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Abstract

This PhD main aim was the examination of the Atmospheric Plasma Spraying Raney
nickel electrodes samples with strong emphasis on electrochemical characterisation
and investigation of the degradation/deactivation mechanisms which occur within the

electrodes structure.

Nowadays research in alkaline electrolysis mainly aims to improve efficiency, extend
durability and decrease the price of electrolyser units. One of the methods to achieve
all of these goals is the development of novel electrode types. Raney nickel
electrodes manufactured by Force Technology (Denmark) using a novel atmospheric
plasma spraying method (APS), have been shown to exhibit good performance with
low overpotential towards the hydrogen evolution reaction (HER). In comparison to
the other electrode production methods APS is considered also to be relatively cheap.
To our knowledge, this is the first time APS has been applied for the production of
Raney nickel electrodes for water electrolysis. APS is cheaper and simpler than
actually used vacuum plasma spraying, making it more suitable for mass production

of the electrodes.

For a purpose of experimental work the laboratory environment was set-up which
consisted of the electrochemical cells and the data acquisition devices. The methods
of Tafel extrapolation, cyclic voltammetry, electrochemical impedance spectroscopy,
scanning electron microscopy were applied, that allowed to estimate electrochemical
parameters of the samples. Characterisation work concluded, that overall
performance of the tested samples have been attributed to the very high
electrochemical active area as well as enhanced kinetics obtained for these samples

following the chemical and electrochemical activation procedures

Investigation of degradation mechanisms work part identified hydrides impact as a
main source of deactivation for cathodes. To prevent, this effect techniques of
hydrides oxidation and activation of the electrolyte were tested however, neither of

them was able to eliminate hydrides impact completely. The overall work is



concluded that suppressing hydrides impact should be possible by improving
electrodes manufacturing process for example by application of molybdenum

coatings.

The performed study is supplemented by two additional outcomes. First of them is
electrochemical measurement device, which concept was created and initial
prototype was built using cheap electronic components. Second one is feasibility
study of application of hydrogen storage technologies to increase hybrid wind

energy-diesel electricity generation system efficiencies.
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1. Introduction to the thesis

1.1. Thesis motivation and objectives

There has been increased interest in alkaline water electrolysis in the first decade of
21* century. The technology is the most mature and commercialised of all the known
types of electrolysers used for hydrogen production. One reason for the growth of
this technology is the demand for hydrogen as a future ecological and renewable
energy carrier to be applied in transport, stationary applications or in mobile devices.
H, may also act as excellent energy storage mechanism for variable load electrical

energy generators such as wind turbines or photovoltaic panels.

Nowadays research in alkaline electrolysis mainly aims to improve efficiency, extend
durability and decrease the price of electrolyser units. One of the methods to achieve
all of these goals is the development of new electrode types. By way of example,
Raney nickel electrodes manufactured by Force Technology (Denmark) using
atmospheric plasma spraying method (APS) have been shown to exhibit good
performance with low overpotential towards the hydrogen evolution reaction (HER).
In comparison to other electrode production methods APS is considered also to be
relatively cheap. To our knowledge, this is the first time when APS has been applied
for the production of Raney nickel electrodes for alkaline water electrolysers, so all
the executed experiments contribute to the actual state of knowledge and attest to the

novelty of the performed research work.

The main aim of the research presented in this thesis was to investigate the
parameters responsible for giving good performance for the various different APS
electrode types and to investigate these electrochemically. The investigation of
degradation effects that occur during long term operation and under intermittent load
regimes was a specific objective of the study. The planned research was designed to
check and verify the robustness of these electrodes for application in commercial

alkaline water electrolysers prior to potential further APS technology



commercialisation. The research would also deliver knowledge about the conditions
necessary to obtain high energy efficiencies for the hydrogen reaction as well as
yielding information on the degradation mechanisms that normally occur inside

alkaline electrolyser units.

As part of the research work undertaken an electrochemical measurement device to
test the electrodes was constructed. The motivation for this part of work was that
much lower costs were involved in the manufacture of this prototype device in

comparison with commercially available electrochemical measurement systems.

The final part of the thesis presents a feasibility study of hydrogen storage
technology used with wind turbines, and implemented on the island of Grimsey
(Iceland). The demonstration was to assess the potential of hydrogen storage

technology for present and future commercialisation.

1.2. Methodology

For the experiments, several different configurations of electrochemical cells were
tested. The final design used consisted of a single cell electrolyser made of glass,
with a water jacket around it for temperature control. Thus, the functionality of this
laboratory device included, as well as temperature regulation and gas separation, the
ability to directly observe bubble generation at the electrodes. Some of the
experiments performed also involved tests in a single vessel compartment, using the
three-electrode configuration (along with a reference electrode) instead of the

conventional two-electrode setup.

For the data acquisition, an electrical system was constructed using low-price
electronic components. This low-cost prototype device worked well and showed
similar basic functionality during real experiments compared to the commercial
systems. However, the precision in the measurements was not sufficient to enable
work on small electrodes samples of 1 cm square where correspondingly low

currents would be involved. Thus, commercial measurement systems were employed



during the major part of the work where electrodes examined were of ca. 1 cm? area.
Nevertheless, the home-built device did enable bubble observation experiments to be

performed, which are described later on in this thesis.

The commercial instruments used in the testing of the APS electrodes were the
Solartron SI 1286 and the Biologic SP-150 electrochemical interfaces. Both of these
devices were able to operate simultaneously which in fact doubled the speed of
collecting data from all the prepared electrodes. The electrochemical techniques
which were applied during the investigation of the APS electrodes samples were:
cyclic voltammetry, electrochemical impedance spectroscopy and Tafel
extrapolation. Additional surface analyses were done using a scanning electron

microscope.

The final part of the research work describes a feasibility study where the modelling
of the wind-hydrogen system for remote communities was examined with the aim of
supporting/replacing an existing diesel generator. This part of the thesis work

involved application of HOMER energy software for micro-grid simulation.

1.3. Thesis structure overview

The overall thesis structure, chapter by chapter, can be summarised as follows:

e Chapter 2. This chapter presents a general review of hydrogen technology
status. It describes the motivation for hydrogen implementation such as the
energy issues which world is currently experiencing, stating its main
advantages, drawbacks and future challenges. Also presented are the different

applications, production and storage methods for hydrogen.

e Chapter 3. This chapter describes the fundamental electrochemistry of the
electrolysis process. It also presents the basics of the alkaline electrolyser, the
cell design including the commonly used materials, cell configuration, and

operational conditions.



Chapter 4. This chapter contains information about the experimental
configurations employed during work. All the instrumentation and analysis

methods that were used during overall research work are described.

Chapter 5. This chapter presents the problems that were experienced during
electrolyser system design, configuration and presents general solutions that

were found to overcome them.

Chapter 6. The results from the APS Raney nickel electrode electrochemical
characterisation are presented in this chapter. Data from the techniques of
Tafel extrapolation, cyclic voltammetry, electrochemical impedance
spectroscopy and scanning electron microscopy are given along with their

analyses and interpretation.

Chapter 7. The main topic of this chapter was the investigation of the
degradation mechanisms that occurred during variable load operation on the
APS electrodes. It identifies and describes the main physical phenomena that
are responsible for the electrode degradation processes, but also proposes

solutions for the problems identified.

Chapter 8. The design of the home built electrochemical interface prototype
measurement device is described. The chapter describes the instrument and a
performance comparison with commercially available measurement devices.
Results of general tests showing the impact of bubbles obtained using the

specially constructed test cell are also presented.

Chapter 9. This chapter is focused on a feasibility study describing the
possible use of hydrogen storage system integrated with wind turbines and a
diesel generator on Grimsey island. For the purpose of this work, the

HOMER microgrid modelling software was used.



® Chapter 10. Summary, conclusions and future work are presented here.



2. Introduction

2.1. Energy issues

The world is now starting to face a number of very serious problems in connection
with the energy economy and these issues are expected to worsen during the next
few decades. The problems can be divided into two main categories: ecological and
sustainable issues. The first is connected with the impact of pollution arising from
the burning of fossil fuels and the second one is a threat of natural resources

depletion.

On the ecological side, gases such as carbon dioxide (CO,), sulphur dioxide (SO,)
and nitrogen oxides (NOy) emitted from fossil fuels are known to be harmful to
health by causing many diseases on humans and other living organisms. The illnesses
caused by air pollution are respiratory and cardiovascular affecting the throat and
leading to inflammation, chest pain, and congestion [1]. The World Health
Organization estimates, that every year air pollution leads to about premature
100,000 deaths and 725,000 years of life lost in Europe [1]. Another negative
ecological consequence which is very probably caused by fossil fuels usage is the
global warming effect, from greenhouse gases emitted from fuels, mainly carbon
dioxide (CO;) and methane (CH4) [2]. According to the report by the
Intergovernmental Panel on Climate Changes (IPCC); the global surface temperature
increased 0.74 £+ 0.18 °C between the start and the end of the 20th century [3]. The
IPCC concludes that most of the temperature increase was observed since the middle
of the 20™ century and it was caused by increasing concentrations of greenhouse
gases as a result of human activity, such as fossil fuel burning and deforestation. One
main outcome of global warming is an increase of sea levels due to glacier melting,
leading to flooding of near sea areas. Other predicted effects of global warming are:
an increased number of hurricanes, droughts, spread of diseases and extinction of

some species of animals [3]. Environmental pollution comes from the majority of
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technologies being used for energy production. In the Figure 2-1 it can be seen that
about 90% of total energy produced in the world comes from the fossil fuels viz. oil,
natural gas and coal. This figure also shows how fast energy consumption worldwide
has grown. Even if energy sources are not be substituted by any other ecological

fuels, the environmental pollution and global warming effects will still increase.
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Figure 2-1. Growth in the use of primary energy in different world regions (left),
Growth in the use of different fuels in the world (right). Biomass, wind and solar
energy are excluded, while hydro and nuclear electrical energy production were
converted to primary energy equivalents assuming a conversion efficiency of 38%,
FSU=Former Soviet Union. Source of data: BP Statistical Review 2007,

www.bp.com [2]

The second aspect of future energy issues is sustainability of the resources. Figure 2-
2 shows oil discoveries and oil consumption over the period 1965-2005. These oil
discoveries peaked in the 1960s and since then are decreasing, while consumption is
still increasing (Figure 2-2) [2]. Traditional energy sources are predicted to deplete
over the next several decades and the reserves are becoming seriously reduced. This
will result in rising of prices for traditional fuels. In 2014, total world reserves were
estimated to be 1,687.9 billion barrels, which should be enough to last 53.3 years at

the current production rates [4].
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Figure 2-2. Historical variation in the amount of new oil discovered per year and in

the consumption of oil per year. Source: Aleklett (2006) [2]

In summary then, although the oil depletion problem is predicted not to occur in the
very near future there is however a serious threat for the middle of 21* century. On
the other hand environmental matters need instant action now as some of the effects
of climate change are considered to be irreversible. Additionally, air pollution has a
major impact on human health, particularly in the growing Asian economies. The
solution for both issues might be a transition to renewable energy, with its key

features of ecology and sustainability.

2.2. Hydrogen economy — Hydrogen as an energy vector in

comparison with other methods

It is often stated, that the future global energy balance will consist of various
different energy sources including a significant renewable energy contribution. Local
renewable energy generation usually is determined by regional potential. For

example in Scotland, the future of energy is considered to be dominated by wind [5]



as the country has outstanding wind potential. In Iceland actually, almost 100% of its
electrical energy comes from renewable energy sources (73% geothermal, 27%
hydropower), [6], due to the high volcanic activity in the region responsible for
geothermal generation and good river potential also. In Africa, photovoltaic panels
are believed to be the future of energy due to the very good solar radiation conditions

there [7].

Hydrogen and fuel cell technology should have a position among energy sources
such as wind, solar, geothermal and hydro energy, as different forms of renewable
electricity can be used to produce hydrogen through the electrolysis process. What is
distinctive about hydrogen in the context of other storage methods is that it can be
easily used as an energy carrier for applications that have no direct grid connection
for example cars, laptops or remote locations such as island sites. In practice
hydrogen’s role is to act as an energy accumulator, to store energy delivered by
different suppliers, thus helping to match time varying supply and demand. What is
very promising about the hydrogen economy is that H, can be obtained using water
electrolysis which can be renewable and ecologically sound process, if electrical

energy for hydrogen production is delivered from renewable energy source.

In today’s world the role of energy accumulators mainly include fossil fuels (such as
oil, gas) and traditional batteries. There are also relatively new methods of storing
energy under development for example: super-capacitors, flywheels and flow
batteries. Storage technologies are often characterised in terms of specific energy and
power density, which are related to weight and volume. Basically every potential
storage technology needs to be compact with small weight and volume. As is
indicated in Figure 2-3, hydrogen in fuel cell technology is characterised by very
high specific energy compared to other methods. That makes hydrogen ideal to be

used for applications requiring constant power over long period of time.
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Figure 2-3. Power density vs. energy density of various energy storage systems [8]

For transport applications pure hydrogen is c.a. 3 times lighter than gasoline or
aircraft fuel for a given energy. The problem comes however with the weight and
size of the storage system [9]. Table 2-1 compares three different methods of
hydrogen storage to gasoline for medium size car to give a driving range of 610 km
in terms of volume, mass and energy density (assuming an energy consumption of
7.67 litres of gasoline per 100 km and a tank volume of 46.8 litres) [9]. Compressed
hydrogen at 700 atmospheres has less than one tenth of the energy density of a full
gasoline tank, but it is projected that 4.2 times less energy will be required for fuel
cell vehicle (mainly due to high efficiency of electrical motors). It means that the
volume of the storage system will need to be 2.6 times larger, thus requiring 0.077
m’ of supplementary space which should be manageable. If we consider the other
storage methods, liquid hydrogen requires maintaining temperature below 20 K
which is difficult for a passenger car. The alternative solid storage arrangement in
metal hydrides appears to be too heavy currently as overall system would weight 230

kg, which is over 5 times heavier than for today gasoline car.
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Fuel + Mass Volume (1) System Ratio Ratio of

storage % System  Fuel energy of system
system fuel density  system volumes
(kg) (MJ/litre) masses
Compressed  64.5 4.8 175 107 2.07 1.41 3.55
H, gas @
345 atm
Compressed 85.4 3.8 126 55 2.87 1.86 2.56
H, gas @
700 atm
Liquid H; 25.5 13.1 99 47.1 3.64 0.56 2.02
Metal 230 1.92 40.9 11.36 5.02 0.83
hydride
(TiFeH;)

Gasoline 45.9 75 49.1 46.7 30.69 1.00 1.00

Table 2-1. Mass and volume of alternative hydrogen storage system for a mid-sized
hydrogen fuel cell automobile, with 3.0 kg of stored hydrogen (sufficient for 610 km
driving range) [9]

An example of a fuel cell car prototype is the Honda FCX Clarity, which is shown in
Figure 2-4. 1t represents sedan vehicles class and from the beginning it was designed
as fuel cell vehicle, which means it is taking full advantage of the package/layout
freedom that has been enabled by the application of fuel cell technology [10]. The
performance of the FCX clarity is comparable to gasoline cars of similar class. It
uses an electric motor powered by a 100 kW fuel cell stack. Its maximum speed is
100 miles/h and the maximum range without refuelling is 270 miles [11]. The
hydrogen storage used on-board of the vehicle is gaseous cylinder type with

maximum pressure of c.a. 340 atm [12].

11




Figure 2-4. Honda FCX Clarity - hydrogen/fuel cell vehicle [10]

An alternative for hydrogen/fuel cell vehicles are battery powered electric vehicles.
As can be seen from Figure 2-3, batteries have lower specific energy values
comparing to fuel cells, which is one of the main drawbacks of this technology. The
actual driving range of electric cars is smaller compared to the fuel cell ones and this
is mostly because of the weight of the battery pack. In the case of today’s battery
electric cars, their range does not normally exceed 100 miles [13]. However, it has
been suggested that for the Tesla Roadster prototype it might be even as high as 378
km [14]. Charging time is another drawback of battery technology, which usually
takes several hours. For instance for the Tesla Roadster, the minimum charging time
is 3.5 hours [14], comparing to 4 minutes refuelling time of a hydrogen car [15].
Smaller range and longer charging time is not an obstacle however, for electric car
commercialisation, as a 100 km daily range is suitable for 90% of U.S. customers
daily [16], but the current state of art is not able to compete with hydrogen for long
range transport. Nowadays electric cars technology is predicted to be commercially
produced at a faster rate due to its lower price, but hydrogen/fuel cell technology in
long term perspective might become cost competitive [17, 18]. Also hydrogen/fuel
cell technology is considered to be used in range extenders for electric cars in nearer
future [9]. The concept of range extenders would assume usage of hydrogen/fuel
cell-battery electric vehicle hybrid. The application of hydrogen in such a case would

occur when battery capacity would be not sufficient for driving certain range daily.
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In terms of future air transport, hydrogen for planes can bring more benefits, as it has
some advantages over the jet fuel. The great asset of hydrogen in this application is
its mass, which is lighter than any of the alternatives, leading to possibility of smaller
engines usage. Additionally low temperature liquid type hydrogen storage, broadly
considered for aircraft purposes, can be used to cooling down some parts of the
aeroplane. The challenge though is still the fact that hydrogen planes will need to
have a new design with fuel storage not situated inside the wings, which is typical
nowadays. Such an arrangement would cause too much heat loss and so, cylindrical
tanks to be placed in front and back of passenger compartment are being considered.
These though, might lead to penalty in the lift to drag ratio [9]. The hydrogen plane

concept is shown in Figure 2-5.
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Figure 2-5. Hydrogen powered plane concept [19]

Liquid hydrogen can also be used for marine transportation utilising aero-derivative
gas turbines or internal combustion engines as ships power ratings (50 - 100 MW)
are too large to be powered from fuel cells. Because of the low mass of hydrogen

greater loads could be accepted and also usage of hydrogen could decrease
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drastically emissions, which is big issue in case of ships. Although marine transport
uses only 3% of global oil, it is responsible for 14% of SOy and 16% of NO world

emissions [9].

