggregation of ANFs during the fabrication pro-

cess, which can influence the mechanical properties and uniformity of the membrane. This outcome

highlights the need for optimization in the dispersion of the nanofibers to ensure consistent perfor-

mance across the membrane.

SEM analysis was performed on the membranes before and after the electrochemical characterizations.

The thickness of the membrane after the OCP measurement increases, as the water causes the mem-

brane to swell. This phenomenon is a direct consequence of the hydrophilic nature of the materials,

which absorb water and cause the expansion of the membrane.
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(a) (b)

(c)

Figure 19: FESEM analysis of different membranes. (a) 10mg GO with 25% ANF: (b) 10mg GO with
25% ANF after the OCP measurement; (c) 10mg GO with 50% ANF.

Physico-Chemical characterizations

FTIR analysis was conducted on the graphene oxide membrane, on the aramid nanofibers alone, and on

the composite membrane fabricated with both GO and ANF to identify the individual contributions

of each component and their combined effect in the composite membrane. Figure 20 reports, as

example, the FTIR spectrum of the membrane composed by 15mg GO and 50% ANF. Because of the

different functional groups, the three samples have different spectrum. Graphene oxide’s spectrum

(in blue in figure 20) has three main peaks at 3200cm
−1
, 1600cm

−1
and 1050cm

−1
, corresponding to

the OH, C − O and C = O bonds, respectively. Instead, the ANF spectrum (in red in figure 20)

has a peak corresponding to the triple bond C ≡ O, at 2400cm
−1
. As predicted, the spectrum of the

composite membrane is a combination of the individual spectra of GO and ANF, indicating that the

chemical structures of both components are preserved within the composite membrane. For example,

the C−O single bond peak around 1050cm
−1
, which is characteristic of GO, and the triple bond peak

near 2400cm
−1
, typical of ANF, are present also in the membrane spectrum.
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Figure 20: FTIR spectra of GO (blue), aramid fibers (red) and of the membrane containing 15mg GO
and 25% ANF (black).

Electrochemical characterizations

The electrochemical performance of the GO-IEMs, as characterized by Open Circuit Potential (OCP)

and ionic resistance measurements, reveals insights into the membrane’s ion selectivity and conduc-

tivity.

The figure 21 shows the OCP values calculated using an OCP measurements with a duration of 15

minutes for the four composite membranes. The two blank measurements at 0.1M and 0.5M NaCl

have been subtracted from the measured values as:

OCPmembrane = OCPmeasured − (OCPblank0.1M +OCPblank0.5M

2
) (3.1)

Table 3 reports the measured open circuit voltages as well as the two blank measurements at 0.1M

and 0.5M NaCl for the four membranes. The membrane open circuit voltage is calculated according

to equation (3.1).

Table 3: Open circuit voltages values for the four membranes calculated as an average of a 15 minutes
OCP measurements. Two blank measurements are necessary because two solutions are used. The
OCP membrane is calculated as equation (3.1).

Type of membrane OCP measured OCP blank 0.1M OCP blank 0.5M OCP Membrane
10 mg GO, 25% ANF 32.16 mV 2.32 mV 2.14 mV 30.22 mV
10 mg GO, 50% ANF 32.45 mV 2.47 mV 1.95 mV 30.25 mV
15 mg GO, 25% ANF 34.70 mV 2.58 mV 1.24 mV 32.78 mV
15 mg GO, 50% ANF 33.96 mV 3.41 mV 1.90 mV 31.31 mV

As seen in figure 21, the OCP values appear relatively stable across varying aramid nanofiber

percentages, particularly at a 10mg GO. Specifically, the OCP values hover around 30mV for both

25% and 50% ANF concentrations. At a higher GO weight of 15mg, a slight divergence emerges,

with the 25% ANF sample exhibiting a higher OCP (approximately 32.7mV) compared to the 50%

ANF sample (around 31.3mV). This suggests that increasing the GO loading and reducing the ANF

content may enhance the membrane’s ability to selectively transport ions.
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Figure 21: Open circuit voltage evolution over time for the four composite membranes. All the values
have been corrected with the corresponding blank measurements.

The permselectivity was calculated from the OCP, without considering the ion transport number,

dividing the membrane potential by the theoretical potential calculated by the Nerst equation, as in

the equation (2.1).

The ionic resistance measured values for the four membranes derived from EIS, IV potentiostatic, and

VI galvanostatic measurements are reported in the table 4. All the values have been corrected with

the corresponding blank measurements, according to equation (2.3). Figure 22 shows an example

of the IV potentiostatic and VI galvanostatic measurements results of the membranes with 10mg

GO and different ANF content. The difference in the slope of the two curves represent the different

ionic resistance of the two membranes. Figure 23b illustrates a more pronounced dependence of ionic

resistance on both GO loading and ANF percentage. At 10 mg of GO, the ionic resistance is relatively

low (approximately 1.7 Ω ⋅ cm2
) for the 50% ANF sample, increasing to 3.2 Ω ⋅ cm2

for the 25%

ANF sample. However, at 15mg GO weight, the ionic resistance increases significantly, reaching 2.7

Ω ⋅ cm2
for the 25% ANF sample and 4 Ω ⋅ cm2

for the 50% ANF sample. This trend suggests that

increasing both GO loading and ANF content do not provide the same result. In particular, at 10mg

GO, increasing the ANF concentration reduces the ionic resistance (figure 22), while at 15mg GO, the

ionic resistance is lower for the 25% content of ANF.

While increasing GO loading may initially enhance permselectivity, it can also lead to increased ionic

resistance, particularly at higher ANF concentrations. The summary of these results are reported in

table 5.

Table 4: Ionic resistance measured values for the four membranes derived from EIS, IV potentiostatic,
and VI galvanostatic measurements. All the values have been corrected with the corresponding blank
measurements.

Type of membrane
IONIC

RESISTANCE (IV)
IONIC

RESISTANCE (VI)
IONIC

RESISTANCE (EIS)

10 mg GO, 25% ANF 3.22 Ω ⋅ cm2
3.10 Ω ⋅ cm2

3.20 Ω ⋅ cm2

10 mg GO, 50% ANF 1.78 Ω ⋅ cm2
1.85 Ω ⋅ cm2

1.54 Ω ⋅ cm2

15 mg GO, 25% ANF 2.80 Ω ⋅ cm2
2.70 Ω ⋅ cm2

2.59 Ω ⋅ cm2

15 mg GO, 50% ANF 4.11 Ω ⋅ cm2
4.11 Ω ⋅ cm2

3.76 Ω ⋅ cm2
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(a) (b)

Figure 22: (a) Potentiostatic current-voltage (IV) and (b) galvanostatic voltage-current (VI) analyses
of composite membranes with varying aramid nanofibers concentrations. Increasing ANF content
while maintaining constant GO mass resulted in increased ionic resistance. This trend is demonstrated
by a steeper linear regression slope in the IV curve and a reduced slope in the VI curve.