Apart from hydrogen usage as energy vector for transport applications it can also
have a certain role in the stationary market. One of the scenarios considered can be
the situation when renewable electricity exceeds demand, for example in Scotland
where wind energy potential is one of the best in the world. In 2020 it is targeted to
generate 100% of gross annual electricity consumption from wind [20]. Such a large
amount of unpredictable, variable energy generation requires substantial energy
storage to become truly viable. One of the possible solutions is the use of water
electrolysers for hydrogen generation using the excess electricity. Hydrogen
produced in such a way can be stored and used for electricity regeneration to the grid
via a fuel cell system or transported and utilised later in different applications.
Another potential scenario is in remote locations where there is no direct grid
connection. In such a case hydrogen can be transported by vehicle or pipeline to
generate electricity on-site. This scenario type is an ecological alternative to today’s
diesel generators that are common for electricity generation in these remote

locations.

Other potential stationary applications of hydrogen are special niche solutions in
small scale systems. Example of such an application might be fuel cell system used
in Redwood National Park in north western California, where it provides power
supply for telecommunication devices. During normal operation, when there is
enough sun radiation, the power is supplied by the hybrid system connecting PV
arrays and batteries. During the winter period, such a solution is not sufficient for all
the energy needs and power needs to be delivered from an external source. For this
purpose, a proton exchange membrane (PEM) fuel cell was installed. Hydrogen is
delivered to the PEM device directly from industrial cylinders and provides power
during rainy and cloudy days. Such a configuration means maintenance costs are
lower than providing bigger solar arrays with batteries. Moreover usage of non
ecological technology is prohibited in the national park due to potential noise and air

pollution generation [21]. Some of the advantages of hydrogen technology can also
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be in uninterruptible power supplies (UPS). This type of UPS systems can be used in
the buildings where heavy loads on the floor are restricted, as in case of tower
blocks. For instance fuel cell UPS actually is operated in a 21-storey building in
downtown Toronto, where it provides 20 kW of power for air conditioning and
server load [22]. In this particular application, batteries were too bulky and diesel

generators were too expensive to be used.

It is also worth to noticing, that portable electronic devices might yet be another
application for hydrogen in near future. Fast-developing technologies such as cell
phones, computers, camcorders, and cordless tools, have led to an increase in the
demand for high-performance power (energy) sources. Currently, rechargeable
batteries are the major players in the market for powering portable devices.
Nonetheless, as energy demands increase with the popularisation of broadband-
mobile computing and an ever-increasing number of functions and applications,
existing battery technology has come up against new competition, such as mobile
fuel cells. Hydrogen should be able to provide compact solutions with high specific
energy. Currently metal-hydrides, chemical hydrides and fuel reformers are
considered as candidates for providing hydrogen [24]. It is also considered that the
commercialisation of portable fuel cells is the application most likely to occur first

[25, 26].

2.3. Hydrogen storage methods

As was mentioned above, hydrogen can be stored using various methods. The choice
of storage method is usually dependent on the application, as certain storage types
can only be applied in certain conditions. Figure 2-6 presents the different storage
methods with their operating temperature and corresponding weight. As can be seen,

hydrogen can be stored in all 3 major physical states: gaseous, liquid and solid.
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Figure 2-6. Hydrogen storage methods with temperature and weight dependence
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The most common method of hydrogen storage is as a gas. This method is the most
mature, but it is still under development as hydrogen storage in pressures exceeding
700 atm is very challenging task. The major challenge here is proper design which is
able to resist high pressures without leakage. Compressed storage is normally utilised
under room temperature conditions and its major application is on-board storage for
hydrogen vehicles. It could also be used for stationary and portable applications.
Gaseous storage tank types are divided into 4 categories. Each of them differs with
construction, maximum pressure and application (Figure 2-7). Type 1 tanks are made
of steel or aluminum and their maximum storage pressure is 200 bars. Type 2 tanks
are made of metal wrapped with filament windings (usually glass fibre) around the
cylindrical part and their maximum pressure is 299 bars. Type 3 tanks are made of
composite materials (fibreglass and carbon fibre) with a metal liner (aluminum or
steel) with the pressure of 438 bars and type 4 tanks are pure composite tanks
(mainly carbon fibre) with polymer liner (mostly thermoplastic polymers, of the
polyethylene or polyamide type) resisting pressure up to 661 bars [28]. A major

advantage in the use of composite storage tanks is their lower weight and smaller



volume compared to metal type. On the other hand they are also more expensive.
Polymer tanks are used in applications where physical dimensions of storage system
play a crucial role, such as transport. In case of stationary applications, where light
weight and small volume of the system is not a limitation, tanks of 1* and 2™
category are more popular. It is worth noting that compression of hydrogen is an
energy consuming process. Compression from atmospheric pressure to 350 atm takes
about 10% of energy content and to 700 atm 14% of energy (based on hydrogen
lower heating value) [9]. The pressurisation energy needed can be reduced for
example by usage of high pressure electrolysers units that are becoming popular

nowadays.

Type | | Typell

All Metal Fiber Hoop Wrap
Metal Liner

Type Il |

Fiber Full
Metal Liner

Type IV

Fiber Full
Plastic Liner

Figure 2-7. Gaseous hydrogen storage cylinders types [29]

Liquid hydrogen storage is not as commercialised as gaseous storage. However, it
has some advantages comparing to other methods. First of all, its major asset is high
volumetric density of about 70.8 kg/m’, which corresponds to the same gaseous H, at
788 atm pressure [9]. On the other hand liquid storage requires temperature below -
253°C and that is very difficult for a lot of applications to maintain and is also energy

consuming. Additionally, the liquefaction process needs a large portion of energy to
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be delivered, which minimally is 3.9 kWh/kg (11.8% of H, lower heating value)
according to theoretical estimations and real liquefiers consume 8-13 kWh/kg
depending on a scale [30]. These issues practically limit today liquid hydrogen usage
to applications where high purity is required or as a transport vector to remote
locations (using pipeline for example). Liquid hydrogen is also commonly
considered as storage method for future hydrogen airplanes [9]. Although some
prototypes of cars with liquid storage have been produced [29], the actual market
situation trend shows that gaseous storage will be probably become more widely

used for vehicle fuelling applications in the future.

Third type of hydrogen storage, which might have some applications in the future, is
solid type storage. This technology is actually in the research and development phase
and for its purpose metal hydrides such as: MgH,, NaAlH4, LiAlH4, LiNH,, LiH are
considered to be used [31]. Usually hydride storage is based on a phenomenon that
certain materials have potential to form stable hydrides when they are exposed on
hydrogen gas under certain pressure, temperature conditions. Hydrogen stored in
such a way can be decomposed by changing pressure/temperature conditions.
Different storage materials are characterised by distinct conditions of hydrogen
adsorption/desorption. Solid storage’s main asset is its low volumetric density. On
the other hand gravimetric density is much higher comparing to gaseous or liquid
storage (Table 2-1). Actually major research effort for solid storage development are
focused on decreasing its weight, solving a problem of fast refuelling and providing

stability of the materials for numerous refilling cycles operation [31].

2.4. Hydrogen production methods

Hydrogen production is actually a large and growing industry, with production
amount estimated to be 45-50 million tons each year [32], worth approximately 135
billion USD in 2005 [33]. There exist two primary applications of hydrogen
nowadays. About over half is used to produce ammonia (NHj3), which is
subsequently utilised in fertiliser production processes and about 25% is utilised in
hydrodracking process during petroleum refining. The other remaining part is
consumed for methanol production and different applications [32] (Figure 2-8).

Nowadays hydrogen is produced using several methods. Most of the manufacturing
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processes involve usage of fossil fuels such as: natural gas (48% of global hydrogen
production), oil (30%), coal (18%) and only 4% percent is obtained using water

electrolysis [32] (Figure 2-8).

World H, production approx. 50 Mt/yr
World H, production World H, use

M . .
= Natural gas m Ammonia production
| 5Mt o
= Oil Refining
= Coal Methanol production
Electrolysis [ ]
Vs 13 Mt Other uses

Figure 2-8. Estimated world hydrogen production and use (2008) [32]

Production from natural gas is performed by 3 main chemical processes which are:
steam reforming, partial oxidation and auto-thermal reforming. Although, there exist
more concepts for hydrogen from natural gas production, none of them is close to

commercialisation [34].

Steam reforming involves endothermic conversion of methane and water vapour into
hydrogen and carbon monoxide (Eq. 2-1). The heat is usually supplied from the
combusted methane feed-gas. The process operating temperature ranges from 700 to
850°C, and pressure from 3 to 25 bars. The reaction emits around 12% of CO, which
can be subsequently converted into CO, and H, by water shift reaction (Eg. 2-2)
[34].

CH, + H,0 - CO + 3H, | AH> 0 (Eq. 2-1)
CO + H,0 - CO,+ H, | AH < 0 (Eq. 2-2)

Partial oxidation of natural gas occurs when hydrogen is obtained by the partial
combustion of methane with oxygen to produce carbon monoxide and hydrogen (Eg.

2-3). An advantage of this process is that heat is produced through exothermic
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reaction, so more compact design is possible. CO obtained in the process can react

with H,O to produce H; as is described by the equation (Eq. 2-2) [35].
CH, + %02 - CO + 2H, | AH < 0 (Eq. 2-3)

Auto-thermal reforming is a connection of both steam reforming (Eq. 2-1) and partial
oxidation (Eg. 2-3). The total process is exothermic, so the heat is released from the
reaction. The operation temperature in this case varies in range between 950 and
1100°C, with possible maximum pressure up to 100 bars. CO produced in this
method can subsequently be utilised in water shift reaction (Eg. 2-2). Auto-thermal
reforming often requires purification of produced gases, which increases the costs

significantly and reduces the overall efficiency [34].

Comparison of technologies for hydrogen production from natural gas is summarised

inside a table (7Table 2-2).

Technology Steam methane Auto-thermal reforming
reforming and partial oxidation
Benefits High efficiency Smaller size
Low Emissions Simple system

Low costs for large units ~ Low costs for small units

Challenges Complex system Lower efficiency
Sensitive to natural gas Hydrogen purification

qualities High emissions

Table 2-2. Comparison of technologies for H, production from natural gas [34]

In case of hydrogen production from coal it can be obtained by gasification processes
such as: fixed bed, fluidised bed or entrained flow. Practically the most popular
process is entrained flow which is the most efficient technology. A typical reaction
process is seen in an equation (Eg. 2-4), where carbon and water are transformed into

carbon monoxide and hydrogen [34].

C(s) + Hy0 - CO + H, | AH > 0 (Eq. 2-4)
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Entrained flow is an endothermic reaction, and as such requires additional heat,
similarly as with methane reforming. Although hydrogen production from coal is
commercially mature, it is much more complex and expensive process compared to
hydrogen production from natural gas, as well as less efficient. However, since coal
is an abundant resource in a lot of parts of the world, it continues to be broadly used

[34].

During the refining process, the direct production of hydrogen from crude oil
practically does not occur [36]. Hydrogen in refineries is obtained as a by-product of
the processes of hydrofining, petrol reforming, methanol production and ethylene
production. Currently, the focus of the available methods for hydrogen production

from crude oil is on gas cleaning [36].

Only a small fraction of the commercial world hydrogen production is from water
electrolysis (Figure 2-8). Water electrolysis is the processes where water molecule is

split into hydrogen and oxygen using electrical energy (Eq. 2-3).
H,0 + electricity — H, + %02 (Eg. 2-5)

Hydrogen produced through water electrolysis is not responsible for any harmful
emissions to the atmosphere and can be sustainable, if the electricity used comes
from renewable energy sources. Electrocatalytic production of hydrogen is
specifically considered for off peak electricity, which should drastically decrease
costs that are the biggest barrier for large scale electrolysis commercialisation. The
predicted costs of future hydrogen from electrolysis divided into capital, electricity,

operation and maintenance are presented in Figure 2-9.
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Figure 2-9. Future potential costs of electrolytic hydrogen [34]

2.5. Water electrolysers

Today only a small quantity of hydrogen is produced by water electrolysis, which
constitutes around 4% of global production [32]. Water electrolysis process can be
illustrated by simple equation of splitting water into hydrogen and oxygen molecules
(Eq. 2-5). The electrolyser, where the reactions take place, in the simplest concept
consists of two electrodes: anode (where the oxygen is produced) and cathode (where
the hydrogen is produced). Two electrodes are connected to direct electrical power
supply, which allows the decomposition of water reaction to occur. Electrodes are
separated by an electrolyte which provides ionic conductivity between them.
Depending on the electrolyser type, the electrolyte can be in liquid or solid form and
can be selectively conductive for cations, anions or both. Today among different
water electrolysers 3 main types can be distinguished which are: alkaline, proton
exchange membrane (PEM) and solid oxide. Each of these groups has its own
specific design and differs with operating conditions, state of commercialisation and

potential applications.

Alkaline water electrolysis is the most mature and commercialised method of
hydrogen production among all electrolysis types. As an electrolyte it commonly

uses an aqueous solution of potassium hydroxide, which provides the ionic
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conductivity between electrodes. Inside the electrolysis cell the following reactions

take place:

Cathode: 2H,0 + 2e~ — H, + 20H™ (Eq. 2-6)
Anode: 20H™ - §02 + H,0 + 2e™ (Eq. 2-7)

Both cathodes and anodes for alkaline electrolysers are typically based on nickel
with additions of other catalysts. The electrodes inside the electrolyser are separated
by the diaphragm to prevent mixing of gases inside electrolyser. The alkaline

electrolysis cell concept is illustrated in a Figure 2-10.
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Figure 2-10. Alkaline electrolysis cell concept [37]

The operation temperature of the alkaline electrolyser usually ranges between room
temperature and 100°C. Theoretically the lowest temperature is limited by the water
freezing and the highest limit is due to water evaporation. It is worth noting however,

that alkaline electrolyser designs exist which can operate at higher temperatures [38].
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The working pressures of such alkaline electrolysers through can be up to 25 bars

[34].

Proton exchange membrane (PEM) electrolysers are actually at the early stages of
commercialisation. The costs of this technology is still greater than alkaline
electrolysers although it is predicted that in future, the cost should become more
competitive with new development in materials and stack design [34]. The main
advantages of PEM against alkaline are: more compact design, higher operating
pressure and increased safety due to lack liquid, caustic electrolytes [34]. PEM
electrolysers today are practically limited to small scale applications below 20 kW.

The principles of PEM electrolysers operation are represented by the equations:
Anode: H,0 - >0, + 2H* + 2¢” (Eq. 2-8)

Cathode: 2H* + 2e~ —» H, (Eq. 2-9)

Nafion, a solid polymer electrolyte, is typically the membrane used for PEM
electrolysers. The cathodes for this electrolyser type usually consist of platinum or
palladium alloys and the anodes are made of iridium and ruthenium [39]. The
operating temperatures are similar to the alkaline types with maximum value not
exceeding the boiling point of water. The PEM electrolysis concept is presented in a

Figure 2-11.
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Figure 2-11. PEM electrolysis cell concept [35]

The solid oxide is relatively new electrolyser type, and is still currently in research
and development phase. Comparing to the two discussed above, it has a significantly
higher operating temperature which varies between 700 and 1000°C [34]. Elevated
temperatures allow operation with lower electrical energy requirement. Due to this,
solid oxide electrolyser cells (SOEC) can be readily integrated with nuclear and
geothermal energy technologies to make hydrogen production more efficient [40].
The design of the SOEC is based on a ceramic membrane such as yttria-stabilised
zirconia (YSZ), which conducts oxygen anions (O%). Electrodes for SOEC cells are
made of metals such as nickel and/or cobalt for the cathode and electronically
conducting mixed oxides, such as lanthanum strontium manganite, for the anode
[40]. The research and development challenges for the SOEC are mainly focussed on

the investigation of new materials suitable to resist high working temperatures.
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3. Electrolysis background

As was stated in the previous chapter, the electrolysis process can be summarised by
one, simple overall chemical equation (Eg. 2-5). On the other hand, the individual
electrochemical processes occurring during electrolysis as well as the design of the
electrolyser itself are much more sophisticated. This chapter describes in detail the
basics of the electrolyser operation, the fundamentals of the electrochemical
reactions taking place and examining the design of typical devices, including some

advanced commercial units.

3.1. Basic electrochemistry of electrolyser cells

A number of processes are involved in the delivery of power to an electrolyser and
can be considered as barriers requiring energy to overcome. These barriers can be
divided into 3 main categories which are: equilibrium (reversible) potentials for the
breakdown of water, activation or overpotential and ohmic losses. Each of these

barriers is linked to different electrochemical phenomenon.

The equilibrium potentials are directly connected with the water structure, which is
one of the most stable substances in the nature [1]. To produce hydrogen and oxygen
from water, the minimum potential applied to the electrolyser must exceed the
difference in the equilibrium potential between the hydrogen evolution and oxygen
evolution reactions at the cathode and anode, respectively. The reversible potential

(Erev) 1s a function of Gibbs free energy (AG) (Eq. 3-1),
~AG
Erev = xF (Eq. 3-1),

where n is the number of moles of transferred electrons in the reaction and F is the
Faraday constant. The Gibbs free energy value is directly related to the electrolysis
reaction enthalpy change (AH), entropy change (AS) and temperature (T) of reaction
(Eq. 3-2).
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AG = AH —T X AS (Eq. 3-2)

Enthalpy by definition is described as the system internal energy or thermodynamic
potential [2], which in the case of electrolysis is the minimum amount of energy that
needs to be supplied for reaction to occur. This energy can normally be provided by
thermal and/or electrical form. Thermal energy delivered is proportional to the
entropy value and increases with temperature rise, which results in a decrease in the

reversible potential. Figure 3-1 shows how E,., decreases with temperature rise.
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Figure 3-1. Cell potential for hydrogen production by water electrolysis as a

function of temperature [3]
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In the same figure (Figure 3-1) two types of voltage are revealed as a function of
temperature, viz., the reversible and the thermoneutral potential. The reversible
relates only to electrical energy whereas the thermoneutral potential is the total
energy that needs to be delivered for water electrolysis to occur, which is composed
of both electrical and heat energies. The characteristic decrease in the enthropy and
of the thermoneutral potential at the temperature of 373 K is due to change in the

physical state of water from liquid to gaseous.

Based on the energy changes occuring, the Faradaic efficiency (Mraradaic) and the
thermal efficiency (Mthermat) can be calculated. These use the Gibbs free energy
change and the enthalpy of water decomposition respectively, as energy input as

shown in the equations Egq. 3-3, Eq. 3-4:

AG Een
NFaradaic = AG+Losses Ectell (Eq.3-3)
AH Erev
NThermal = = (Eq.3-4)

AG+Losses Ecelnl

Both equations can be simplified as follows, when operation at standard temperature

(25°C) and pressure conditions (1 atm) is considered (Eq. 3-5, Eq. 3-6):

123 (V)

€Faradaic = Ecell (Eq- 3'5)
1.48 (V)
€Thermal = Ecell (Eq' 3'@

The values of Faradaic efficiencies are always less than 1, while thermal efficiency
can be greater than 1, if electrolysis operates below thermoneutral voltage. It is also
worth noting is that the reversible voltage is also a function of temperature and it can
be easily calculated for various temperatures and pressure conditions using Nernst

equation (Eq. 3-7):
AS RT
E(T,p) = Eo(To, po) + nF (T —To) — n_Fln(pHZ) (Eq. 3-7)

Additional to the water decomposition potential discussed above, the overpotential
for the hydrogen and oxygen formation reactions need to be provided. This is

directly connected with cathode and anode properties such as the nature
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(composition, morphology) of the materials employed. The activation overpotential

of each electrode (Nelectrode) Can be described by Tafel’s equation:
RT j
Nelectrode = 2.3 * P log (]j_o) (Eq. 3-8)

As can be seen, the electrode overpotential is logarithmically proportional to current
density (j) and inversely logarithmically proportional to exchange current density
(Jo)- This suggests that the lower current density applied, the lower the overpotential
needed, which means that in practice, an increase in the active area of the electrode
would decrease activation losses. The key parameter though in determining the
overpotential is the exchange current density. This parameter is very much dependent
on the electrode material employed and in particular on their electrocatalytic

properties towards electrochemical reaction under investigation.
The hydrogen evolution reaction mechanism can be shown by the equations:
H*+ M +e~ - MH (Eq. 3-9)
2MH - 2M + H, (Eq. 3-10)
MH + H* + e~ > M + H, (Eq. 3-11)

The first part of the reaction (Eg. 3-9) involves adsorption process where bonding
between hydrogen proton (H") and electrode material (M) is created through a
reduction process. An adsorbed hydrogen atom (MH), hydrogen particle is created.
According to the literature, two alternative mechanisms are then considered to follow
this initial step and these are given by the equations: Eq. 3-10, and Eq. 3-11. Which
mechanism occurs and which of its elementary reactions within it is the rate
determining step is strongly dependent on the electrode material. In fact, the best
catalytic materials are those M—H bonds the intermediate strength. For example if
hydrogen atom creates too strong a bonding to the surface, a lot of energy will be
required to release it for the ond step. Conversely, if it is too weak, then the surface
concentration of the adsorbed hydrogen atom remains very low which inhibits the
second step in the process. The exchange current density which expresses the

kinetics of the hydrogen evolution reaction is thus a function of the bonding strength

34



and for the HER, it is shown in the Figure 3-2 As can be seen, the materials which
are broadly used as catalysts for hydrogen evolution reaction such as platinum, nickel
have the bonding strength close to the optimum value and these material types
provide the best electrode for HER. The situation looks similar in the case of the

oxygen evolution reaction on anodic part of the electrolyser.
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Figure 3-2. Dependence of exchange current density for hydrogen evolution reaction

on the strength of the metal-hydrogen bond formed in the electrode reaction [4]

The third kind of losses that needs to be considered inside the electrolyser is that of

ohmic losses and this can be described by Ohm’s law:

l
Nonmic = IR =1 (=) (Eq. 3-12)

Ohmic losses are proportional to current (I) and resistance of the conductor (R).
Resistance is proportional to length of the conductor and inversely proportional to its
cross-sectional area (A) and specific conductivity (k). In case of the electrolyser,
neglecting any losses in the solid (electrode and contacts) conductors, the main

source of ohmic loss comes from the electrolyte, which provides the ionic pathway
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for the current between electrodes. Thus, it is very important to use highly
conductive materials for electrodes and connectors and keep the inter-electrode gap
as low as possible. An additional factor which can be taken into account in the case
of alkaline electrolysers is the electrical resistance arising from the presence of gas
bubbles that are formed during the electrolysis. Gas bubbles have lower electrical
conductivity than the electrolyte and their amount produced inevitably increases with
the current. A further ohmic loss in case of alkaline electrolysers will also arise from
the presence of the diaphragm or separator, which is present to keep the gases
produced inside electrolyte separated [1]. It must be noted that circuit to supply
electrical power to electrolyser unit also increases ohmic losses value however its
impact is normally very low. A qualitative comparison of energy losses caused by
reaction resistances, ohmic resistances and bubble resistance for alkaline electrolyser

is presented in Figure 3-3.
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Figure 3-3. A qualitative comparison of the energy losses caused by reaction

resistances, ohmic resistances, ionic resistance and bubble resistance [1]
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In conclusion therefore, to estimate the overall cell voltage (E..y), all losses in the

circuit need to be summed up. Such a calculation is presented by Eq. 3-13:

Ecell = Erev + Nactivation + Nohmic (EQ- 3’13)

The overall cell efficiency, based on the amount of hydrogen produced and so, on the
energy carried by hydrogen is another parameter that is very often referred to in the
literature. The overall efficiency can be evaluated by either measuring the amount of
evolved hydrogen or by assuming that the overall current is related only to the
production of hydrogen at the cathode. Since the current efficiency inside practical
electrolyser systems can be higher than 99.9% [1], such an assumption thus
introduces only a very small error. The hydrogen rate (H;.) produced is described by

the equation:

I 1
Hrate = — [%] (Eq. 3-14)

nxF

where I is current, n is amount of electrons for each mole of H, formed and F is the

Faraday constant.

Typically two definitions of overall efficiency are used; one is based on the higher
heating value (HHV) and the other on the lower heating value (LHV) for hydrogen,
286 kJ/mol and 244 kJ/mol, respectively. The difference between these two values
comes from the fact that HHV takes into account latent the heat of vaporisation of
water as the water product is condensed. In case of LHV, the latent heat of water
vaporisation is not recovered as the water product remains in gaseous form.
Efficiencies based on HHV (egnyv) and LHV (grgy) in case of electrolysers are
normally based on an assumption that certain amount of input electrical power (Piy)
delivered, generates corresponding amount of output power (Poy) in a form of
hydrogen. In such case efficiency is equal to the ratio of the output power to the input
power. The input power is a multiplication of the current (I) and voltage (U), that are
delivered to the electrolyser unit. The output power is proportional to the rate of
hydrogen generation (Hg), which can be calculated from Eg. 3-14, which is
multiplied by the value of HHV (Egq. 3-15) or LHV (Eq 3-16).
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3.2. Fundamentals of alkaline electrolysers cell design

The electrolyser unit typically consists of the anode and cathode separated by a
membrane (diaphragm) and these are immersed in the electrolyte. The materials and
design of each of these components are important in maintaining high performance
of the electrolyser and in this paragraph, these components are described for typically

used electrolyser configurations.

Clearly, the most critical and important part of the electrolyser are the electrodes
since this is where the electrochemical reactions occur. The materials employed for
electrode production should provide as high an electrocatalytic surface as possible,
be corrosion resistant in the strong caustic environment at the elevated temperatures
and under intermittent operation) and be of low cost. Arguably, one of the best
materials which satisfy these criteria are the noble metals platinum and palladium but
they are also very expensive. In practice, the materials most frequently employed in
commercial units are nickel and/or steel alloys. The advantage of nickel over steel is
that it has far better electrocatalytic activity for both hydrogen and oxygen evolution
reactions and it is also more corrosion resistant [5]. However, nickel is more
expensive than steel. To lower the price, combinations of nickel and steel within a
single electrode (for example: nickel plated steel [1]) have proved popular. To
improve the electrocatalytic activity, additions of other materials have been
performed with the nature of the addition used depending on the desired
electrochemical reaction. For the cathode reaction, the most popular catalysts include
compounds of molybdenum, cobalt, vanadium, zinc and aluminium [1] whereas for
the anode reaction, the use of compounds of cobalt, ruthenium and perovskite-type
oxides are widespread [1, 6]. Electrodes are also produced using various techniques
with the aim of obtaining porous, stable structures at the lowest possible costs.

Porous electrode structures present very high electrochemical surface area for
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reaction to occur and this decreases activation losses. Techniques commonly used for
porous electrode manufacture are: electrodeposition, plasma spraying, thermal

decomposition, sintering or arc melting [1, 6].

The produced electrodes are immersed in the electrolyte which provides ionic
conductivity between them as well as the electroactive species, which in this case is
the solvent itself. Usually for alkaline electrolysers, aqueous potassium (KOH) and
sodium hydroxides (NaOH) solutions at various concentrations are used. Both KOH
and NaOH compounds are good conductors. Due to the fact that KOH is more
conductive and cheaper, it is normally preferred over NaOH [7]. A 25-30 wt%
potassium hydroxide concentration is widely adopted in commercial electrolysers
[4]. The reason for usage of such a concentration is that it shows the highest
conductivity on that level [8], which minimises ohmic losses. Electrolyte
conductivity also increases with temperature [8, 9], which is one of the reasons why
alkaline electrolysers are often operated at elevated temperature. Figure 3-4 shows

the conductivity of KOH solution as a function of concentration and temperature.

Figure 3-4. 3D plot of the conductivity of aqueous solutions of KOH as a function of

temperature and concentration [9]
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To separate the electrode reactions and so prevent the mixing of hydrogen and
oxygen inside the cell, a diaphragm or membrane separator is used. Another key
property of the separator is that it has to be permeable for ions and since the presence
of the diaphragm increases ohmic losses, its resistance should be as small as possible.
In this respect the thicknesses of the separators used tend to be very low. The first
commercialised membrane for use in alkaline electrolysers was asbestos. However it
was found not being enough corrosion resistant in the alkaline environment at
elevated temperatures [1]. Furthermore, many health issues have been related to the
use of asbestos and it has since been replaced by other materials [10]. Since the
1970s, the separation materials gradually shifted towards the polymers direction, for
example, perfluorosulphonic acid, arylene ether and polytetrafluoroethylene [10],
[11], which are common today. As well as the traditional diaphragms, new designs of
advanced alkaline electrolysers can use so called zero gap configuration, which
utilises hydroxide conductive, porous membranes [5, 12]. In such a design, the
membrane is tightly sandwiched between the electrodes. Zero gap configuration
decreases ohmic losses compared to traditional design but on the other hand, it
induces problems with gas transportation and bubbles being trapped inside the
electrode pores [5]. The known zero gap membrane structures are: ceramic (BaTiOs3),

metal oxide (NiO) or polymer based [5, 12].

The cell configuration is another important parameter which influences the
electrolyser performance. Two different arrangements, monopolar and bipolar can be
distinguished. In the monopolar configuration alternate electrodes in the stack are
directly connected to the positive or negative terminals, resulting in the total voltage
required to be approximately the same as that for a single cell pair (Figure 3-5.a). In
case of bipolar arrangement, only first and last electrodes in the stack are connected
to the power supply and this induces a positive potential on the electrode surface
facing the negative electrode whereas its opposite surface, facing the positive
electrode, becomes negative. This is repeated at all electrodes in the stack resulting
in bipolar electrodes separated by the electrolytes solution (Figure 3-5.b, Figure 3-
6). The total voltage applied in this case is then the sum of individual cell voltages
[1]. Bipolar arrangement brings a reduction of ohmic losses on the electrical system

connectors, but its manufacture requires much greater precision to prevent leakage of
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gas and electrolyte between the compartments [13]. It is worth noting that one of the
design trends in electrolyser cells is to minimise the distance between the electrodes
in order to reduce ohmic losses. However, if this gap is too small, it may induce
short circuit currents and electric sparks, posing an explosion hazard. In practice

then, an optimal gap distance has to be identified [1].
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Figure 3-5. Schematics of configurations a — monopolar, b - bipolar electrolysers [1]

41



Cell frame Diaphragm
‘ g
1 S
C athode ’ ¢ Ancde
r - | || ootp
] 1
[ ¢ .
Bipolar plate ¢ 1 Bipolar plate

T %

—— A A
% 1
A 1

Figure 3-6. Basic cell structure of bipolar electrolyser [5]

Temperature and pressure of operation as well as the flow speed of the electrolyte all
have a major impact on the electrolyser performance. The temperature of operation
for conventional electrolysers usually is in the range of 70-90°C [1]. One reason for
this is that the kinetics of the reaction is greatly improved at elevated temperatures,
thus reducing activation as well ohmic losses in the cell. Additionally, small decrease
in equilibrium voltage is also observed with the temperature rise. However, the
higher the operating temperature, the more water is lost due to the evaporation and
the more demanding the requirement of corrosion resistant materials employed in the
cell [6, 12]. A significant number of commercial electrolysers also operate under
high pressure conditions. The main motivation for the latter is the minimisation of
the energy requirements needed for further compression of hydrogen for gaseous
storage [14]. The high pressure also leads to a decrease in ohmic losses associated
with gas bubbles on the electrode surface as it reduces bubbles volume and also
slightly decreases the open circuit voltage [1, 4]. The drawbacks of operations at

higher pressure are the need of better sealing materials and more durable membranes

[].
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Operational details of some commercial alkaline electrolysers are presented in Table
3-1[6]. As can be seen the best overall efficiencies (the lowest operation voltage and
the highest current density) are achieved for electrolysers which use nickel
containing electrodes. The use of nickel-plated steel is widespread due to large cost
reductions in comparison to application of pure nickel alone. Furthermore, the
bipolar configuration are the most common and provide highly efficient systems,
compared to the Electrolyzer Corp. Ltd monopolar unit. It is worth bearing in mind
though, that highly efficient electrolysers are also the more expensive and so, before
choosing an electrolyser for a specific application, a detailed cost analysis of the

investment needs to be performed.