Table 5: Open circuit voltage, permselectivity and ionic resistance measured values for the four
membranes. Ionic resistance is calculated as the average of values derived from EIS, IV potentiostatic,
and VI galvanostatic measurements. All the values have been corrected with the corresponding blank
measurements.

Type of membrane OCP, mV PERMSELECTIVITY IONIC RESISTANCE, Ω ⋅ cm2

10 mg GO, 25% ANF 30.2 83.8% 3.2 ± 0.02
10 mg GO, 50% ANF 30.3 83.9% 1.7 ± 0.2
15 mg GO, 25% ANF 32.8 90.7% 2.7 ± 0.2
15 mg GO, 50% ANF 31.3 86.7% 4.0 ± 0.3
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(a)

(b)

Figure 23: (a) OCP and (b) ionic resistance values the four membranes. Error bars correspond to the
standard deviation of each value. All the values have been corrected with the corresponding blank
measurements.

The ionic resistance value is lower than those reported in similar work in GO-based membrane

[27]. However, the permselectivity achieved with these GO-based membranes are still worse than the

one obtained in other similar studies.

3.1.3 Scaling up trial

Graphene Oxide (GO) membranes show promise as sustainable alternatives to polymeric membranes,

but scaling up their fabrication for industrial applications remains challenging. The dead-end filtration

method used in the study produces membranes limited to a 4.7cm diameter due to the fixed diameter of

the porous filter and the hollow cylinder, which highlights a critical barrier for industrial applications.

In order to overcome this scaling up issue, the Roll-to-Roll (R2R) process offers a viable alternative

for large-area graphene oxide membrane production. This method (figure 24) employs a continuous

coating technique where slurries are deposited onto thin, flexible substrates threaded through a series

of rollers [28].
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Figure 24: Schematics of the roll-to-roll process [29].

The material that must be coated, in our case GO, is poured on the flexible substrate and passed

through the rolls. The membrane is then dried in an oven and possess tunable thickness and theoreti-

cally limitless length. However, a critical challenge of this technique is related to the low GO viscosity,

being GO 2% wt, the only commercial available concentration. This concentration is not high enough

to avoid splashing during the R2R process.

To address this issue, GO concentration was enhanced via centrifugation. The 2% GO was centrifu-

gated using different velocities and at different durations. The parameters used in the trials and the

corresponding final concentration are reported in the table 6.

Table 6: Parameters used for the GO condensation and final concentrations.

Rpm Time, min Wt%
2000 30 3.2
3000 30 3.6
4000 30 4.2
4000 45 4.4
4000 60 4.9

After centrifugation, effective liquid/solid phase separation was visible. This method enabled the

2.5x increase in the starting concentration, going from the initial 2% to 4.9% for 1h of centrifugation

at 4000 rpm.

3.2 Bipolar membranes for DSWE

In this section, the results of the measurements and of the analysis for the direct seawater electrolysis

are presented. Firstly, the morphological and chemical analyses of the nickel substrates coated with

the electrocatalyst for the HER are discussed. Finally, the results of electricochemical measurements

for all the different configurations of materials are reported.

3.2.1 DSWE system characterizations

Morphological characterizations

Ultraturrax-assisted coating method

A Scanning Electron Microscopy (SEM) analysis was conducted on the sintered Ni-felt that was

coated with NiFeCo nanopowder using the Ultraturrax-assisted coating method. From the SEM

images in figure 25, it is evident that the nanopowder coating was unevenly distributed across the

surface of the Ni-felt, indicating a lack of homogeneity in the coating process. This result suggests

that the coating solution itself may not have been uniformly dispersed.
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(a) (b)

Figure 25: SEM images of the sintered nickel felt coated with a dispersion of NiFeCo with Nafion,
2-propanol and SDS using the Ultraturrax-assisted coating method.

Visual observation of the dispersion used for the coating, when left undisturbed, showed a tendency

for the NiFeCo nanoparticles to precipitate and settle at the bottom of the container, as shown in

figure 26. To mitigate this effect, we attempted to introduce the Ni-felt substrate into the solution

while it was being mixed. However, this approach also did not guarantee a fully homogeneous coating,

as the solution’s composition could still vary during the mixing and coating process. This led to the

conclusion that the NiFeCo nanoparticles were not well dispersed.

Figure 26: Dispersion of NiFeCo with Nafion, 2-propanol and SDS used for the Ultraturrax-assisted
coating method. The nanoparticles tended to precipitate at the bottom of the container.

Furthermore, examination of the cross-sectional SEM images (figure 27) revealed that the coating

did not penetrate through the Ni-felt layer. This absence of penetration could significantly hinder

the catalytic performance of the NiFeCo material, as a more uniform and penetrating coating would

enhance its catalytic activity by increasing the accessible electrochemically active surface area.
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(a) (b) (c)

Figure 27: Cross sections SEM images of the sintered Ni-felt coated with the NiFeCo dispersion
using the Ultraturrax-assisted coating method. Images show (a) the top, (b) central, and (c) bottom
regions of the coated material.

Vacuum-assisted filtration coating

The vacuum-assisted filtration coating technique was used to deposit the catalyst onto the Ni-felt

substrate. The outcome of this process is shown in figure 28a, with the corresponding SEM image

provided in figure 28b. From these results, it is evident that the catalyst layer did not adhere well

to the Ni-felt surface, as the catalyst nanoparticles easily detached. Although the particles were able

to pass through the felt layer, their attachment to the substrate was insufficient. This indicates that

the dispersion needs the addition of a better binding agent to improve adhesion and ensure that the

catalyst remains fixed to the substrate. Furthermore, additional stirring of the catalyst dispersion did

not mitigate this poor adhesion issue, suggesting that mechanical agitation alone is not sufficient to

enhance coating stability. Moreover, due to the limited size of the Buchner funnel, it is not possible

to coat large substrates.

(a) (b)

Figure 28: (a) Photo and (b) SEM image of Ni-felt coated with NiFeCo using vacuum-assisted
filtration method.

Dip-coating

The dip-coating method was used to apply a catalyst layer to the Ni-felt, as illustrated in figure 30.

This process resulted in a thin, homogeneous, red catalyst layer adhering to one side of the Ni-felt,

as shown in figure 29a. The side facing the bottom of the glass container during the dip-coating

process remained uncoated, also visible in figure 29b. The uneven coating distribution is attributed

to the low-porosity of the Ni-felt, which prevented the catalyst solution from penetrating through the

material, allowing the catalyst to adhere only to the exposed outer surface. Despite the single-sided

coating, the catalyst demonstrated excellent adhesion to the Ni-felt. When submerged in water,
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the coating remained well attached to the surface, showing no signs of detachment, as observed in

figure 29c, where the water remained completely uncontaminated. This confirms the stability of the

electrochemical catalyst layer produced by the dip-coating method.