43



Parameter De Nora S.A.P Norsk Hydro Electrolyzer Teledyne
Corp. Ltd. energy systems
Cell Type B-FP B-FP M-T B-FP
Anode Expanded Activated Ni- plated steel Ni screen
Ni-Plated Ni-coated
Mild steel Steel
Cathode Activated Activated Steel Ni screen
Ni-plated Ni-coated
Steel Steel
Pressure (MPa) Ambient Ambient Ambient 0.2
Temperature 80 80 70 82
o)
Electrolyte 29% KOH 25% KOH 28% KOH 35% KOH
Current 1500 1750 1340 2000
density(A m?)
Cell voltage (V) 1.85 1.75 1.9 1.9
Current 98.5 98.5 >99.9 NR
efficiency (%)
Oxygen purity 99.6 99.3-99.7 99.7 >98.0
Hydrogen 99.9 98.9-99.9 99.9 99.99
purity

Table 3-1. Water electrolyser developers and cell operating conditions (abbreviations

B-FP — bipolar filter-press construction; M-T — monopolar tank, NR — no record) [1]
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4. Experimental

The aim of this chapter is to describe general laboratory procedures and techniques
that were used during experimental work. Detailed description of the used

equipment, chemicals and investigation techniques employed are also presented.

4.1. Experimental system set-up

Of the main configuration, two functional parts can be distinguished, and these are
described in first two subsections of this section. The first subsection describes the
electrochemical cell design and deals with issues such as: proper materials
application, cell geometry and functionality. The second part describes the design of
the data acquisition system (DAQ) used for delivering electrical power and

controlling system parameters operation.
4.1.1. Electrolyser cell design

Alkaline electrolysers operate in highly caustic, liquid environment at elevated
temperatures and within the device all three states of matter are involved. Such
operation conditions require highly resistant materials and proper sealing, and these
were indeed identified as the main challenges in obtaining proper cell design. This
section presents two concepts, which might be used during any practical system
implementation in future and provides description of mistakes made, which any
constructor of laboratory alkaline electrolyser systems should be aware of. Practical
implementation of final concept was able to fulfil all assumptions regarding the

system stability and functionality.
The requirements for system functionality were:

e the ability to operate at elevated temperatures with temperature regulation
e evolved gas separation

e the ability to capture the evolved gases
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e the ability to observe the electrodes surfaces within electrolyser so as to be
able to investigate gas bubbles formation and release
e the possibility of using smaller electrodes sizes (such as 1 cm X 1 cm square

samples)

The first electrolyser system configuration tested was a cubic shaped vessel made of
perspex side walls, copper base sealed with gaskets from EPDM rubber and a plastic
cover with two metal valves (Figure 4-1). The overall dimensions of the electrolyser

were: 10.5cm x 10 cm x 5.8 cm.

Hydrogen & oxygen
valves

Plastic cover

Perspex casing

10.5cm

Electrode connectors [

Copper bottom

10 cm

Figure 4-1. 1" prototype of alkaline water electrolyser

All the parts were connected using stainless steel screws. All the materials used had a
thickness of 8 mm, except for the EPDM rubber which had a thickness of 3 mm. It
was observed that after drilling each screw thread in the Perspex material, it needed
to be cooled. Otherwise it showed tendencies to crack, which was probably caused
by exposure to elevated temperatures caused by mechanical friction from drilling,

leading to mechanical stress. Mechanical treatment of the other used materials did
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not lead to these problems. Inside the vessel two chambers were present (one for
each electrode) separated by Perspex wall with a diaphragm in the bottom part. Each
chamber had dimensions of 3.8 cm x 3.8 cm % 8 cm. The vessel was designed to be
placed on a heating plate so as to heat up the electrolyte and so maintain the elevated
temperatures. The electrodes inside the electrolyser were soldered to steel screws,
which were connected to the power supply using 4 mm connectors. Each screw that
was designed to be removed frequently was mounted in a threaded metallic insert, as
friction during driving a screw, as noted above could damage the structure of the
Perspex thread. During the soldering process of the nickel and stainless steel
electrodes, an aggressive solder flux was needed to remove oxides from the
metal/alloy surface as otherwise, creating a joint between the electrical contact and
the electrode was not possible. For the performed experiments a flux based on
phosphoric acid was used. During electrolyser operation, it was indispensable to
provide proper covering of the soldering material (for example with epoxy resin) to
avoid contact with the electrolyte. Both tin and lead, which are the most common
soldering materials, are not resistant to the highly alkaline environment [1]. An
additional challenge was the choice of an appropriate proper material for the base
part of the electrolyser. Such a material should be characterised by good thermal
conductivity, corrosion resistance and be of reasonable price. In the case of copper as
can seen from the Pourbaix diagram (Figure 4-2) the corrosion process in alkaline
solution starts occurring when the pH is greater than ca. 13. The 30% KOH solution
had a pH of 13.27, which is very close to theoretical corrosion value. Literature has
also described the corrosion resistance of copper for KOH solution as good or with
minimal corrosion [2, 3]. To verify the corrosion resistance, an experiment was
conducted, during which a piece of copper was immersed inside the KOH solution
and its weight was measured before and after the experiment. Although the weight
difference measured before and after exposing the metal to KOH solution was not
noticeable, when applying the copper base of the electrolyser and filling with
electrolyte for one day, it started leaking, indicating that corrosion resistance of the
material was not sufficient for this application. Also as it can be seen from Figure 4-

2, polarising the copper below a value of -0.6 V vs NHE would make this material
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completely immune to corrosion in this alkaline environment. However, this was not

tested in practice during the conducted experiments.
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Figure 4-2. Domains of corrosion, immunity and passivation of copper at 25°C [1]

After taking into consideration the issues described above and difficulties with the
first prototype of alkaline electrolyser, it was decided to implement another design,
made from glass. The second electrolyser design consisted of two compartments
connected together by a glass flange (Figure 4-3). Each of the comportments had a
circular shape of 9.5 cm diameter with 11 cm depth. Each compartment was
surrounded by outer jacket through which water was pumped from an external
reservoir to heat up the electrolyte. The inner surface had dimensions of 7 cm
diameter and 8 cm height. Temperature control was maintained in the
electrochemical cell within + 1 °C accuracy. To operate at elevated temperatures, the
vessels were heated by water delivered from a Gallenkamp Thermo Stirrer 100 water
bath. The connection, linking together the two chambers of electrolyser were
tightened to each other flange by external screws and sealed with rubber. The

internal diameter of the connections was 2.5 cm (3 cm external). Polymer diaphragm
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was made of Celgard 3501 and placed between the connections and its role was to
prevent the mixing of the gases and at the same time provide ionic conductivity
between two chambers. Each of two of the chambers was also placed on magnetic
stirrer to avoid concentration gradients during the electrolysis. The vessels were
covered with plastic lids with cavities, through which electrodes were mounted. This
configuration showed excellent resistance against KOH electrolyte and was able to
fulfil all the functionality requirements. Although during the experiments performed,
the evolved gases were not captured, the system definitely allowed such a possibility

in the future after further slight modifications.

1st 2nd
Compartment Compartment

Figure 4-3. Electrolyser design made of glass
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4.1.2. Electrochemical measurements system implementation

For the electrochemical measurements, two main configurations were used. The first
one was a single cell comprising the two electrodes and the second one was the three
electrode system with counter and reference electrodes. During the normal operation
of the electrolyser, the single cell configuration was used and constant current was
applied between the anode and cathode electrodes. The three electrode system is

more commonly used for control of the potential. Its concept is presented in a Figure

44,
—®

Figure 4-4. Three electrode set-up (1) working electrode; (2) counter electrode, (3)

reference electrode [4]

In the three electrode configuration, the potential is applied between working and
reference electrodes. The counter electrode is always designed to provide much
faster kinetics than that of the working electrode, so as not to limit reaction rate. It is
thus usually made of a material which has very good electrocatalytic properties
and/or its electrochemical area is very high. During the performed experiments, a
platinum mesh counter electrodes was used. The characteristic feature of the

reference electrode is that it must have a constant potential inside the electrolyte and
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it is used as a reference point for working electrode. The choice of proper reference
electrode is dependent on an application and the electrolyte used. Here, the
mercury/mercuric oxide electrode was utilised, due to its good stability in alkaline
solutions. The advantage of three electrode set-up was that it enables possibility of
each electrode (cathode and anode) to be evaluated separately, which was also the

main purpose of its application during performed experiments.

4.2. Experimental techniques

4.2.1. Tafel extrapolation

Tafel extrapolation is an electrochemical technique which yields data allowing the
estimation of the parameters of exchange current density (jo), Tafel slope (), which
describe the reactions kinetics. The exchange current density is a measure of the
electron transfer activity at the equilibrium potential and the Tafel slope represents
how much current is increased with potential rise [5]. This technique is performed

using the three electrode configuration and it is based on Tafel’s equation:
loglj| = log jo + [3| (Eq. 4-1)
where:
B =23-" (Eq.42)

To obtain the Tafel characteristics the potential (or current) is scanned from the value
of equilibrium potential to the reaction region where relationship between log |j| and
overpotential ) is linear. Figure 4-5 presents typical characteristic which is obtained

during such a scan and shows how values of jy and 3 can be calculated.
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Figure 4-5. Experimental determination of exchange current density using the

Tafel’s equations [5]

4.2.2. Cyclic voltammetry (CV)

Cyclic voltammetry is another electrochemical technique, which is especially
popular for initial studies of the system. CV technique usually is applied on both
qualitative and quantitative analysis to obtain kinetic parameters [5]. The basics of
operation of cyclic voltammetry are given in the Figure 4-6. The potential is swept

over a selected range at a constant scan rate. The experiment variables are: potential

limits (E;, E,, E3), direction of the initial sweep and the potential scan rate (v).
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Figure 4-6. Cyclic voltammetry waveform [6]

Results of cyclic voltammetry normally are presented in current vs. potential curves
as in Figure 4-7, which shows the results for a polished, nickel sample immersed in
30% KOH solution. In this case, the potential was scanned from a cathodic value of
0.3 V vs Hg/HgO down to -1.3 V, where the scan direction was reversed. Then it was
scanned to 0.6 V and then back to 0.3 V. The characteristic features of such a graph
are the current peaks which occur in certain potential ranges. Positive current peaks
with (anodic peaks) show the oxidation reactions and the ones with negative current
(cathodic peaks) represent reduction processes. Each of the peaks can be associated
with a different electrochemical process. In this example the peak at ca. -1.3V (1)
corresponds to hydrogen evolution reaction, which starts occurring at the potential of
around -1.1 V and its rate increases with cathodic polarisation. The reversal of
potential at -1.3 V limited the HER process. The peak of label 2 is associated with
the oxidation of NiOy to a-Ni(OH), [7]. This peak can be employed to calculate the
electrochemical surface area of the nickel samples during experiments as described
in the later sections. In the potential region of peak label 3, o/B-Ni(OH), are oxidised
to B-NiOOH [7]. Following this region at around 0.5 V the oxygen evolution reaction
starts to occur, creating a rising current labelled peak number 4, which would
continue to rise with anodic polarisation. The peak label 5 is the reduction Ni(IIl)
oxyhydroxide back into -Ni(OH), [7]. Similar shaped graphs are generally obtained
for nickel based electrodes in alkaline solutions, although each type of the material

has its own, specific cyclic voltammogram features. Cyclic voltammograms usually
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differ with amount of peaks, their sizes and shapes depending on the system under
study. Additionally the cyclic voltammetry method is also dependent on
environmental conditions such as temperature and pressure, as well as the influence
of electrochemical material pre-treatment. During the conducting experiments, it was
very important to take all these factors into account in order to be able to achieve

repeatable results.
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Figure 4-7. Cyclic voltammogram of plain nickel sample immersed in 30% KOH
solution, 50 mV/s scan rate, Peaks interpretation: (1)- Hydrogen evolution reaction,
(2) - oxidation of NiOy to a-Ni(OH),, (3) oxidation of a/f-Ni(OH),to f-NiOOH, (4) —

Oxygen evolution reaction, (5) — reduction of Ni(Ill) oxyhydroxide into p-Ni(OH),

4.2.3. Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy is another electroanalytical technique. Its
characteristic feature is that it uses small amplitude, sinusoidal, alternating current
(AC), which is superimposed on an applied potential. Usually the applied sinusoidal
perturbation is less than 10 mV [5]. In an impedance experiment, the output is
analysed as a function of the perturbation frequency, over the range 20 kHz to 0.1

mHz [5]. The common presentation of the data is an Argand diagram (Figure 4-8)
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i.e. a plot of the real vs imaginary components as a function of frequency. The
interpretation of the diagram is always based on an equivalent circuit which is an
electrical circuit that simulates the behaviour of the electrode reaction. The
components of the equivalent circuit differ depending on the system under the study
for example if it is a porous or a flat electrode surface. One of the most common
equivalent circuits is illustrated in a Figure 4-8, with its corresponding Argand
diagram. This shows that the charging/discharging of the electrochemical double
layer capacitor occurs in parallel to the Faradaic reaction, here represented by the
charge transfer resistance R and the Warburg differential impedance W. Both arms

of the circuit can have frequency dependent components.
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Figure 4-8. (a) Equivalent circuit for a simple electron transfer couple O/R at an
inert electrode held at the equibrium potential for a solution containing oxidants and

reactants (reductants) (b) the corresponding Argand diagram (5]

The evaluation of the magnitude of each of the components might be used for the
estimation of such parameters as: diffusion coefficient, electron transfer kinetics
constant and double layer capacitance. The circuit also models the uncompensated
resistance (R,) between the reference and working electrodes. The slope of linear

portion at low frequency should be an angle of n/4 (45°) to the x-axis.
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4.2.4. Scanning electron microscope (SEM)

SEM is a technique that provides high resolution images of the sample under
examination. These measurements can reveal details about the samples such as their:
morphology, chemical composition, crystalline structure and orientation of materials
making up the sample [8]. In most cases the data are collected over selected areas of
the sample that create two dimensional images. Magnification of typical SEM

machine ranges from 20 to 30,000 with spatial resolution of 50 to 100 nm [8].

The fundamentals of the operation of the SEM are based on a phenomenon that
accelerated electrons in SEM carry significant amounts of kinetic energy. This
energy is dissipated when incident electrons are decelerated in the solid sample.
These signals include: secondary electrons, backscattered electrons, diffracted
backscattered electrons, photons, visible light and heat. Secondary electrons and
backscattered electrons are typically used for imaging the sample viz. secondary
electrons are most valuable for showing morphology and topography and
backscattered electrons are used for illustrating contrasts in the composition of
multiphase samples [8]. X-ray generation is obtained by collisions of the incidents
electrons with electrons in discrete orbitals of atoms in the sample. Characteristic x-
rays are produced for each element in a compound that is excited by the electron
beam. SEM analysis is generally non destructive method which means that its

application do not lead to volume loss of the sample.

A typical SEM system consists of: electron source, electron lenses, sample stage,
detectors for signals of interest and display/data output devices. Its schematics is
shown in Figure 4-9 [8]. SEM technique is critical for fields that require
characterisation of solid materials. Most modern SEMs are relatively easy to operate,
have user friendly interface and generate data in highly portable digital format. Their
applications are usually limited by sample size which in case of vertical dimension
rarely can exceed 40 mm [8]. Also samples which are likely to outgas at low

pressures, for example wet samples are not suitable for conventional SEM.
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Figure 4-9. Schematic drawing of electron and x-ray optics of SEM [8]

4.3. System components description

This paragraph presents detailed technical specifications of chemicals and laboratory

equipment used during experiments.
4.3.1. Chemical reagents

All chemicals reagents shown in Table 4-1 were used as received without further
purification. All solutions were prepared using Milli-Q deionised water (resistivity:

18.2 MQ cm at 25°C) [9].
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Chemical Reagent

Potassium Hydroxide

Comment Supplier (s)
85% purity Sigma Aldrich [10]

(KOH) Molecular mass = 56.11 g/mol  Fisher Scientific UK
[11]
GPR
Potassium sodium 99% purity Sigma Aldrich [10]
tartrate tetrahydrate Molecular mass = 282.22 g/mol
(C4H4KNaOg 4H,0) OH O.
NaO._ -
<" 0K
O OH +4H0
Vanadium (V) Oxide 99.6% purity Sigma Aldrich [10]
(0s5V3) Molecular mass = 181.88 g/mol
Sodium Molybdenum 99.5 — 103.0% purity Alfa Aeasar — A
Oxide Dihydrate Molecular mass = 241.95 g/mol Johnson Matthey
(Na;M0042H,0) Company [11]
99% purity Sigma Aldrich [10]
Molecular mass = 58.08 g/mol
Acetone (C3HO)
O
H3C™ CHs
99.7% purity Sigma Aldrich [10]
Molecular mass = 60.10 g/mol
Isopropyl Alcohol
((CH3);CHOH) )O\H
HaC”~ “CHs

Table 4-1. List of chemical reagents used and their suppliers
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4.3.2. Electrochemical measuring equipment

The electrochemical measuring devices, which were used during experiments were:
Biologic SP-150 potentiostat/galvanostat, Biologic 10 A current booster, Solartron SI
1287 and Solartron frequency analyser 1255B. All the devices were powered from
standard UK grid with sinusoidal voltage of 230 V RMS and 50 Hz.

4.3.3. Soldering equipment

Soldering process played an important role in connecting electrodes to the data
acquisition, which need to be done in a way to minimise contact resistance between
wire and electrode sample. Nickel surface is generally difficult to solder due to
existence of oxide coating and that is why it was required usage of phosphoric acid
flux, which is recommended for nickel surface pre-treatment [12]. In this particular

application Sylmasta phosphoric acid flux was used [13].

As soldering materials two types of soldering alloys were used. The first one was
Multicore 5C (60 % tin 40 % lead) and the second one was Multicore 96SC (95.5 %
tin, 3.5 % silver, 0.7 % copper). Both of soldering materials were suitable for the
purposes of the experiments. However, due to the higher electrical conductivity and
to minimise contact resistance, it was recommended to use Multicore 96SC type. The
choice of the soldering iron in this case was not a very important factor and various
ones were available inside laboratory. The only conditions which need to be fulfilled
in the case of soldering iron, was that it needed to be able to maintain high enough
temperature to be able to melt the soldering material as well as being small enough

for work with electrodes samples of 1 cm % 1 cm size.

4.3.4. Reference electrodes

As the reference electrode of choice, mercury/mercuric oxides (Hg/HgO) electrode
was used. This type of the electrode is characterised by good stability, reproducibility
and reversibility in alkaline environment [14] and it is described as the best choice

for alkaline solutions [15]. Reference electrodes used during experiments were
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obtained from Russell pH limited [16] and Sentek [17] and contained 30 % KOH

solution within it.

4.3.5. Insulation

The insulation of the soldering material and uncoated connecting wire was provided
by epoxy resin Araldite 2022, which is characterised by relatively short curing time,
excellent bond to a wide range of composites, plastics, metal and good resistance for
chemicals (including alkaline solutions) [18]. It was worth noting that not all epoxy
resins on the market can fulfil these conditions, so before choosing one it is worth to

check the detailed parameters of the resin used.

4.3.6. Membrane/Diaphragm

The role of membrane within the electrolyser was to separate the compartments
where oxygen and hydrogen gases were produced. Several types of commercial
membranes are available among at which the polymer type membranes are relatively
popular. The key properties of the membrane are that it needed to be stable in the
electrolyte environment and be permeable to ions. In the case of gas separation, pore
size should not exceed 10 um for hydrogen separation at atmospheric pressure and
porosity of at least 50% is desirable to keep electrical resistance low [19]. In case of
Celgard 3501 which was applied during the electrolyser single cell experiments, all
these conditions were fulfilled. Detailed parameters of Celgard 3501 membrane are

presented in a Table 4-2.
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Basic Film Properties Unit of Measure Typical Value
Thickness pm 25
Porosity % 55
PP Pore Size (avg. diameter) pm 0.064
TD Shrinkage @ 90°C /1 Hour % 0
MD Shrinkage @ 90°C /1 Hour % 5
Puncture Strength grams 335
Tensile Strength, MD kg/cm® 1055
Tensile Strength, TD kg/cm” 135

Table 4-2. Membrane - Celgard 3501 specifications
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5. Alkaline electrolyser system troubleshooting

During the initial tests on the alkaline electrolyser, several issues arose that needed to
be overcome before further experiments could continue. The purpose of this section

is to describe these issues and explain how they were addressed.

For the tests, it was decided to use the 3 electrode system comprising working,
reference and counter electrodes inside a single vessel. As a reference electrode, the
mercury/mercuric oxide (Hg/HgO) electrode was used and a platinum foil acted as
the counter electrode providing a high area surface. For electrochemical control and
data acquisition, the Solartron SI 1286 Electrochemical Interface was used. The tests
were performed in a 30% Potassium hydroxide (KOH) electrolyte inside the glass
compartment at the temperature of 70°C. In these preliminary experiments, two main
different system configurations were evaluated and these were the Rotating Disc
Electrode (RDE) configuration with horizontal working electrode orientation with
very well controlled mass transport and the vertical working electrode orientation
with mechanical stirrer bar inside the electrolyte. Both of these configurations were
tested with and without gas separation in the cell. Furthermore, different types of
electrical contacts to the sample electrodes were checked in order to identify which

gave the better performance under the operational conditions of the electrolyser.

The RDE system consisted of stator and rotor to which the activated Raney nickel
electrode was attached using silver paint. The electrode holder was insulated from
the electrolyte environment by epoxy resin at the bottom and Teflon tape at the sides

(Figure 5-1). The RDE system also had the possibility of rotation speed control.
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2cm

Woerking Electrode

Figure 5-1. Rotating Disc Electrode system overview: A — Raney nickel electrode
attached on the bottom, B — rotating part of the system, C — Stator + rotor, D —

System during experiments

During the experiments with the rotating disc electrode system, relatively high
voltage fluctuations were observed (Figure 5-2), especially at low rotation speeds.
This could be attributed to gas bubbles that adhered to the electrode surface. As the
electrode was in a horizontal orientation, the bubbles produced during electrolysis,
could not easily escape the surface due to buoyancy force that acted towards
electrode surface. These bubbles which adhered to the surface also decreased the
efficiency of the electrode towards HER as they effectively reduced its active area.
Increasing rotation velocity from 10 to 30 Hz decreased the voltage fluctuations and
increased performance (Figure 5-2) as these bubbles were removed by centrifugal

force.
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Figure 5-2. Current density (Potential) curves on 10 Hz and 30 Hz rotating speed of

Raney nickel, Scan rate 0.1 mA/s

Despite this improvement though, the performance of the electrodes inside the RDE
system was still not satisfactory and was indeed quite low compared to published,
scientific data on similar electrodes types [1-4]. The reason for this was much too
high contact resistance of the sample electrode to the holder when attached using
silver conducting paint. Such a connection resulted in higher ohmic losses and
because of this it was decided to abandon using RDE system and to create different

system for testing the electrode samples.

The system with the vertical electrode configuration consisted of the sample
electrode soldered to the contact wire, insulated and then put into the electrolyte in
the vertical position. The reverse side of the electrode was insulated from the

electrolyte by epoxy resin (Figure 5-3).
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Figure 5-3. Electrode used for vertical electrode configuration Left — front side of

the electrode Right — reverse side of the electrode insulated by epoxy resin

During the experiments a magnetic stirrer was used so as to keep the electrolyte
chemically uniform. Bubbles removal from the electrodes surface with this system
was satisfactory and no voltage fluctuations were observed. The scientific literature
also revealed that bubbles release, could be additionally improved by adding
chemical compounds which reduce the surface tension or by designed electrode
surface structures made of hydrophilic materials with pore sizes lower than 10 um [5,

6].

One of the major challenges faced during this system evaluation was to minimise
ohmic losses by providing good electrical contact to the sample electrode. To achieve
this goal, the electrical contact wire was soldered to the non-activated surface of the
electrode. It was very important to cover as large surface of non activated side of the
electrode area by the soldering material as possible. Failure to do this usually led to
bad electrical contact and so, large ohmic losses. It was also important to use
soldering material with the best electrical conductivity (usually with high silver (Ag)
content). Other sources of ohmic losses in the electrochemical systems are the
connectors and cables, so due to that special attention should be paid to use the ones

with as low resistance as possible.

All the soldering material on the surface was covered with epoxy resin (Araldite

2022) to make an insulation layer from the alkaline environment. After soldering and
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insulating, the conductive side of the electrode was activated using a 30 % potassium
hydroxide/10 % sodium tartrate solution. In this application the chosen epoxy resin
(Araldite 2022) needed to be resistant to strong alkaline solutions and temperatures
up to 100°C. Failure in choosing the proper epoxy resin resulted in insulation
damage during the system operation which very likely cause the soldering material to
come into contact with the electrolyte and corrode. The occurrence of such a
situation often leads to cell failure and to the contamination of the electrolyte with

soldering material.

The contamination of the electrolyte yields impurities, which engineers of
electrochemical systems should be especially aware off. Dissolved particles inside
the KOH electrolyte formed ions that could be deposited on the surface of the
electrode and influence its performance (usually in the negative way). During the
performed experiments, it did happen when the soldering material (composed mainly
of tin (Sn) and lead (Pb)) was dissolved into the electrolyte and deposited on the
cathode surface forming an outer layer. Due to this, the performance of the electrode
significantly decreased as Pb and Sn have a much lower exchange current density
than nickel for the HER. Once this electrolyte contamination occurred, it was very
important to change or filter the electrolyte. Electrolyte contamination could also
come from any material that comes into contact with the caustic electrolyte or from
impurities in the chemicals used for preparation of the electrolyte solution [7]. Thus,
special attention should always be paid in the use of corrosion resistant material,

providing good electrical insulation and using high purity chemicals.

Another factor that could be influencing the electrolyser performance was the mixing
of the gases (viz. H, and O;) produced during the operation. Experiments here were
performed with and without gas separation, i.e. the anode and cathode compartments
were either separated with a diaphragm or had a common compartment. Clearly, the
function of the electrolyser is to produce H, free from any oxygen contamination at
the cathode but the study here was to determine what impact (if any) oxygen in the
electrolyte solution would have on the cathode performance. As it was, no significant
deterioration in the cathode performance was observed during the operation of the

cell over a period of a few hours.
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In summary then, the main factors that influenced the proper functionality of the
electrochemical system were quality of electrical contact; gas bubbles produced;
electrolyte contamination and lack of adequate corrosion resistance of the contacts
and soldering material. Table 5-1 shows how each of these factors might influence
the electrolyser system and suggests solutions to each of these issues. Although this
list does not include all the factors that should be considered for system construction,
it does however presents the difficulties that were noted and solved during the design

of the current system.
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W
Bad electrical  Performance drop, Maximise electrode surface area contact
contact loss of voltage and Use cables and connectors having low

energy efficiency  resistance.

Bubbles effect  Performance drop  Vertical electrode orientation
Voltage/Current Mechanical electrolyte circulation
fluctuations Chemical electrolyte additives to reduce

surface tension

Designed electrode structure/morphology
Increasing rotation speed in RDE
configuration

Electrolyte Performance Use high purity chemicals for electrolyte

contamination  impact preparation

Use materials that do not corrode inside
electrolyte environment

Lack of gas Possible Application of diaphragm

separation performance Putting electrodes inside separated
impact over long  compartments.
period of time

Not sufficient Electrolyte Use materials that are corrosion resistant

corrosion contamination inside working environment

resistance Electrolyte
leakage
Performance
change

Table 5-1. Factors influencing alkaline electrolyser system performance

Figure 5-4 and Figure 5-5 show comparisons of the j(E) curves that were achieved at
the beginning of troubleshooting using the RDE system (Figure 5-4) and after

optimising the cell, using the vertical electrode configuration (Figure 5-5) using
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plain nickel and Raney nickel electrodes. As can be observed, the reduction in the
voltage fluctuations and an improvement in the general performance were significant
(for each electrode type the same current densities were achieved for the lower
voltage values). Making these improvements allowed results to be obtained which
were comparable to the ones published in the literature for the same or similar

electrode types [1-4].
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Figure 5-4. Current density (Potential) curves for electrodes before optimisation in

rotating disc electrode configuration, Scan rate 0.1 mA/s
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Figure 5-5. Current density (Potential) curves for electrodes after optimisation with

vertical electrodes orientation, Scan rate 0.1 mA/s
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6. Evaluation of Raney nickel electrodes prepared by
atmospheric plasma spraying for alkaline water

electrolysers

6.1. Introduction

With limited amount of fossil fuels and increasing interest in sustainable energy,
hydrogen produced from alkaline water electrolyser units, powered from renewable
energy sources has grown in interest year on year. Hydrogen can be used in fuel cell
devices to power automotive vehicles, electronic portable devices (such as laptops,
mobile phones) and for stationary applications (uninterruptable power supplies as
well as combined heat and power systems). Along with its zero carbon capability as
an energy vector in substituting fossil fuels, hydrogen is also employed in industrial
processes such as petroleum refining, ammonia production, manufacture of

electronic components and high quality welding [1-6].

In Scotland, the government energy target for 2020 is to generate 100% of gross
annual electricity consumption from renewable energy sources [7], mainly derived
from wind turbines. Such a large amount of unpredictable, variable energy
generation requires substantial energy storage capability to become truly viable.
Alkaline water electrolysers provide an ideal solution to this problem as, with the
current state of the art, they are able to respond in a timescale of less than 1 s to

changing wind conditions [8].

Although alkaline water electrolysis technology appears to be mature enough to be
implemented on a large scale within a renewable energy market, there is still a lot of
R&D work needed to improve the efficiency and durability of these systems [2]. One
way these goals could be achieved is through the development of new electrode types
with novel catalysts. Electrodes and catalysts for the hydrogen evolution reaction
HER have been extensively studied and reported in the literature [9-16]. For

example, Pletcher efal. [9, 12] compared different cathode types and performed
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stability tests on single cells in zero-gap configuration. These authors found that
nickel-molybdenum and ruthenium oxide catalyst gave stable performances for HER
over 10 days of electrolysis, whilst the overpotential for platinum increased with
time. During these tests, a current density of 1 A cm > was achieved at a cell voltage
of c.a. 2.1 V. Kaninski et al. [10] investigated the effects of cobalt and vanadium
deposits on the nickel cathodes and concluded that these compounds could enhance
significantly the HER performance through an increase of the real surface area and in
the electrocatalytic activity. The work of Krstajic ef al. [11] involved analysis of
nickel-molybdenum cathode coatings using polarisation measurements, cyclic
voltammetry and electrochemical impedance spectroscopy. It was concluded that the
Ni—Mo coatings obtained by the electrodeposition technique provided high catalytic
activity, but exhibited low stability. Nickel-iridium—carbon electrodes were
developed and characterised by Solmaz [13]. It was observed that nickel-iridium
deposits on nickel-modified carbon enhanced the HER activity. This effect was
attributed to the creation of finer surface structures, leading to a high surface area and
electrocatalytically active centres. The in-situ electrodeposition of nickel—-
molybdenum catalyst was investigated by Tasic et al. [14]. They also showed that the
nickel-molybdenum compounds could significantly improve the electrolyser cathode
performance by increasing active area and electrocatalytic activity. They too
observed good stability during long term electrolysis. High surface area nickel-based
skeletal catalysts were prepared and characterised by Martinez ef al. [15]. These
again showed high surface area and good performance for HER. The work of Ganesh
and Lakshminarayanan [16] focused on the electrodeposition of nickel and obtained
one of the highest roughness factors reported in the literature using nickel obtained

from sulphamate bath.

Of the different catalyst types however, one of the best for the HER is Raney nickel.
This catalyst type is produced by leaching aluminium or zinc from a precursor (Ni—
Al or Ni—Zn) alloy by caustic solution, leaving a very porous material. Such a
process causes the available surface area to increase and also leads to lower
overpotentials for HER. A number of different techniques have been employed for

Raney nickel preparation including: electrodeposition [17], plasma spraying [18-20],
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rolling of Al and Ni foils followed by heat treatment [21, 22], pressing and heating
of Ni+ Al powders [18, 23], pressing Raney-Ni with fractal Ni powder [23], and
sintering Ni [18, 24]. Raney nickel electrodes produced by the technique of vacuum
plasma spraying (VPS) has exhibited one of the best efficiencies reported in the
literature for HER [19, 20]. However, in this technique, complex devices and design
are required to maintain the low pressure in the chamber during the plasma spray

process [25].

In this chapter, the novel atmospheric plasma spraying (APS) production method was
used to prepare the Raney nickel electrode materials. Compared to VPS, the
atmospheric plasma spraying method is much cheaper and simpler. According to the
APS manufacturer's documentation [26], the energy efficiency of these APS
electrodes towards HER could be as high as 96% based on the Higher Heating Value
(HHV) when operated at a current density of 300 mA cm 2, and so making them
promising candidates for use in future alkaline electrolysers. The aim of this
investigation was thus to evaluate the performance of the APS Raney nickel samples
under different working conditions (temperature and current density) and identify the
factors responsible for maintaining good and stable electrode performance. The
understanding of these factors, at different temperatures and current densities is
fundamental for future electrode improvements as well as providing knowledge on

the key parameters of influence.

6.2. Experimental setup

6.2.1. General system configuration

The set-up used for the electrochemical studies consisted of a typical three-electrode
configuration. The working electrode consisted of the Force Technology APS Raney
nickel samples which were cut to dimensions of 1 cm % 1 cm. These were soldered to

a piece of insulated Ni—chrome wire and sealed using epoxy resin to also isolate the
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inactive side of the surface from the electrolyte. A platinum mesh of geometrical
surface area much greater than that of the working electrode was used as the counter
electrode. A mercury/mercuric oxide (Hg/HgO) electrode inserted into the working
solution was used as the reference electrode. This has a standard potential
E°=0.098 V vs the standard hydrogen electrode. The measurement environment
consisted of a single, jacketed vessel filled with 30% KOH solution. All solutions
were prepared using Milli-Q de-ionised water (resistivity 18.2 MQ cm). The vessel
was heated by water delivered from a Gallenkamp Thermo Stirrer 100 water bath.
Temperature control was maintained in the electrochemical cell to within +1 °C.
During the experiments, the electrolyte in the cell was stirred using a magnetic
stirrer. A Solartron SI 1286 Electrochemical Interface with 1255B frequency
analyser system controlled by CorrWare and Zplot software (Scribner Associates,
USA) was used to deliver electrical power and measure the electrical response of the
system. The electroanalytical techniques employed to investigate the performance of
these electrodes were cyclic voltammetry, electrochemical impedance spectroscopy
(EIS) and Tafel extrapolation. Additional characterisation of the electrode surface
was provided by a Cambridge Instruments Stereoscan 90 scanning electron

microscope (SEM).