(a) (b) (c)

Figure 29: (a,b) Sintered Ni-felt coated with NiFeCo using dip-coating, (c) Sintered Ni-felt coated
with NiFeCo using dip-coating submerged in water. No detachment is visible.

The SEM images provided valuable insights into the characteristics of the catalyst layer formed

through the dip-coating technique. Figure 30a reveals that this method resulted in a much more

homogeneous catalyst layer on the substrate surface. This uniform distribution of the catalyst is

a significant advantage of the dip-coating process, as it ensures consistent catalytic electrochemical

activity across the coated area. However, the limitations of this technique become apparent when

examining the cross-section view in figure 30b. The low porosity of the Ni-felt substrate acts as a

barrier, preventing the catalyst solution from penetrating into the inner part of the sintered Ni-felt

material. As a result, the catalytic coating remained confined to the surface of the felt, forming a

thin layer without significant internal distribution to the inner part of the sintered nickel felt. This

observation aligns with the previous findings regarding the single-sided coating and explains why the

catalyst is not present on the side of the felt that was in contact with the bottom of the glass container

during the dip-coating process. The inability of the catalyst to penetrate the dense sintered nickel felt

structure highlights a potential limitation of this coating method for applications requiring catalyst

distribution throughout the inner part of the sintered nickel felt substrate.

(a) (b)

Figure 30: SEM images of the Ni-felt coated with NiFeCo using dip-coating method: (a) top view
and (b) cross section.

Because of the high density and low porosity of the sintered nickel felt, the penetration of the

catalyst inside the substrate was limited, regardless of the coating method employed. To ensure

complete catalyst coverage throughout the Porous Transport Layer (PTL), including both external



44

surfaces and the internal structure, nickel foam was therefore chosen as a replacement for the sintered

nickel felt substrate.

The decision to use nickel foam as a substrate for the electrocatalyst is based on the many advantages

reported in literature, such as a three-dimensional structure, large specific contact area and good

stability [30]. Initially, the nickel foam was horizontally placed in a small Parafilm sealed container

containing the coating solution. However, in this case, the sample had almost no coating afterwards.

As illustrated in Figure 31, a color change was observed on only one side of the felt, indicating that the

coating process occurred exclusively on this surface. This outcome can be attributed to the small size

of the container used, as well as the use of the Parafilm tape, which led to the absence of oxygen inside

the container. This indicated that oxygen is necessary for the coating process. Thus, the container

should not be taped with Parafilm, as otherwise no oxygen will be present, and the reactions will not

occur.

The nickel foam was therefore placed in a 5L beaker glass containing the coating solution and no

Parafilm tape was used. This modification allowed for a more compact coverage of the catalyst

throughout the porous transport layer, including both sides and the interior.

Figure 31: Ni-foam (10cm x 10cm) partially coated with NiFeCo (right side) using dip-coating. The
partial coating, highlighted by the color change, that occurred was due the absence of oxygen due to
sealing flat PP container with Parafilm tape. However, the presence of oxygen gas appeared essential
for the electrochemical reactions to occur.

A possible reaction mechanism of the process for the formation of the NiFeCo triple layered hy-

droxide, based on the obtained results, is presented here. It is based on the reduction of the three

ions initially present in the solution, specifically Ni
2+
, Co

2+
, and Fe

2+
. The ferro ions Fe

2+
are very

sensitive to oxygen gas and are oxidized to ferri ions Fe
3+
:

Fe
2+

⟶ Fe
3+

+ e
−

(3.2)

The metal ions Ni
2+
, Co

2+
, and Fe

2+
are reduced to the metals according to the following reactions:

Ni
2+

+ 2e
−
⟶ Ni (3.3)

Fe
2+

+ 2e
−
⟶ Fe (3.4)

Co
2+

+ 2e
−
⟶ Co (3.5)

Due to the presence of oxygen the non-noble metals Ni, Co and Fe are oxidized to their oxides:

2Ni +O2 ⟶ 2NiO (3.6)
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2Fe +O2 ⟶ 2FeO (3.7)

2Co +O2 ⟶ 2CoO (3.8)

Finally, the metal oxides react with water to yield the Triple Layered Hydroxides TLH:

NiO +H2O ⟶ Ni(OH)2 (3.9)

FeO +H2O ⟶ Fe(OH)2 (3.10)

CoO +H2O ⟶ Co(OH)2 (3.11)

According to the proposed mechanism, the final formula of the TLH as a doped compound is:

CoxFeyNi1−x−y(OH)2.wH2O (3.12)

Figure 32 shows the SEM images of the TLH catalyst-coated nickel foam. A closer examination

in Figure 32c reveals that the Ni-foam substrate is uniformly covered with ”nanoflower” clusters.

This microstructure closely resembles that of NiFe Layered Double Hydroxides (LDHs) reported in

previous studies [31].

The nanoflower structure offers several advantages: it increases the available surface for catalytic

reactions, providing many locations for chemical reactions to occur. These effects lead to enhanced

catalytic performance. The uniform distribution of these nanoclusters on the Ni-foam substrate

suggests a successful coating process, taking advantage of the porous nature of the foam substrate.

This structure allows for better penetration and adhesion of the catalyst compared to the previously

used sintered Ni-felt with a poor porosity. The crystalline nature of these nanoclusters is anticipated,

which could further contribute to their catalytic efficiency.

(a) (b)

(c)

Figure 32: SEM images of the Ni-foam coated with NiFeCo TLH catalyst using dip-coating method:
(a) top view and (b,c) cross section. The dip coating process lasted at least one week.
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Chemical characterizations

The general composition of the catalyst deposited on the nickel substrate can be expressed as:

CoxFeyNi1−x−y(OH)2 × w ⋅H2O (3.13)

where x and y represent the molar fractions of Cobalt and Iron, respectively, while the remaining

Nickel fraction is determined as 1−x−y. The presence of water is because the samples were not dried

in a vacuum environment after the dip-coating process.

From the Energy Dispersive X-ray (EDX) analysis, we can infer that the synthesized Triple-layered

Hydroxide (TLH) is not composed of pure individual phases but rather forms a doped structure where

Fe, Co, and Ni are mixed.

The molar fractions of Fe, Co, and Ni were determined based on the elemental composition obtained

from EDX, reported in table 7.

Table 7: EDX spectrum of (a) nickel felt and (b) nickel foam coated with NiFeCo using the dip-
coating method.