6.2.2. Working electrode sample preparation

The  samples obtained  from  Force  Technology  consisted  of
100 mm % 100 mm x 0.5 mm plates covered on both sides with Raney nickel catalyst
(50/50 nickel/aluminium) of different thicknesses: 30 um; 100 pum; and 300 pm on a
nickel base plate. From the plates, samples of 1 cm x 1 cm dimension were cut and
used as electrodes in the experiments. Subsequently, the samples were soldered on
one side to a conducting wire, degreased in an ultrasonic bath and bonded with epoxy
resin (Araldite 2022) to isolate and protect against the KOH solution. The epoxy
resin used was chosen for its excellent chemical resistance and relatively short

bonding time.

The prepared samples were then chemically activated using a solution containing

30% KOH and 10 wt% sodium/potassium tartrate at 80 °C for 24 h. The aim of this
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process was to leach out most of the aluminium from the inter-metallic phases and
also make the electrode surface porous [26]. This process of leaching out of the
aluminium can be clearly seen on the SEM images (Figure 6-1) where the porous
structure of the electrodes after activation can be compared to the starting material.
The final step in the procedure was that of electrochemical activation. The conditions
employed were developed by Force Technology [26] and consisted of: subjecting the
sample for 2 h at 10 mA cm *, in the oxygen evolution reaction (OER) region and
then for 14 h at —200 mA cm in the HER. The aim of the described activation
procedures was to prepare each of the samples to be used inside the alkaline
electrolyser. Following this, the samples were considered to have been fully
activated. Additional SEM images of the samples present cross section of the sample
before and after electrochemical activation (Figure 6-2). It confirms the fact that
surface structure of activated sample is visibly more porous in comparison with the
non-activated one and shows that the Raney nickel outer layer was leached out from

the electrode surface during activation process.
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Figure 6-1. SEM micrographs of the 30 um and 100 um Raney nickel samples

before and after chemical activation
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300 ym sample before activation 300 ym sample after electrochemical activation

Figure 6-2. SEM micrographs of the 300 um Raney nickel samples cross section

before and after chemical activation
6.2.3. Experimental procedures employed

The experimental procedure followed was partly adapted from the work of Ganesh
and Lakshminarayanan [16]. Before proceeding with any measurements the electrode
was operated at 200 mA cm > (HER) for 10 min to reduce surface oxides and to
cathodically clean the surface by the evolution of hydrogen gas. This was followed
by keeping the electrode at a potential of —0.85 V for 60 s in order to oxidise any
surface hydrides formed during the cathodic polarisation activation step. The
potential was then scanned from —1.1 V to 0 V and then back to —1.1 V with a scan
rate of 50 mV/s to obtain the nickel oxidation and reduction characteristics. From the
analysis of these results, the electroactive surface area of the sample could be
determined as during the forward scan in the potential region beyond —0.95 V, a peak
corresponding to a-Ni(OH), formation occurred and it is this charge (514 uC cm™?)
associated with the formation of a monolayer of a-Ni(OH), which allows the real

electrochemical surface area of the sample to be evaluated [16, 27, 28].
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Subsequently five potentiodynamic scans were performed from —0.85V to the
potential where a current density of —300 mA cm > was obtained (typically at around
—1.05 V) and then back to the potential —0.9 V, with a scan rate of 0.5 mV/s. During
the potentiodynamic scans to these high limits, it was observed that the forward scan
exhibited slightly lower overpotential values compared to the reverse scan and this
can partly be attributed to the reduction of surface oxides created during prior
electrode treatment. During all the potentiodynamic scans, IR compensation based on
the current-interrupt method was used. Following the potentiodynamic scans, EIS
measurements were undertaken. EIS consisted of 5 consecutive scans over the
frequency range from 100 kHz to 0.1 Hz performed one after another at the
potentials of —0.95V, —1.00 V, —1.05V, —1.10 V and —1.15 V. The ac sinusoidal
voltage applied had an amplitude of 10 mV. This overall procedure was repeated at

each of the temperatures in the range 30 — 80 °C, in steps of 10 °C.

6.3. Results and discussion

Following electrochemical activation, it was observed that over a certain period of
time, the electrode performance dropped significantly during the potentiodynamic
scans. This effect was probably due to the instability and loss of the catalyst layer as
coincidently with this performance drop, a decrease in the electroactive area
estimated using the cyclic voltammetry method was also observed. After this initial
performance drop however, the electrode performance stabilised and it was from this
point onwards that the data reported in this section took place. Although small
differences between subsequent scans were found, as long as the variation in
potential at the current density of =300 mA cm * did not exceed 5 mV, the electrodes
were considered satisfactory for electrochemical characterisation. It is very likely
that these small offsets in the potential arose from non-uniform oxide reduction or
hydride creation on the surface that build a diffusion barrier for hydrogen ions, thus
reducing performance and causing catalyst degradation [29, 32]. A comparison
between the data provided by Force Technology [26] and that from the present

experiments for the potentials required for the —300 mA cm > current density is
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shown in Table 6-1. As can be seen, although there are some very good agreement in
the values obtained, noticeable differences were found for the 30 um sample, where
the experimental results were even better than the Force Technology data set. There
was also a substantial lowering in all the potentials recorded for the 100 um and
300 pm samples compared to the 30 um sample indicating that the electrochemical
activity of these samples was far superior to the 30 um sample. It could simply be
that for this sample, the action of the Al catalyst promoter was not as effective as for
the thicker samples due to a more severe loss of aluminium than occurs in the thin

sample during the chemical and electrochemical activation steps.

The efficiencies in Table 6-1 were calculated using Eg. 3-15. For this purpose
electrode potential was scanned from OCP to the value where HER occurred at the
current density of 300 mA/cm®. Then the scanning direction was reversed and
potential was gradually increased to the current density value of 300 mA/cm® for
OER. The potentials which were achieved both for hydrogen and oxygen evolution
reactions at 300 mA/cm” were subtracted from each other, which allowed estimation
of the cell voltage (Table 6-1). During all the efficiency measurements 3 electrodes
system configuration was applied with Hg/HgO reference electrode, IR
compensation was included (which eliminated ohmic losses) and scan rate was set

for the constant value of 0.05 mV/s.
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Hydrogen evolution potential (at 300 mA em™?) /V

Raney nickel thickness Force Technology data Experimental data
30 pm —-1.045 —0.987
100 pm -0.937 -0.934
300 pm —0.931 —-0.932

Oxygen evolution potential (at 300 mA cm %) /V

Force Technology data Experimental data
30 pm 0.638 0.640
100 pm 0.610 0.608
300 pm 0.615 0.610

Force Technology data Experimental data
30 pm 1.683 1.624
100 pm 1.547 1.542
300 pm 1.546 1.542

Force Technology data Experimental data
30 pm 88% 91%
100 pm 96% 96%
300 pm 96% 96%

Table 6-1. Force Technology APS electrodes performance [17] compared to current

results

6.3.1. Cyclic voltammetry

The cyclic voltammograms of the three Raney nickel samples carried out in 30%
KOH at 70 °C are shown in Figure 6-3. The temperature of 70 °C was selected for
the measurements as it is the typical electrolyser operating temperature. The positive
scan from —1.1 V for the 30 um sample reveals a peak at —0.65 V which corresponds
to the formation of a a-Ni(OH), passive layer. The broad shoulder for 30 pum sample

following the main peak could indicate a broad distribution of sites on the Raney



nickel surface which undergo passivation at different potentials. The current does
eventually decrease to the baseline at —0.35 V on the forward scan as the entire
available surface becomes passivated. An alternative explanation advanced for this
current decay has been attributed to the slow oxidation of incorporated hydrogen
within the porous nickel matrix [33] but this is more likely to occur following
prolonged cathodic polarisation which was not the case in these cyclic voltammetry
measurements. On the reverse sweep, no discernible cathodic current was observed
from this passivated surface up to the HER region at —1.05 V. A cathodic current due
to the reduction of the a-Ni(OH), passive layer was observed in this region although
it is not visible due to the scaling of the plot. The CV's for the 100 um Raney nickel
sample and indeed, for the 300 um sample were markedly different. Here, two small
anodic peaks were found at —0.85 V which can be attributed to the oxidation of
adsorbed hydrogen. This was then followed by a large and broad anodic shoulder
associated with passivation of the Raney nickel surface. The current did not quite fall
back to zero at the end of the cathodic sweep, but on the reverse sweep, the current
collapsed as expected for a passive film once the electric field is removed. For this
sample, the cathodic current appeared at —0.7 V and this could be attributed to the
start of the a-Ni(OH), reduction and the HER.

In the Figure 6-3 it can be also seen a cyclic voltammogram which corresponds to
the smooth nickel sample. This sample before usage was pre-treated using polishing
paper to make the surface as flat as possible with aim to be able to compare porous
Raney nickel samples with flat nickel structure. In that case scanning began at the
potential of -1.3 V due to the fact that sample had much smaller real surface area, so
also HER occurred at lower potentials. As it might be seen cathodic peak
corresponding to the reduction of a-Ni(OH), passive layer demonstrated relatively
lower current densities (left scale on the Figure 6-3), which confirmed its relatively
low surface area. In that case scanning was reversed at the potential of -0.2 V and

scanned back to the value of -1.2 V.
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Figure 6-3. Cyclic voltammograms of Raney nickel samples at the temperature of
70°C (right vertical scale) and smooth nickel (left vertical scale). Scan rate = 50
mVy/s.

From the CV data, the electrochemical active area for each sample was evaluated,
using as a reference the surface charge under the anodic peak for a smooth nickel
electrode [16, 27,28]. The areas obtained are given in Table 6-2. The highest
electroactive area, of almost 2700 cm” was obtained for the 300 pm sample closely
followed by that of the 100 um sample at 2400 cm®. The lowest active area (480 cm?)
was for 30 um catalyst layer. The data in Table 6-2 show a large increase in the
electroactive area as the catalyst layer thickness is increased from 30 um to 100 pm.
This suggests a substantial increase in the porosity of the sample following the
chemical and electrochemical activation steps. A further 3-fold increase in the
catalyst layer thickness from 100 um to 300 um however did not yield a
corresponding proportional increase in the measured surface area. This could indicate
that the period and/or methodology of activation was inadequate for the thickest
catalyst sample used resulting in a large proportion of the catalyst layer remaining
relatively unaffected by the treatment. The importance of having as high a surface
area as possible has been highlighted by several authors [34-36] as the HER
efficiency is directly proportional to this. It is worth mentioning that the obtained

value for smooth nickel here was about 15 times bigger than theoretical value of
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514 uC cm . This deviation comes from the fact that in practice even polished,
smooth samples surface structures are not ideally flat and normally have a roughness
factor value greater than 1 [26]. Additionally measurements were taken at an
elevated temperature of 70 °C, markedly higher than standard conditions which the

theoretical value refers to.

Sample Charge /C em™ Electroactive area/cm’
Plainnickel 000765 1
Raney nickel - 30 pm 3.67 480
Raney nickel — 100 pm 18.6 2436
Raney nickel — 300 pm 20.64 2696

Table 6-2. Electroactive area estimation from CV measurements

Indeed, the impact of temperature on the size of the anodic feature, and hence the
effective surface area of the sample obtained from the cyclic voltammograms, is
shown in Figure 6-4 for the 100 pm sample. A similar trend was also found for the
30 um and 300 um samples. The figure shows an increase in the current on the rising
portion of the broad anodic feature at —0.78 V leading to a higher maximum current.
All the curves however converge to a similar value at the end of the anodic scan
since as expected by this point, all the electroactive area had become passivated.
However, the fact that different apparent peak areas are obtained at the different
temperatures is worthy of further discussion. There are several factors which could
influence this increase. The first is the increased rate in the electrochemical kinetics
with temperature and this is readily seen in the higher currents from the rising
portion of the curve which is governed by the Tafel relationship. The kinetics of the
chemical reaction leading to the formation of a passivation layer will also be
influenced by the temperature through both chemical reaction rates and diffusion
coefficients [37]. As is also well known, the solubility of gases present in the
solution will decrease with increasing temperature and the gas bubbles might well

then be more easily removed from the catalyst surface following their formation.
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Figure 6-4. Cyclic voltammograms of the Raney nickel 100 um sample as a function

of temperature. Scan rate = 50 mV/s.
6.3.2. Potentiodynamic analysis and Tafel extrapolation

Full Tafel analyses of the current—voltage curves from the three Raney nickel
samples at different temperatures were carried out. At each of the temperatures
examined, five scans were performed and the results of the data median (from five
scans) were analysed and used to evaluate the exchange current density (jy), the
equilibrium potential E,, the cathodic Tafel slope (B.) and the potential for a current

density of 300 mA ¢cm °. These data are presented in Table 6-3.
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Raney nickel catalyst thickness

30 pm 100 pm 300 pm
E./V —-0.951 —0.944 —-0.949
E (at 300 mA cm ? )/V —-1.157 —1.028 —1.040
jo [A/em?] 0.00031 0.0123 0.0176
Bc [mV/dec] 63.94 67.5 85.0
T=40°C E./V —0.963 —-0.940 —-0.948
E (at 300 mA cm ? )/V —-1.143 —-1.017 —-1.031
jo [A/em’] 0.00075 0.0131 0.0192
Bc [mV/dec] 65.9 62.4 80.0
T=50°C E./V —0.947 —0.936 —-0.947
E (at 300 mA cm * )/V —1.105 —1.008 —-1.028
jo [A/em’] 0.0014 0.0131 0.0201
Bc [mV/dec] 69.0 58.5 79.4
T=60°C E./V —-0.947 —0.936 —-0.945
E (at 300 mA cm ™ )/V —-1.094 —-1.0042 —-1.028
jo [A/em’] 0.0033 0.0149 0.0205
Be [mV/dec] 73.7 56.5 80.0
T=70°C E./V —-0.953 —0.935 —-0.962
E (at 300 mA cm ™ )/V —-1.077 —1.003 -1.016
jo [A/em’] 0.0058 0.0153 0.0232
Bc [mV/dec] 73.5 54.5 55.4
T=80°C E./V —-0.943 —0.931 —-0.953
E (at 300 mA cm ? )/V —1.066 —0.994 —-1.009
jo [A/em?] 0.0079 0.0172 0.0256
Bc [mV/dec] 70.0 56.6 58.6

Table 6-3. Tafel analysis on the catalyst samples as a function of temperature

The relationship between these parameters is given by the Tafel’s equation:
loglj| = logjo + |5-| (Eq. 6-1)

where 7 is overpotential over E., and j is the current density. The exchange current
density and the cathodic Tafel slope are the parameters that are related to the
electrocatalytic activity of the material surface, where the higher values of j, and
lower value of B. correspond to higher electrocatalytic activity. The equilibrium
potential obtained from Tafel analysis indicates where the HER starts to occur [34-

36]. The magnitudes of the exchange current density and Tafel slope reported in
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Table 6-3 were in good agreement with literature values pertaining to electrode

performance towards the HER reaction [2, 4, 10].

From the Tafel slope values in Table 6-3, also reaction determining step was
evaluated. The B, parameters for all the Raney nickel samples considering different
temperature values were equal to 54.5 — 85.0 mV/dec. According to the theoretical
analysis performed by Pletcher ef al. [34] for hydrogen evolution reaction, this would
indicate the reaction mechanism could be described by the following equations (Egq.