Element Ni-felt Ni-foam
O, wt% 41.3 ± 0.3 39.6 ± 0.4
Fe, wt% 40.1 ± 0.4 40.8 ± 0.4
Ni, wt% 11.6 ± 0.3 14.6 ± 0.4
Co, wt% 4.8 ± 0.3 3.6 ± 0.3
Cl, wt% 1.4 ± 0.1 1.1 ± 0.1
S, wt% 0.7 ± 0.1 0.3 ± 0.1
Si, wt% 0.2 ± 0.0 -

Since EDX provides weight percentages of each element, we assume a total sample mass of 100g.

This allows us to directly interpret the reported weight percentages as grams of each component. Using

the molar mass of each element (Co: 58.93g/mol, Fe: 55.85g/mol, Ni: 58.69g/mol, O: 16.00g/mol),

the number of moles ni for each element was determined as:

ni =
mi

Mi
(3.14)

where mi is the mass of the element obtained from EDX (in grams), and Mi is its molar mass. The

remaining fraction of oxygen was attributed to the remaining hydrated water content in the sample.

This molar fraction for water was defined as w, representing the number of moles of H2O associated

with the compound. The calculated molar fractions for the Ni-felt and Ni-foam substrates are used to

determine the final chemical composition of the coated compound, described by the following formulas,

respectively:

Co0.08Fe0.72Ni0.20(OH)2 × 0.58 ⋅H2O (3.15)

Co0.06Fe0.73Ni0.21(OH)2 × 0.48 ⋅H2O (3.16)

As expected, the molar fraction of nickel was found to be represented by 1 − x − y, validating our

assumptions. The presence of water confirms that the samples retained still some moisture due to the

absence of vacuum drying after dip-coating. The hydrogen is not present in the EDX tables because

its weight is too low to be detected. The table 8 summarizes the calculations explained.

Comparing the results for Ni-felt and Ni-foam, we observe nearly identical compositions, except for

the Co content, which is slightly higher for the sintered Ni-felt. This suggests that sintered Ni-felt

may exhibit enhanced catalytic activity, potentially making it a more effective substrate for hydrogen

evolution reactions as cobalt has higher catalytic activity for HER.
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Table 8: Summary of the elemental composition obtained from the EDX analysis for Ni-felt and
Ni-foam substrates. The reported mass values were used to calculate the molar fractions of Co, Fe
and Ni in the TLH catalyst deposited on each substrate. The calculated molarity of each element is
also included.

Ni-felt Ni-foam molar mass molarity for Ni-felt molarity for Ni-foam
O 41.3 g 39.6 g 15.9994 g/mol 2.58 mol 2.48 mol
Ni 11.6 g 14.6 g 58.6934 g/mol 0.20 mol 0.25 mol
Fe 40.1 g 40.8 g 55.8450 g/mol 0.72 mol 0.73 mol
Co 4.8 g 3.6 g 58.9332 g/mol 0.08 mol 0.06 mol

Electrochemical characterizations

The bipolar membrane electrolysis runs for the tests were performed at 1000A/m2
four times, each

lasting four hours, with a sampling time of one second.

First test

In the first test no electrocatalyst was applied on the Ni-foam at the anode side and at the cathode

side. At 1000A/m2
and 30.0 °C, the bipolar membrane electrolysis cell had a cell voltage of 3.6V.

The measured values of the BPM voltage must be corrected in case two different reference electrodes

are used. The reference electrodes used in the first test were Ag/AgCl (3M KCl) on the cathode side

and Hg/HgO (1M KOH) on the anode side. Therefore:

EBPM = Emeasured − b.E (3.17)

Where Emeasured is the potential measured across both reference electrodes and b.E is the correction

factor. To calculate the correction factor, we consider that the bipolar membrane voltages EBPM

measured for the different tests should be the same since the BPM used is the same in all the tests.

From the difference of the bipolar membrane voltage of the first test, measured using Ag/AgCl

(3M KCl) and Hg/HgO (1M KOH) as reference electrode, and the arithmetic mean of the bipolar

membrane voltage of the other tests, measured using two identical Hg/HgO (1M KOH) reference

electrodes, we can calculate the correction factor b.E:

b.E = EBPM,Hg/HgO − EBPM,Ag/AgCl (3.18)

The bipolar membrane voltage (figure 33) remained stable throughout the measuring time. The

corrected measured voltage across the bipolar membrane increased slowly from 1.06V to 1.17V. This

gradual increase may be attributed to a rise in the anolyte and catholyte concentrations during the

tests due to the consumption of water during electrolysis, as the feed of pure water through the osmose

cell may still not be activated due to too low difference in water vapor pressure between the 0.5M

NaCl solution and the Na2SO4 catholyte. This increase of cell voltage is a repeated result during all

the measurements. The final averaged potential drop across the BPM was 1.12V, which aligns with

the specifications provided in the Fumatech datasheet for the BPM used.
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Figure 33: Voltage drop across the Fumatech BPM at 1000A/m2
. The blue lines are the measured

potential difference across the bipolar membrane at 1000A/m2
using two different reference electrodes

(Ag/AgCl (3M KCl) and Hg/HgO (1M KOH)). In contrast, the red lines show the corrected poten-

tial difference across the Fumatech BPM at 1000A/m2
. The anolyte was 1M NaOH solution at the

start, while the catholyte was 1M Na2SO4 solution at the start. During electrolysis, the concentration
of the anolyte and catholyte increased due to the consumption of water during electrolysis.

The introduction of an active electrocatalyst layers for the anode and the cathode should reduce

Ecell to reach the target of the European Union of 2.0V at 5000A/m2
.

Second test

Runs at 1000A/m2
for the second test revealed however unexpected behavior: the cathode potential

was more negative than for pure Ni-foam while the bipolar membrane voltage was too low, namely

0.6V. Therefore, the cell was directly disassembled. It was found that the compression at the cathode

side was too high. The five platinum coated Ti-mesh layers of 150µm each were therefore removed.

However, after an initial electrolysis run, we observed that an anode potential that was stable and

remained at 1.0V vs Hg/HgO (1M KOH), while the cathode potential exceeded −2V vs the reference

electrode Ag/AgCl (1M KCl) (figure 34a). Recording of the cathode potential was not therefore fea-

sible as the measurable range of the IVIUM Peripheral Differential Amplifier was −2V. Furthermore,

the voltage across the bipolar membrane was too low (around 0.6V at 1000A/m2
) and floating. This

bipolar membrane voltage instability may have resulted from the fact that the bipolar membrane was

not flat but wrinkled, which created varying distances between the anode and cathode layers (figure

34b).
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(a) (b)

Figure 34: (a) Anode and cathode potentials after the run at 1000A/m2
of the electrolyser cell with

five layers of titanium fiber felt (175µm) coated with 10g/m2
Ir-MMO at the anode and five layers

of titanium mesh (150µm) coated with 60g/m2
of platinum at the cathode (second test). Anode

potential was stable around 1.0V, while the cathode potential exceeded the recording limit of IVIUM
software of −2V; (b) autopsy of the instable bipolar membrane electrolysis cell of the second test.
BPM showed wrinkling after the run.

Third test

Using a sintered titanium felt coated with Ir-MMO both at the anode and cathode side also resulted

in an out-of-range cathode potential. However, the anode potential was stable, hence, from this mo-

ment on, we focus only the optimization of the cathode side.

Fourth test

Autopsy of the electrolysis cell after the electrochemical characterization of the fourth test revealed

that not all five layers of 150µm platinized Ti-mesh current collector still had the gray color of

platinum anymore (figure 35). This points towards a high pH that was present on the black-colored

platinized 150µm Ti-mesh. Another issue was the high mechanical pressure at the cathode side. This

was caused by too high compression of the Ni-foam added to make electrical contact. It is important

to note that, during the experiment, the cathode potential was observed to be excessively negative,

indicating a potential issue that may need further investigation.

Figure 35: Black-colored platinized 150µm Ti-mesh due to a high pH at the cathode side.
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Fifth test

The thin platinized Ti-mesh electrodes of 150µm were not introduced again as the hydrodynamic

resistance of these thin electrodes in the longitudinal direction (not perpendicular flow) is likely too

high. It was found experimentally that highly porous Ni-foam at the cathode gave much better per-

formance as a cathode. The recorded cell voltage was 3.3V at 1000A/m2
at 30.0 °C.

The configuration of the fifth test was chosen as starting point to analyze three methods for the

coating of the catalyst on the nickel substrate: Ultraturrax-assisted coating, vacuum-assisted filtration

coating and dip-coating.

The cell voltage and the BPM voltage for the four-hour runs carried out at 1000A/m2
for bipolar

membrane electrolysis controlled at 30.0 °C are reported in the table 9. The anolyte at start was

1.0M NaOH and 1.0 M Na2SO4 was used as catholyte. As the anode, five 175µm layers of 10g/m2

platinum-iridium MMO coated titanium foam were used (total thickness of five layers was 0.89mm).

The electrode dimensions were 10cm x 10cm for the anode and the cathode. The pump speed of the

anolyte and catholyte was 600mL/min. At the start, the osmose cell was supplied with 0.5M NaCl

solution pumped at 600mL/min. The bipolar membrane was standard FBM (Fumatech, Germany).

The osmose cell used a porous PTFE layer (POREX, PGM 25).

Using the ultraturrax-assisted coating, the cell potential was reduced to 3.32V.

In the case of the vacuum-assisted filtration coating method, the four-hour run was performed

only once since the cell potential was increasing with respect to the previous case. This can be ex-

plained by the complete detaching of the nanoparticle of the catalyst from the surface of the sintered

nickel felt substrate.

The results obtained using the dip-coating method are the same regardless of whether a Ni-foam or

sintered Ni-felt substrate is used, contrary to our expectations. Moreover, the results remain stable

over the four measurements, with lower standard deviations compared to previous experiments.

In this table, each row corresponds to a different electrolyser cell, identified based on the characteris-

tics of the electrocatalyst at the cathode. The table reports the standard deviations for each result,

except for those corresponding to the vacuum-assisted filtration coating. This is because the results

obtained with this method were already worse than the previous ones from the first test, leading to

the decision not to perform additional measurements.

Table 9: Summary of four-hour test results for the six electrolyser cell configurations carried out at
1000A/m2

for bipolar membrane electrolysis controlled at 30.0 °C for different methods for coating
the catalyst for the HER at the cathode. Each row represents the average value of four runs for an
electrolyser cell configuration characterized by the electrocatalyst applied at the cathode. The table
reports the measured cell potentials and BPM potentials.

Cathode electrocatalyst Ecell, V EBPM , V
Pure Ni-foam without electrocatalyst 3.66 ± 0.06 1.27 ± 0.05
Thin platinized Ti-mesh 3.42 ± 0.05 1.20 ± 0.01
Ultraturrax NiFeCo nanoparticle dip 3.32 ± 0.05 1.14 ± 0.02
NiFeCo coating in Buchner funnel 3.43 1.18
Dip coating Ni-felt (Ni,Fe,Co)Cl2 3.41 ± 0.02 1.18 ± 0.01
Dip coating Ni-foam (Ni,Fe,Co)Cl2 3.40 ± 0.05 1.19 ± 0.02

From these bipolar membrane voltages and from equation (3.18), we can calculate the correction

term b.E:

b.E = 1.27V − 1.18V = 0.09V (3.19)
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Hence, the voltage drop across the bipolar membrane vs Hg/HgO (1M KOH) reference electrode for

the pure Ni-foam without electrocatalyst can be corrected as:

EBPM = 1.27V − 0.09V = 1.18V (3.20)

Similarly, the cathode potential of the electrolyser cell with pure nickel foam without electrocatalyst

as cathode is calculated as:

Ecathoode = Emeasured + 0.09V = −1.42V + 0.09V (3.21)

where Ecathoode is the cathode potential vs Hg/HgO (1M KOH) reference electrode and Emeasured

is the cathode potential measured vs Ag/AgCl (3M KCl). The anode and cathode potentials vs

Hg/HgO (1M KOH) for each electrolyser cell configuration are reported in the table 10.

Table 10: Summary of four-hour test results for the six electrolyser cell configurations carried out at
1000A/m2

for bipolar membrane electrolysis controlled at 30.0 °C for different methods for coating
the catalyst for the HER at the cathode. Each row represents the average value of four runs for an
electrolyser cell configuration characterized by the electrocatalyst applied at the cathode. The table
reports the anode and cathode potential vs Hg/HgO (1M KOH) reference electrode.

Cathode electrocatalyst Ecathode, V Eanode, V
Pure Ni-foam without electrocatalyst -1.33 ± 0.02 0.99 ± 0.02
Thin platinized Ti-mesh -1.37 ± 0.04 0.85 ± 0.02
Ultraturrax NiFeCo nanoparticle dip -1.33 ± 0.02 0.85 ± 0.01
NiFeCo coating in Buchner funnel -1.37 0.89
Dip coating Ni-felt (Ni,Fe,Co)Cl2 -1.33 ± 0.01 0.90 ± 0.01
Dip coating Ni-foam (Ni,Fe,Co)Cl2 -1.32 ± 0.01 0.89 ± 0.02

The plots reported in figure 36 present the test results of the four hour runs for each electrolyser

cell configuration. These plots specifically display the cell voltage, as the focus of this study is the cell

voltage reduction through the introduction of the electrocatalyst for HER at the cathode.

Each plot contains four curves representing the evolution of the cell potential over four hours for each

of the four tests. However, as observed in the plots, some data points are missing due to issues with

the IVIUM software, which failed to record data for the entire duration of the tests in certain cases.

For the vacuum-assisted coating, only one curve is shown because, as previously mentioned, the initial

test results were already worse than those of other methods, leading to the decision not to conduct

additional measurements.