6-2, Eq. 6-3) and the rate determining step could be described by the Eq. 6-3.
M+ H,0+e” - MH+ OH™ (Eq. 6-2)

MH + H,0 - M + H, + OH™ (Eq. 6-3)

The potentiodynamic data of Figure 6-5 for the Raney nickel 30 um sample show the
clear impact of temperature on the HER at this surface. The figure reveals a
significant increase in the kinetics of the reaction at temperatures above 40 °C. A
change in temperature from 30 °C to 80 °C caused the required voltage for the HER
at the current density of 300 mA cm ~ current density to decrease by 91 mV. At the
typical electrolyser operating temperature of 70 °C; the potential for the HER was
thus only —1.077 V. There is no significant variation in the equilibrium potential for
the HER with temperature (—950 mV £+ 6 mV) but as noted above, a substantial shift
in the potential required for the 300 mA c¢m > current density was found. There also
appears to be a tendency for the Tafel slope to increase with temperature but again
here, the difference over the 30 °C—80 °C range is rather small (c.a. 10 mV/decade).
Nevertheless, this might be sufficient to suggest a change in the rate determining step
for the hydrogen evolution reaction between the lowest and highest temperature
values and this could be linked with the decrease in H-atom surface coverage and

solubility of H, with increasing temperature.
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Figure 6-5. Potentiodynamic scans of Raney nickel 30 um sample as a function of

temperature, Scan rate 0.05 mV/s

In contrast, the potentiodynamic data from the Raney nickel 100 um sample, shown
in Figure 6-6, shows only a small variation in the potential for the stipulated
300 mA cm  current density over the temperature range examined. The results from
the analysis of this data are also presented in 7Table 6-3. Again, there appears to be a
gradual fall in the reversible potential with increasing temperature, from —0.944 V at
30 °C to —0.931 V at 80 °C, which is consistent with the temperature dependence of
the Nernst equation. As noted above, the change in the potential for 300 mA cm ™ is
rather modest, from —1.028 V at 30 °C to —0.994 V at 80 °C. Thus temperature has a
lesser impact on the electrochemical activity of the 100 um electrode than on the
30 um one. The Tafel slope does not show any specific trend with temperature,
exhibiting a value close to 60 mV/decade. The data for the 300 um sample in Table
6-3 shows a reversible potential of c.a. —0.95 V and a change in the potential with
temperature at the current density of 300 mA cm > very similar to that of the 100 pm

sample, viz., only 31 mV in going from 30 °C to 80 °C. However, the Tafel slope
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obtained for this sample was higher at c.a. 80 mV/decade but again did not exhibit

much variation with temperature.
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Figure 6-6. Potentiodynamic scans of Raney nickel 100 um sample as a function of

temperature, Scan rate 0.05 mV/s

6.3.3. Electrochemical impedance spectroscopy

The EIS measurements were performed at each temperature just after the
potentiodynamic scans at potentials more negative than the reversible potential for
HER at the electrodes. The impedance data was analysed using the Randles
equivalent circuit model shown in Figure 6-7 as this has been widely employed to

model EIS data obtained from Raney nickel electrodes [16, 38, 39].
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Figure 6-7. Randles equivalent circuit model for Raney nickel [29]

The literature indicates that typical EIS data from Raney nickel electrodes consists of
two semicircles in the Nyquist plot format, with the higher frequency one (constant
phase element CPE; and resistance R;) associated with the electrode's porous
structure whereas the lower frequency one depends on the double layer capacitance
and charge transfer resistance [16]. Ry parameter is the electrolyte resistance. In this
analysis therefore, the focus has been exclusively on the lower frequency feature in
order to obtain the charge transfer resistance, R, and the double layer capacitance,
Cq from the magnitude (CPE-T) and phase (CPE-P) of the constant phase elements
(CPE), according to Eg. 6-4, which originally was developed by Brug et al. [40].

1
((CPE—T*R¢;) CPE=P)
Cdl = RCc: (Eq 6—4)

The 3-electrode configuration used in these measurements also means that the EIS
data obtained were derived exclusively from the Raney nickel samples (the working

electrode) examined and not the impedance response from the whole cell. Thus, the
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R term corresponds to the uncompensated solution resistance between the working
and reference electrodes. R is the parameter directly connected to HER electrode
kinetics, with a smaller value of R giving a larger j, and so, faster electron transfer
rate. The double layer capacitance obtained from these measurements is directly
proportional to the electrochemical surface area as it indicates the parts of the porous
Raney nickel structure accessible to the electrolyte solution. Its value therefore can
be influenced by gas bubbles that appear on the electrode surface and block this

access. For fitting the data Zview software was used.

The EIS data for the 30 um sample at different potentials and at temperatures of
30°C, 50°C and 70°C are presented in Figure 6-8 (4)—(C) respectively. The fitted
values obtained for the EIS data for the 30 pm Raney nickel sample are presented in
Table 6-4. The R values consistently decreased with increasing temperature and
polarisation potential. This is to be expected as the rate of the electrochemical
reaction would be increasing under both situations. The trend in the Cgy values
though is more difficult to interpret. Its magnitude at the lowest overpotential
remained effectively constant below a temperature of 50 °C but then increased to
nearly double that value at 80 °C. Furthermore, at all temperatures, Cg decreased
with increasing overpotential. This fall in the double layer capacitance of the Raney
nickel electrode at high current densities has also been observed by Rausch and
Wendt [41] and it was attributed to the hydrogen bubbles produced by the reaction
blocking access of the electrolyte to the electrode surface. In this situation, the
available electrochemical surface area would decrease. The impact of temperature
could simply be due to any hydrogen bubbles formed at the lower current densities
simply being removed from the electrode surface as the solubility of the gas

decreases with increasing temperature.
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Applied potential

095V -1.00V -105V -110V -115V

T=30°C R./Qcm’ 31355 9.075 1.922 0.700 0.320
Cq/Fem™  0.058 0.040 0.023 0.016 0.009
T=40°C R./Qcm’ 19.186 4.410 1.282 0.557 0.333
Cq/Fem?  0.057 0.039 0.023 0.015 0.011
T=50°C R,/Qcm’ 7293 1.374 0.676 0.373 0.291
Cq/Fem?  0.044 0.027 0.018 0.012 0.010
T=60°C R./Qcm” 4.488 0.895 0.513 0.342 0.252
Cq/Fem™>  0.045 0.025 0.018 0.013 0.009
T=70°C R,/Qcm’ 5.935 0.971 0.467 0.321 0.244
Cq/Fem™?  0.068 0.040 0.025 0.017 0.013
T=80°C R,/Qcm’ 3.560 0.724 0.357 0.224 0.184
Cq/Fem™  0.091 0.053 0.033 0.023 0.015

Table 6-4. Fitted parameters obtained for EIS data for the 30 um sample as a

function of temperature and applied potential
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Figure 6-8. EIS data at different temperatures (A) 30°C; (B) 50°C; (C) 70°C for

Raney nickel 30 um sample as a function of potential
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The EIS spectra for the Raney nickel 100 um sample as a function of potential at
temperatures of 30 °C, 50°C and 70°C are shown in Figure 6-9 (4)—(C)
respectively. The data for this sample in 7Table 6-5 showed a similar trend as to the
30 um sample with respect to temperature and applied potential except that here, the
magnitude of the effective double layer capacitance values (and so, available
electrochemical surface area) was much larger, by a factor of ~20. The measured
charge transfer resistance was also lower for the 100 pm sample. Indeed, its value
was the lowest of all the samples tested indicating that this sample type has highest
electrocatalytic activity for HER. It is also seen that on comparison to the 30 um, the
data are noisier (especially at the higher negative potentials) probably due to the
influence of gas bubbles that are released from the surface in a non-uniform manner
[42-44]. The data of Table 6-5 shows that R decreased with increasing temperature
and polarisation potential and the capacitance values are much higher for the 100 pm
compared to the 30 pum one indicating a higher porosity in the 100 pm sample. As
already seen for the 30 um sample the double layer capacitance of the 100 pm

electrode also decreased with the overpotential, but increased with temperature.

Applied potential

-095V -100V -105V -110V -115V

T=30°C Ry/Qcm’ 0961 0208 0.144  0.125  0.127
Cq/Fem? 1258 0557 0279 0261  0.185
T=40°C R,/Qcm’ 0568 0.181  0.110  0.089  0.093
Cy/Fem? 1.111 0483 0298  0.199  0.144
T=50°C Ry/Qcm” 0321  0.117  0.077 0.084  0.070
Cy/Fem? 1.007 0467 0306  0.141  0.128
T=60°C Ry /Qcm’ 0242 0111  0.064 0.065  0.056
Cy/Fem™> 0992 0585 0447 0275  0.187
T=70°C Ry/Qcm’ 0.182  0.075 0.061  0.049  0.052
Cy/Fem™? 0910  0.365 0311 0314  0.145
T=80°C R, /Qcm’ 0.156 0064  0.050 0.054  0.033
Cy/Fem? 1.090 0434 0282 0260  0.240

Table 6-5. Fitted parameters obtained for EIS data for the 100 um sample as a

function of temperature and applied potential
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Figure 6-9. EIS data at different temperatures (A) 30°C; (B) 50°C; (C) 70°C for
Raney nickel 100 um sample as a function of potential
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The fitted EIS data for the Raney nickel 300 pm sample is presented in Table 6-6.
This sample generally showed intermediate values of R, compared to the other
samples, confirming the results obtained from the analysis of the potentiodynamic
scans. Apart from the highest temperature studied, the double layer capacitance
increased with temperature from 40 °C to 70 °C when measured at the equilibrium
potential of —0.95 V. A dramatic fall in this value, from 3.0 Fcm * at 70 °C to
0.9 Fcm 2 at 80 °C then occurred indicating again, the influence of gas bubbles
formed at this temperature and unable to escape from this highly porous structure. A
similar trend was found for this sample, as with the other samples, in the variation in

Cq with increasing overpotential.

Applied potential

-095V -100V -105V -110V -115V

T=30°C R./Qcm’ 1224 0.332 0.197 0.151 0.118
Cq/Fem™?  2.585 1.688 1.047 0.802 0.521
T=40°C R,/Qcm’ 0.836 0.181 0.123 0.106 0.104
Cq/Fem™?  2.796 1.457 0.898 0.646 0.642
T=50°C R./Qcm’ 0.644 0.174 0.109 0.100 0.100
Cq/Fem™?  3.071 1.648 1.096 1.025 0.523
T=60°C R./Qcm’ 0.631 0.214 0.131 0.124 0.099
Cq/Fem™?  3.677 2.302 1.566 1.170 0.790
T=70°C Ry/Qcm’ 0.225 0.072 0.047 0.035 0.029
Cq/Fem? 2.584 0.882 0.287 0.259 0.200
T=80°C R./Qcm’ 0.065 0.042 0.023 0.022 0.016
Cgq/Fem™  0.199 0.237 0.281 0.143 0.221

Table 6-6. Fitted parameters obtained for EIS data for the 300 um sample as a

function of temperature and applied potential

It is clear therefore that any comparison between the Cg values between the samples
should be done at relatively low overpotentials and at moderate temperatures, where
only small amounts of H, bubbles are being produced. Thus, at —0.95 V vs Hg/HgO,
it is seen that the 30 pm sample has the lowest electroactive area, followed by the
100 um sample with the highest area being found for the 300 um sample. The 30 pm
sample also exhibited the lowest electrocatalytic activity towards HER and the

300 um sample the highest. Considering the higher catalyst amount used in its
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production, the enhanced performance is not surprising when compared to the 30 pm
sample. However, although from the EIS data, the 100 um sample displayed lower
R values compared to the 300 um sample, the cyclic voltammetry and Tafel
extrapolation analyses revealed better kinetics and surface area data for the 300 pm
sample. The probable reason for this discrepancy is that in case of cyclic
voltammetry, the surface structure is investigated in a potential region where HER
does not occur and so no hydrogen gas bubbles are produced. Likewise, in case of
the Tafel extrapolation experiments, this technique is again based on assumptions
that at least in the early part of the current—voltage curve, insignificant H, bubbles
are involved. From a mere cost analysis perspective therefore, the 100 pm electrode,
using the current activation procedure, is by far the superior electrode for use in an

alkaline electrolyser for the HER.

An additional interesting observation which was made during EIS experiments is that
the apparent electrolyte resistance increased with an increase in the current density.
This observation though does not however carry any physical significance here since
the separation between the reference and working electrodes was not measured
during the experiments. What can be said though is that the observed trend confirms
the theoretical deliberations found in the literature [45-47] regarding the negative
influence of bubbles on electrolyte resistance. Higher currents cause more external
bubbles to be produced and that increases electrolyte resistance. Furthermore,
electrolyte resistance decreases with temperature rise. These observations are
presented in Figure 6-10. To estimate more precisely the influence of bubbles and
temperature on electrolyte resistance, experiments should be carried out using the
single cell with a constant distance between electrodes, particularly between

reference and working.
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Figure 6-10. Electrolyte resistance as a function of potential and temperature for

100 um sample

6.4. Conclusions

To our knowledge, this is the first time that the APS technique has been applied to
the production of Raney nickel electrodes suitable for water electrolysis. The
excellent performance of the APS electrodes towards HER has been confirmed from
Tafel analysis and EIS double layer capacitance measurements. Cell efficiency
values, based on the Higher Heating Value of hydrogen, in the region of 96% have
been obtained for APS Raney nickel layers of 100 um and 300 um thicknesses. This
has been attributed to the very high electroactive area as well as enhanced kinetics
obtained for these samples following the chemical and electrochemical activation

procedures.
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7. Operational tests under variable load conditions of
atmospheric plasma spraying Raney nickel

electrodes

7.1. Introduction

Long term, variable load operation is actually one of the major challenges that need
to be faced by electrolysers. Achieving the highest performance over as long period
of time as possible was always a key criterion, but today’s electrolysers are
additionally aimed to operate with renewable energy sources. This particular
application necessitates the need for electrolyser durability under highly variable

load environments.

Current literature does not appear to provide sufficient information on degradation
issues of commercial alkaline electrolysers. Indeed, the review performed during this
research found only one, publicly available research work dealing directly with this
issue. The doctoral dissertation and associated paper of A. Bergen [1, 2] investigated
the effects of variable operation on the low-pressure Stuart SRA 6 kW device.
During the performed experiments, it was observed that intermittent load had a
negative impact on this electrolyser efficiency. This can be seen in Figure 7-1 which
shows how the electrolyser performance dropped during operation when a full shut-
down was initiated in each cycle as compared to uninterrupted operation or operation
with a minimum holding current of 10 A. Additionally, it can be seen that after
turning off the device, there was a marked drop in the voltage over time before it
stabilised at a much lower value. The paper concluded that the introduction of
control techniques, such as that of a minimum holding current as well as a rest period
could minimise the deterioration in the electrolyser performance however, it did not

give clear answer what was the cause of performance degradation.
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Figure 7-1. Electrolyser response to rapid cycling [1]

The findings of Bergen at al. [1, 2] were partially confirmed by data from
Hydrogenics (Figure 7-2) [3] where it was shown that although the electrolyser still
suffered from degradation effects on intermittent load operation, the impact on
performance was reduced. The Hydrogenics electrolyser was operated in constant
current mode. In Figure 7-2, it can be seen that the cell voltage of the electrolyser
increased with the number of on/off cycles performed. The data shows that over
10,000 cycles (over 200 days of operation), performance dropped only by around 7%
in comparison with the Stuart SRA where this declined more drastically over a
period of 8 hours. It is generally well known that alkaline electrolysers were not able
to operate efficiently with variable load until recent years when the new generation
of devices were designed to overcome that issue. Hydrogenics might be considered
as a successor to the Stuart technology as the two companies merged in 2004 [4]. In
this respect therefore, the data from the Stuart SRA 6 kW represents the previous
generation of alkaline electrolysers, and so not suitable for intermittent load

operation.
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Figure 7-2. Degradation of Hydrogenics alkaline water electrolyser in a function of

intermittent load cycles 3]

Although available data on commercial alkaline electrolysers is very limited, the
effect of degradation issues on the electrodes has been analysed more broadly. A
significant amount of alkaline electrolysers use nickel or its alloys as electrodes [5],
[6]. Hence, an examination of the degradation effects that occur on the various nickel
electrodes types could extend our knowledge about the processes that occur inside

the commercial electrolyser units.

One of the most common reported concerns about electrode degradation is the
deactivation of nickel cathode due to hydrides formation. Hydride creation on the
electrode surface during HER 1is considered to be responsible for building a diffusion
barrier for hydrogen atoms reducing performance [7-11]. That normally results in
increasing activation and ohmic losses that leads to significant drop in the cathode
performance over a time. To prevent this hydride formation, several methods have
been proposed, including the application of iron coatings on the electrode surface
[10]; addition of compounds of vanadium [12, 13] or molybdenum [14] into the

electrolyte and oxidation of the created hydrides by a controlled increase of the
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potential to a set level [11]. Figure 7-3 illustrates the deactivation process of the
cathode due to hydrides creation on nickel electrodes and the impact of the addition

of an iron coating to the electrode surface in order to prevent its formation.