Moreover, the plots clearly show that the cell voltage in the last run is consistently higher than in

previous tests. This trend is observed across all experiments and can be attributed to the a rise in

the anolyte and catholyte concentrations during the tests due to the consumption of water during

electrolysis over successive runs.
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(a) (b)

(c) (d)

(e) (f)

Figure 36: Evolution of cell voltage over time for different cathode compositions of the electrolyzer
cell. (a) Pure nickel foam without electrocatalyst; (b) Thin platinized titanium mesh; (c) Ultra-
turrax NiFeCo nanoparticle dip; (d) NiFeCo coating in Buncher funnel; (e) Dip coating Ni-felt
(Ni,Fe,Co)Cl2; (f) Dip coating Ni-foam (Ni,Fe,Co)Cl2.

For a better comparison, figure 37 presents a comparative analysis of cell voltage across different

experimental setups, with each data point representing the mean cell voltage and its corresponding

standard deviation. The x-axis labels indicate the different experimental conditions tested. As ex-

pected, the addition of HER catalyst for the cathode and OER catalyst for the anode generally results

in a reduction of cell voltage compared to the pure Ni-foam baseline. The errors bars are compara-

ble in the tests, except for the sintered Ni-felt coated with the dip-coating method, indicating that
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the reason behind the increase of the cell voltage is the same, namely the increase of the anolyte

and catholyte concentration due to water depletion. The Buchner funnel condition lacks error bars,

since only a single experimental run was conducted for this setup. Future studies should focus on

longer-term stability tests under controlled water supply to determine the true performance limitations

of each condition and to provide more robust error bars. Notably, the Ultraturrax-assisted coating

method of NiFeCo nanoparticles with Nafion binder achieved the lowest cell voltage. This result

contrasts with our initial expectation that the Ni-foam substrate would yield the best performance

based on SEM analysis. This may be due to the porous structure of the Ni-foam, which generally

is advantageous. However, in this case, the sintered nickel felt showed higher catalytic activity due

to the coated commercial NiFeCo nanoparticle sized electrocatalyst, despite the fact that only the

outer surface area was coated.

The figure also reports the Voltage Efficiency (VE) for each experiment, calculated according to the

equation (2.5).

Figure 37: Comparison of cell voltage and voltage efficiency for different cathode side configuration.
Error bars represent standard deviation across multiple experimental runs, except for the Buchner
funnel method, which was conducted only once.

Figure 38 presents the anode and cathode potential evolution over time for the fourth run of

the analyzed electrolyser cells, illustrating the influence of various electrocatalyst modifications on

electrode potentials. The data indicates that electrocatalyst modifications had the most significant

impact on the anode potential, resulting in a substantial reduction in anode potential. Specifically, the

electrolyser cell configuration utilizing five layers of Ti-felt coated with Pt−Ir MMO as the anode and

a cathode PTL composed of a stack of Ni-foam with a total thickness of 1.7mm and a 1.4mm Ni-felt

coated with NiFeCo via the Ultraturrax-assisted method exhibited the lowest cathode overpotential.

Similar cathode potentials were achieved using the dip-coating method, regardless of the substrate

material employed. Substitution of the Ni-felt with Ni-foam as the substrate for dip-coating did not

provide a lower cathode overpotential. However, the dip-coating of Ni-foam resulted in more stable
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cathode potentials with reduced fluctuations.

Based on the data, the inclusion of a catalyst did not substantially lower the cathode overpotential.

The largest reduction in cathode overpotential was 0.1V, while a reduction of 0.14V was observed for

the anode overpotential.

In particular, the electrolyser cell employing five layers of Ti-felt coated with Pt − Ir MMO as

the anode and a stack of Ni-foam layers with a total thickness of 3.1mm (Pt Ti-mesh) exhibited

unstable cathode potential behavior, becoming increasingly negative over time. During the final hour

of operation, the fifth configuration cathode potential coincided with the performance observed without

catalyst, indicating instability and the need for further optimization of this cathode configuration.

Consequently, this cathode configuration was modified by substituting one of the Ni-foam layers with

a Ni substrate coated with NiFeCo-based catalyst using alternative coating methods. On the cathode

side, the most stable potentials were observed with the dip-coating of Ni-foam. However, the lowest

cathode potential was obtained with the dip-coating of the sintered nickel felt.



55

(a)

(b)

Figure 38: Evolution of the (a) anode potential and (b) cathode potential vs Hg/HgO (1M KOH)
over time for the different electrolyser cell configuration. The data reported correspond to the fourth
run for each experiment.

The electrochemical measurements, reported in figure 38, reveal that the cathode potentials ob-

tained via chronopotentiometry were significantly lower than −1.0V. If hydrogen evolution was pro-

ceeding via a proton reduction mechanism (equation (2.9)), as we assumed, we would expect much

less negative cathode potentials. Since the observed cathode potentials were much more negative than

the thermodynamic requirements for proton reduction, the water reduction is regarded as the most

dominant cathodic reaction.

The water reduction is given by:

4H2O + 4e
−
⟶ 2H2 + 4OH

−
(3.22)
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Considering the Nernst equation applied to the water reduction reaction:

Ecathode = E
0
(H2O,H2) +

RT

4F
⋅ ln(

aH2O

p2H2
⋅ a4OH−

) (3.23)

where E
0
(H2O,H2) = −0.828V vs NHE, the gas constant R = 8.331J/(mol⋅K) and the Faraday constant

F = 96486C ⋅mol
−1

, with T = 303K, and assuming the water activity aH2O = 1 and the hydrogen

partial pressure pH2
= 1atm. Given that the measured pH of the catholyte at the end of the tests was

13.4, we can calculate the OH
−
activity as following:

aOH− = (fOH− ⋅ cOH−) (3.24)

where the molar activity coefficient fOH− = 0.75 [32] and cOH− =
10

−6
mol

L
= 0.251mol

L
, leading to

aOH− = 0.1884. Finally, substituting these results in equation (3.23):

Ecathode = −0.828 +
8.331 ⋅ 303
4 ⋅ 96486

⋅ ln( 1
4

14 ⋅ 0.18844
) = (−0.828 + 0.0437)V (3.25)

Ecathode = −0.7843V vsNHE (3.26)

The cathode potential at zero current as calculated is −0.8823V versus the reference electrodeHg/HgO

(1M KOH). This is true for an absolute temperature of 303K and a pH of 13.4. In practice, the cath-

ode potential at 1000A/m2
was measured vs Hg/HgO (1M KOH) reference electrode, meaning that

we can calculate the cathode overpotential as the difference between the calculated cathode potential

of −0.8823V and the measured cathode potential vs Hg/HgO (1M KOH):

ηcathode = (−0.8823 − ECATHODEmeasured,vsHg/HgO)V (3.27)

The anode reaction is given by:

4OH
−
⟶ O2 + 2H20 + 4e

−
(3.28)

The anode potential is given by:

Eanode = E
0
(OH−,O2) +

RT

4F
⋅ ln(

pO2
⋅ a2H2O

a4OH−

) (3.29)

where aOH− = 0.7 and E
0
(OH−,O2) = 0.404V vs NHE, leading to:

Eanode = 0.404V + 0.00933V = 0.4133V, vs NHE (3.30)

The anode overpotential can be calculated as the difference between the measured anode potential

vs Hg/HgO (1M KOH) and the calculated potential of the anode vs Hg/HgO (1M KOH) at zero

current. The anode potential at zero current at the measured pH = 13.4 of the anoloyte at 30.0 °C is

0.4133V vs NHE or equal to 0.3153V vs Hg/HgO (1M KOH). This is expressed in the equation:

ηanode = Emeasured,vsNHE − (+0.4133V) = Emeasured,vsHg/HgO − 0.3153V (3.31)

The resulting cathode and anode overpotentials are summarized in the table 11. The lower anode and

cathode overpotentials of the electrolyser cells which incorporate electrocatalysts means that the elec-

trochemical reaction is occurring more efficiently. This indicate, once again, that the electrocatalyst

used in this study are effective in reducing the activation energy of the HER and OER processes.

In the first test, when no electrocatalysts were added, the cathode potential was measured vs Ag/AgCl
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(3M KCl) reference electrode. Thus, in this case, the cathode overpotential is calculated as:

ηcathode = Emeasured,vsNHE − (−0.7843V) = Emeasured,vsAg/AgCl + 0.9813V (3.32)

Being E
0
Ag/AgCl = +0.197V vs NHE.

Table 11: Cathode and anode overpotential calculated according to equation (3.27) and (3.31) and

assuming water reduction at the cathode. Condition: 1000A/m2
and operated at 30.0 °C in 1M

Na2SO4 at pH = 13.4

Cathode electrocatalyst ηcathode, V ηanode, V Anode electrocatalyst
Pure Ni-foam without electrocatalyst -0.44 0.68 Pure Ni-foam without electrocatalyst
Thin platinized titanium mesh -0.49 0.54 5 layers Pt − Ir MMO on sintered Ti-felt
Ultraturrax NiFeCo nanoparticle dip -0.45 0.54 5 layers Pt − Ir MMO on sintered Ti-felt
NiFeCo coating in Buchner funnel -0.49 0.58 5 layers Pt − Ir MMO on sintered Ti-felt
Dip coating Ni-felt in (Ni,Fe,Co)Cl2 solution -0.45 0.59 5 layers Pt − Ir MMO on sintered Ti-felt
Dip coating Ni-foam in (Ni,Fe,Co)Cl2 solution -0.44 0.58 5 layers Pt − Ir MMO on sintered Ti-felt

To compare the values obtained in our study with those in the literature, it is essential to consider

the setup of the Alkaline Water Electrolysis (AWE) system, which does not use a membrane. Conse-

quently, the cell potential Ecell is lower because it lacks the contribution of the membrane potential

EBPM . In contrast, in a system with a bipolar membrane, the cell potential is determined by the sum

of the anode potential, cathode potential, and membrane potential:

Ecell = (Eanode − Ecathode) + EBPM (3.33)

In the table 12, we report the anode-cathode potential difference (Eanode−Ecathode), comparable to the

cell potential of AWE systems, the BPM potential (EBPM ), and the cell potential (Ecell). By adding

the membrane potential to the anode-cathode potential difference, we obtain a value that closely

approximates the cell potential. It is also important to consider that all values were measured at 30.0

°C, since temperature significantly influences the cell potential. In particular, higher temperatures

reduce the thermodynamic potential required for water splitting.

Table 12: Comparison of cell potentials in alkaline water electrolysis and bipolar membrane systems.
The AWE cell potential is calculated as the difference between the anode and cathode potentials of
the DSWE system with BPM, while the BPM cell potential includes the additional contribution of
the membrane potential.

Cathode electrocatalyst Eanode − Ecathode, V EBPM , V Ecell, V
Pure Ni-foam without electrocatalyst 2.32 1.27 3.66
Thin platinized Ti-mesh 2.22 1.20 3.42
Ultraturrax NiFeCo nanoparticle dip 2.18 1.14 3.32
NiFeCo coating in Buchner funnel 2.26 1.18 3.43
Dip coating Ni-felt (Ni,Fe,Co)Cl2 2.23 1.18 3.41
Dip coating Ni-foam (Ni,Fe,Co)Cl2 2.21 1.19 3.40

The values presented in the table 12 demonstrate that the cell potentials, calculated as Eanode −
Ecathode, obtained through the direct seawater electrolysis using bipolar membranes that is employed

in this thesis, are comparable to those of a conventional Alkaline Water Electrolysis (AWE) system,

which typically operates within the range of 1.84–2.25 V under standard conditions [33]. This result

suggests that the BPM-based seawater electrolysis approach achieves performance comparable with

AWE technologies, even when utilizing seawater as the feedstock.



Conclusions

Blue Energy, or energy harvested from salinity gradients, represents a promising renewable source

with significant potential to contribute to the transition toward a sustainable energy future. Among

the available technologies, Reverse Electrodialysis (RED) has proven particularly effective for har-

vesting this energy, thanks to its ability to convert the concentration gradient between seawater and

freshwater into electrical power. The integration of advanced materials like Graphene Oxide (GO)

into Ion Exchange Membranes (IEMs) has significantly enhanced the efficiency of this technology.

This study presents an investigation into Graphene Oxide (GO)-based Ion Exchange Membranes

(IEMs) for Reverse Electrodialysis (RED) technology, focusing on fabrication, performance optimiza-

tion, and scalability. By incorporating Aramid NanoFibers (ANF) in Meta (Nomex) configuration as

reinforcement, we engineered membranes with enhanced conductivity without compromising thickness.

The optimal formulation of 15mg GO with 25% ANF achieved good performance: 90.7% permselec-

tivity and a low ionic resistance of 2.7Ω ⋅ cm2
. The ionic resistance value is lower than those reported

in similar work in GO-based membrane. However, the permselectivity achieved with these GO-based

membranes are still worse than the one obtained in other similar studies.

The fixed membrane dimension of the dead-end fabrication method used in this study highlights a

significant limitation of the current fabrication method, which restrict scalability but allows for a great

control on the properties and morphology of the membrane. The ongoing research and development

efforts are expected to overcome current limitations and enable the large-scale application of this

technology, contributing to the transition towards a sustainable energy future. A promising technique

for large-scale production of these membranes is Roll-to-Roll (R2R) processing, which can be highly

effective if a homogeneous solution with appropriate viscosity can be achieved.

The increasing global demand for clean energy has also driven the search for sustainable fuel alter-

natives. Hydrogen, with its high energy density and zero-emission combustion, presents a promising

energy carrier. However, the environmental footprint of hydrogen production depends on the methods

employed, with conventional techniques contributing substantially to CO2 emissions. Direct seawater

electrolysis offers an interesting alternative to hydrogen production, especially in regions where sea-

water is abundant.

This thesis focused on direct seawater electrolysis using a Bipolar Membrane (BPM) as a separator.

Compared to indirect methods involving desalination, direct seawater electrolysis does not need desali-

nation of seawater to ultra-pure water. However, it faces challenges, including mineral scale formation

and electrode corrosion. Bipolar membrane electrolysis offers a promising approach, creating localized

pH conditions that create the optimal condition for the HER and OER processes.

The central objective of this work was to investigate the impact of electrocatalyst addition on the

performance of a BPM-based direct seawater electrolyser. Various catalyst materials and coating
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deposition methods were explored to minimize the bipolar membrane electrolyser cell voltage, as well

as the anode and cathode overpotentials.

This work shows that using electrocatalysts effectively decreases the cell voltage. This decrease is

depending on the catalyst material and coating technique used. The bipolar membrane electrolyser

cell voltage at 1000A/m2
and operated at 30.0 °C in 1M Na2SO4 at pH = 13.4 was found to be

3.66V, while the use of electrocatalyst reduced this electrolyser cell voltage by 0.34V.

A reduction both in cathode and anode overpotential was observed, indicating a more efficient system

in oxygen and hydrogen production.

The lowest cell voltage at 1000A/m2
and operated at 30.0 °C in 1M Na2SO4 at pH = 13.4 was

found be for the anode composed of Ti-mesh coated with platinum-Iridium oxide 10g/m2
as current

collector, and contacted with five 175µm porous transport layers of sintered Titanium felt coated with

Ir−MMO, while the cathode contained 1.4mm sintered Ni-felt coated with a NiFeCo dispersion and

one layer of Ni-foam 0.3mm. The Ultraturrax was used for making the dispersion for the NiFeCo

nanoparticle suspesion with Nafion binder and some sodiumdodecylsulphate added. Flat platinized

Pt-coated Ti-mesh 2.0 were used as current collector.

The four-hour runs were carried out at 1000A/m2
for bipolar membrane electrolysis controlled at 30.0

°C using at start 1.0M NaOH as anolyte and 1.0 M Na2SO4 as catholyte. The electrode dimensions

were 10cm x 10cm for the anode and the cathode. The pump speed of the anolyte and catholyte was

600mL/min. At the beginning, the osmose cell, composed of a porous PTFE layer (POREX, PGM

25), was supplied with 0.5 M NaCl solution at one side pumped at 600mL/min and 600mL/min of

catholyte of 1.0M Na2SO4 at the other side of the POREX membrane. The bipolar membrane used

was a symmetric FBM from Fumatech, Germany. With this bipolar membrane electrolysis stack, the

cell voltage was lowered to 3.31± 0.05V at 1000A/m2
at 30.0 °C using electrocatalysts for the anode

and cathode.

Even though progresses are constantly being made for direct seawater electrolysis for green hydrogen

production, there are some challenges to the direct use of seawater. These challenges are mainly

related to chloride and undesirable cations like Mg
2+
, Ca

2+
, and Sr

2+
, commonly in seawater and

they are the reason why only 4% of hydrogen is now being produced by electrolysis [2].

Although seawater is abundant in some regions, it is not a suitable feedstock for current electrolyser

technologies due to the presence of electrochemically active anions like chloride that interfere with the

oxygen evolution at the anode.

Moreover, the energy efficiency of the seawater electrolysis is also degraded by the presence of microor-

ganisms and bacteria in the seawater, which reduce the long-term stability of the membranes. Another

bottleneck hindering the progress of seawater electrolysis is the formation of insoluble precipitates on

the cathode surface, which may poison the HER catalyst. This phenomenon is referred to as scaling

and can be overcome using stable and corrosion resistant electrodes, as suggested by [34].

The hybrid setup for the DSWE used in this study, can be further improved to make the green hy-

drogen production from seawater safer, environmentally friendly and more efficient.

In particular, to make the electrolysis cell safer, it is possible to use pH-neutral solution as anolyte

and catholyte. To test the postulate that a pH-neutral solution can be used both as an anolyte and

catholyte for the bipolar membrane electrolysis, a sodium sulfate solution can be used as an electrolyte

on both sides of the bipolar membrane. The postulate assumes that the BPM creates a local high pH

at the AEL part of the BPM and a local low pH at the CEL part of the BPM. The local high pH

value at the BPM’s AEL part should allow even non-noble metals as electrocatalyst for the oxygen

evolution reaction. Taking for the anolyte and catholyte a pH-neutral solution, like sodium sulfate, is

safer both for the environment and the operator. To use sodium sulfate as an electrolyte, both for the

anolyte and the catholyte, the temperature must be kept at 30 °C due to the much lower solubility

of sodium sulfate at temperatures below room temperature. As the sodium sulfate solution is not

ultrapure, it can contain traces of NaCl that must be eliminated. To do so, the following three-step
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purifying procedure for sodium sulphate solution was performed:

• Anion exchange resin IEX in OH
−
form is transformed into SO4

2−
form [35] by mixing IEX in

OH
−
form with an excess of sodium sulfate.

• The sodium sulfate solution is purified ex-situ, preferably in a beaker glass with a mixer to

prepare ultrapure sulfate solution from normal reagent grade sodium sulfate by adding IEX in

OH
−
form.

• By mixing the IEX, now in SO4
2−

form, with the reagent grade sodium sulfate at about 30

°C, possible traces of Cl
−
are exchanged with the SO

2−
from the IEX. The purified Na2SO4

solution can be used as anolyte and catholyte.

To make green hydrogen production using Direct seawater electrolysis with a BPM as a separator

more sustainable, catalyst materials should not include noble metal compound, such as platinum

based components.

The European Union target for the DSWE is to reach a cell voltage of 2.0V, at a current density of

5000A/m2
at 60.0 °C. However, in this thesis, the current density was limited to 1000A/m2

and 30.0

°C, due to the use of a commercial BPM from Fumatech, and maximum 40.0 °C.
A possibility to achieve current densities of even more than 1000A/m2

, is to reduce the thickness

of the BPM. However, this BPM thickness reduction can compromise the pH gradient’s stability. A

possible solution to this challenge would be the use of asymmetric BPMs. In an asymmetric BPM, the

thickness of the two membrane layers differs, which allows for customization of the bipolar membrane

properties. In future research, the substitution of the symmetric membrane with an asymmetric

BPM holds great promise for achieving higher current densities, offering a promising way to enhance

performance while ensuring pH stability through layer design and properties optimization.
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