Potential /V (Hg/HgO) .
o

0 10 20 30 40 50
Time /h

Figure 7-3. Cathode polarisation potentials during longer term experiments. T =
70°C, charging current 100 mA/cm’, 100 s averaged currents from three replicate

experiments for (A ) bare Ni and (m) Ni with Fe coating [10]

As well as the process of hydride formation, a second reported degradation issue was
that connected with intermittent operation of the electrolyser. Some research
publications have stated that when electrolyser was left un-polarised for a certain
period, its performance decreased when restarted. Divisek et al. [15, 16] in their
work described this characteristic of Raney nickel electrodes when aluminium or
zinc was present within electrode structure. When the electrolyser was left un-
polarised, both aluminium and zinc were prone to electrochemical corrosion. They
indicated that if the aluminium or zinc content within electrode dropped below a
certain level, the electrocatalytic activity of the hydrogen electrode decreased, which
led to an increase in the cathodic overpotential (Figure 7-4) and consequently, a
reduction in the electrolyser performance. The work also mentioned that a lowering
of the temperature of operation of the electrolyser unit, could lead to cathode catalyst

degradation due to extended hydrides formation at lower temperatures [16].
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Figure 7-4. Overvoltage of Raney cathode as a function of the residual Al content,
T=100°C, 10M KOH [16]

On the other hand Schiller ef al. [17, 18], demonstrated that it was possible to
manufacture Raney nickel electrodes using vacuum plasma spraying (VPS) that were
resistant to both hydrides deactivation and intermittent load operation effects. This
work is particularly relevant as the VPS method is closely related to that of
atmospheric plasma spraying (APS). However, the VPS technique requires more
sophisticated equipment for the electrode manufacturing process. They demonstrated
that their electrodes in a 10 kW electrolyser suffered minimal degradation following
long term (15,000 hours), variable load operation (Figure 7-5). During the last 3
cycles of performed tests, the electrolyser was operated without protective current of
80 mA/cm”. This in fact means that for certain periods of time it was completely

switched off.
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Figure 7-5. Reference voltage of VPS electrodes measured at 80°C and 300 mA/cm’

as a function of time [18]

Atmospheric plasma spraying (APS) Raney nickel electrodes produced by Force
Technology have shown very good initial performance towards the hydrogen
evolution reaction (Chapter 6). However, their stability against degradation effects
on operation over long times period and in variable load environments still had to be
established. The understanding of all the phenomena responsible for the degradation
of the electrodes surfaces towards HER was critical in order to enable electrode
improvements to be carried out and so lead to technological commercialisation of the
process. Although the main aim of the experiments performed and reported in this
section were focussed on the performance of the APS cathodes, it is worth adding
that to complete the work on fully understanding the electrolyser degradation
phenomena, the performance of the APS electrodes for the oxygen evolution reaction
would also have to be covered, but the latter though is beyond the scope of the

present research.
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7.2. System setup and experimental

The set-up for electrochemical studies consisted of 2 separate systems that were
running simultaneously. The application of the duplicate electrochemical control and
data acquisition system allowed an increase in the amount of obtained data and in
practice doubled up the speed of research work. The configuration of each system
was as described in Chapter 4 including the hardware and chemicals used. As
previously stated, the first system was the Solatron 1287/1250 controlled by
CorrtWARE software and the second system comprised of a Biologic SP-150
electrochemical interface with a 10 A current booster and EC-lab software. The
overall layout of the experimental set-up is depicted in Figure 7-6, which shows on
the right side, the computer connected to Solartron hardware and on the left side, the
laptop controlling the Biologic SP-150 interface. In the background, the two
electrochemical cells, each in three-electrode configuration, the water bath with
temperature controllers and the magnetic stirrers can be seen. All the experiments
were carried out using the 100 um APS sample in the alkaline electrolyte at a

temperature of 70°C, unless otherwise stated.
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Figure 7-6. Biologic (left) and Solartron (right) electrochemical interfaces working

two separate expermients in the fume cupboard

7.3. Results and discussion

The experiments carried out with the 100 um APS electrode examined two main
operation themes: (i) long term, stable load operation and (ii) intermittent/variable
load operation. The 100 um samples were chosen in preference to the 30 and 300 um
electrodes because it had been shown to exhibit the best efficiency during initial tests

for a moderate amount of catalyst used for its production.
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7.3.1. Stable load operation and impact of hydride formation

During the operation of the activated electrode under constant load, it was observed
that over a period of a few hours, there was a gradual decrease in the electrode
performance. Figure 7-7 shows the decrease in the cathode potential for the HER of
the 100 um sample, operating at a constant current density of —300 mA/cm? over a
period of 24 hours. After this initial period, the electrode response was examined
using cyclic voltammetry, Tafel extrapolation and EIS techniques before being
switched on again for another 24 hours constant operation cycle. During this 2™
cycle, the electrode performance partially recovered in that the cathodic potential for
HER was now much lower than at the end of the 1% cycle. However, there was then
a very rapid fall in electrode performance (compared to that in the 1% cycle) and after
6 hours of operation, the cathodic potential reached a value of —1.5 V. Indeed,
similar results were obtained when operating the 30 um and 300 pum electrode

samples under different current densities.

The observed deactivation effect here could be ascribed to hydrogen absorption into
the metal lattice and leading to the formation of a B-nickel hydride phase [9, 13],
[14], which changes H/Ni atomic ratio from < 0.1, to > 0.6 [13, 19]. The formation of
the hydride phase is considered to change the d-character of the nickel to sp-
character by filling the d-band. The sp-character of the hydride is similar to silver or
copper which are less active towards HER than fresh nickel [13]. In Figure 7-7, two
characteristic regions can also be distinguished. The first one is more steep (before
15 hours/54000 s of the first cycle) and can be attributed to absorption of hydrogen
whereas the second one is more gradual (after 15 hours/54000 s of the first cycle)
and corresponds to [-hydride formation [13]. Regeneration of the electrode
performance between cycles could occur due to the oxidation of hydrides that took
place when potential was shifted to potential values more positive than —0.9 V

(which happened during the CV analysis between the cycles).
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Figure 7-7. Deactivation of Raney nickel 100 um sample under constant load

operation under constant current density of 300 mA/cm’

It is also worth noting that a similar behaviour was observed during testing of the
different samples from all the available catalysts thicknesses (30, 100 and 300 pm),
which confirms the reproducibility of the presented results. A general trend found
was that deactivation took longer when samples with higher surface area were used.
This phenomenon can be explained by the fact that it is the geometrical area that is
measured and used for the current density. Thus, because of the porous nature of the
activated Raney nickel surfaces, the larger sample areas would in fact be subjected to
a lower local current densities and so, the surface concentration of adsorbed H-
atoms, a precursor to hydride formation, would be lower. Correspondingly, the
process time for hydride deactivation also increased when smaller current values
were used. Due to this issue of cathode deactivation, several methods to counteract
this effect were tested. Firstly, the oxidation process in which the potential was
moved to more positive values (Paragraph 7.3.2) and secondly, a process of in-situ
activation by the addition of compounds of molybdenum and vanadium to the

electrolyte along with hybrid method of combining the electrolyte activation with

119



hydrides oxidation were tested (Paragraph 7.3.3). Additionally inside Paragraph

7.3.4 the results of experiments with variable load operation can be found.
7.3.2. Oxidation of hydrides on the electrodes

The results from the initial tests had shown that the APS electrodes were highly
prone to deactivation by hydrides formation. One method of minimising this negative
impact was that of electrode oxidation. The fundamentals of the oxidation is based
on the phenomenon that when the electrode potential is moved from around —0.9 V
towards more positive values, the hydrogen incorporated in the nickel oxidises and
dissolves into electrolyte solution [11]. Such an operation requires the introduction of
special control strategies into the electrolyser operation so as to oxidise the hydrides
over certain period of time and so restore performance. On the other hand, it has been
reported that repeated oxidation and reduction introduced strain on the catalyst

material, which could lead to its mechanical failure [11].

Initially, the oxidation method was tested in a multiple cycle operation where each
sample was operated under galvanostatic conditions at the current density of —0.3
A/em® for 30 minutes and subsequently, the operation conditions were switched to
potentiostatic mode to —0.85 V for a 60 s period in order to oxidise the hydrides. This
was repeated 33 times. As can be seen from Figure 7-8 (4), this did not provide the
satisfactory effect, as the electrode performance decreased with every subsequent
cycle. However, although it did lead to an initial increase in the performance of the
electrode towards HER as the potential was always better than final value achieved
in the previous cycle, the oxidation at —0.85 V potential was inadequate to
completely restore the electrode performance. Figure 7-8 (B), shows the oxidation
current response obtained for the potential step to —0.85 V for some representative
cycles. The initial high current spike can be attributed to the double-layer capacitance
discharge, induced by the step voltage change. The current density then stabilised at
around 10 mA cm” after ~15 s, which was attributed mainly to hydrides removal
effect although the oxidation of adsorbed hydrogen cannot be ruled out. As can be

seen, this current density did not vary significantly between the cycles.
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Due to insufficient hydrides removal during this first series of experiments, it was
decided to increase oxidation potential up to —0.2 V and at the same time oxidation
time was reduced to 5 s. This potential was positive enough to force all the hydrides
to react but the reduced time would prevent the formation of surface oxides on the
Raney nickel electrode. The results presented in Figure 7-9(4) show that such a
strategy initially did restore the system performance, at least for the first two
oxidation cycles, giving electrode potentials very similar to the initial values from
previous tests (Figure 7-8(A)). However, as noted, this was only for the first two
cycles as for subsequent cycles, although the hydrides layer was completely removed
(Figure 7-9(B)), there was a gradual decrease in the performance. This was possibly
caused by catalyst surface damage due to the high oxidation current. Normally the
APS electrodes are designed for current densities of 0.3 A/cm” but during the
oxidation at —0.2 V, the maximum current exceeding 2.5 A/cm”. Such a large

current density was induced by the discharge of double layer capacitance.

This test also showed that during variable load operation, step voltage changes
should be avoided as it can induce very high currents densities from the discharge of
double layer capacitance. Although this is a non-Faradaic process, it could give rise
to local heating effects which could damage or lead to changes to the catalyst
structure and/or morphology. Such an effect can be especially notorious when using
porous, large surface electrode surfaces that are characterised by high values of
capacitance. Also, usually high surface area electrodes are using catalyst coatings,
which by definition is less stable than solid material such as nickel or stainless steel

plates.
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Further experiments were carried out in which various oxidation regimes were tested
and these included: short/long duration; high/low currents and different intervals
between the cycles. Two main issues were identified after performing such tests. The
first was that of insufficient hydrides removal and the second was degradation of the
catalysts, if the oxidation process was not carefully controlled. Despite running
numerous tests on different samples, none of the procedures tried showed
satisfactory results with regards to completely removing hydrides without damaging

catalysts surface.

The catalyst degradation due to oxidation was confirmed by cyclic voltammetry and
electrochemical impedance spectroscopy analyses. In the case of CV analysis, one of
the samples was operated for 20 hours under a current density of —200 mA/cm?® and
after each hour, the sample was oxidised for 1 minute at the potential of —0.85 V and
then tested by the cyclic voltammetry method. As can be seen from Figure 7-10(A)
the performance using this procedure initially increased (i.e. less negative potential)
after first two cycles but this gradually decreased on subsequent cycles. The initial
rise in the performance could be attributed to hydrides removal whereas the ensuing
fall in the performance could be directly associated to damage to the catalyst
structure. Figure 7-10(B) shows that with every subsequent cycle, the oxidation peak
at ~ —0.6 V in the cyclic voltammogram, associated with Ni(OH), formation, was
smaller. As the charge under the peak is proportional to the available electrochemical
surface area, it thus shows that within every subsequent cycle, the active area was
decreasing. This provides evidence that the oxidation which occurs during the cyclic
voltammetry method can be invasive for sample structure and its use should be
minimised to prevent possible sample damage when working with the APS Raney

nickel electrodes.
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Additional evidence confirming this hypothesis was obtained from EIS
measurements. During the first 24 hours, the sample was operated under current
density of —0.2 A/cm? and every hour, the electrolysis reaction was interrupted by the
oxidation event carried out using a 0.3 A/cm” current density for one minute
duration. Over the next 24 hour period, the hydrides were oxidised every 1 hour
using a constant current density of 0.2 A/cm? until the voltage reached the value of
—0.2 V. EIS analysis were performed at the start of the series of experiments and
after 24 and 48 hours. Each time, they were preceded by CV and j(V) curve analysis.
Figure 7-11 shows the j(V) curves obtained at these times and the double layer
capacitance and charge transfer resistance data obtained from the EIS measurements
and analyses are presented in Table 7-1. Not surprisingly, the j(V) curves showed a
significant drop in the performance after every sequence. Confirmatory data for this
was also observed in the change of the EIS parameters shown in Table 7-1.
Following the first sequence, it can be seen that there is a significant reduction in the
double layer capacitance value and an increase of charge transfer resistance. After
the second 24 hours cycle, the charge transfer resistance increased further but not the
Cq values, which at the different overpotentials, remained more or less the same.
This might suggest that during first 24 hours, the catalyst structure was significantly
degraded and the electrochemically active area decreased, which also caused values
of R to increase. During second 24 hours, the active area of the electrode did not
change significantly but the further loss of the aluminium promoter that occurred
decreased the general electrocatalytic activity. Such an effect has been described by
Divisek et al. [15, 16], and it might also be the reason for the increase in Cq at the
potentials of —1.00 at —1.05 V after the second 24 hours operation sequence. Thus,
the loss of electrocatalytic activity would have resulted in a decrease in the reaction
rate and concomitantly, the amount of bubbles produced at that overpotential. That
could have effectively resulted in a smaller amount of blocked pores and so, an

increase in the value of double layer capacitance [20].
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Initial sample conditions

E [V] Ry [Q*cm’] Ca [F/em’]
-0.95 0.989 0.160
-1.00 0.206 0.099
-1.05 0.127 0.074
-1.10 0.101 0.065
-1.15 0.097 0.062

Sample conditions after 24 hours operation with

0.3 A oxidation every hour

E [V] R [Q*cm?] Cq [F/em?]
-0.95 5.312 0.058
-1.00 0.987 0.038
-1.05 0.588 0.016
-1.10 0.363 0.013
-1.15 0.255 0.011

Sample conditions after 48 hours operation with

0.3 A oxidation every hour

E [V] R [Q*cm?] Cq [F/em?]
-0.95 18.39 0.061
-1.00 10.25 0.058
-1.05 2.95 0.039
-1.10 0.77 0.016
-1.15 0.43 0.011

Table 7-1. EIS parameters for 100 um sample just after activation and after 24 hours

and 48 hours operation
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7.3.3. In situ activation of the electrolyte

Another method investigated to decrease the influence of hydride formation was that
of carrying the activation of the APS electrodes in electrolytes containing compounds
of vanadium, molybdenum or iron [10, 12-14, 21-24]. In these experiments, the
compounds, vanadium oxide (V,0s) and/or sodium molybdenum oxide dihydrate
(Na;Mo0O42H,0) were dissolved into the KOH electrolyte during the electrolytic
activation process. During cathodic polarisation, this normally results in the
deposition of vanadium and molybdenum species onto the electrode surface which
could serve to prevent the deactivation effect due to hydride formation [13, 14, 24].
An additional advantage of using compounds of vanadium and molybdenum is that,
they are reported to improve electrocatalytic properties in connection with nickel,

which would result in better cathode performances for the HER [16, 17, 21, 22].

The initial experiments with vanadium were performed by adding 200 mg/I into the
30% KOH solution, in accordance with the work of Abouatallah et al/ [13]. The
vanadium oxide was added to the electrolyte from the very beginning of the
experiment, before the electrochemical activation of the electrode. The results
obtained (shown in Figure 7-12) indicated that the presence of the vanadium, even
up to concentrations of 1000 mg/L did not have any major impact on the initial
electrode performance, indicating that there was no increase in the electrocatalytic
activity. The impact of vanadium on the activation was observed however during
long term operation, where a significant reduction in the cathodic potential to ca.
—1.3 V (from —1.5 V without vanadium Figure 7-12) could be seen. After each of the
24 hours cycles, the CV method was applied which resulted in the electrode
performance regeneration (due to hydrides oxidation). As can be seen from the
figure, the initial deactivation process during the first cycle occurred over a much
longer period than in the subsequent cycles. Before the 4 cycle, an additional
amount of vanadium oxide was added to the electrolyte resulting in an increase in its
concentration from 200 mg/L to 400 mg/L. Similarly, before 5™ cycle, the
concentration was increased further to 1000 mg/L. Surprisingly, this last

concentration did not serve to reduce the impact due hydrides formation. During the
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4™ cycle, some voltage fluctuations were observed and the cause for this is unknown
but it is likely to be due to an instrumentation artefact. Similar features were
observed several times during the many measurements carried out and it probably
could have been caused by the magnetic stirrer, which could have changed the
impact due to H, bubbles by inducing convection and mechanically moving of the
bubbles away from the electrode surface. The small offsets seen in the data between
the final plateau values of different cycles comes from the absence of IR
compensation during the galvanostatic mode of operation. This effect should
normally have an impact not exceeding 50 mV. It has to be noted however that /R
compensation was always applied during current vs potential curve measurements,

and its effect is presented later on in this chapter (Figure 7-14).

1. HER,-0.2A, 24 hours
2. HER,-0.2A, 24 hours
3. HER,-0.2A, 24 hours
4. HER, -0.2A, 24 hours, 400mg Yanadidm
5. HER,-0.2A, 24 hours, 1000mg Wanadium

Ews Hgﬁl—!go (Wolts)

0 25000 50000 75000 100000
Times [{Sec)

Figure 7-12.Comparison of the time effect of vanadium influence for Raney nickel

cathode performance

The second compound used in this study and which has been shown to reduce
hydrides impact was sodium molybdenum oxide. This was again added at a
concentration of 10 mM/L to the KOH electrolyte. Experiments similar to those

previously described by Huot ef al. and Tasic et al. [14, 21, 22] were carried out,
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where in essence the NaMoO4 compound in different concentrations was added to
KOH electrolyte to prevent hydrides impacting on the electrodes’ performance. It
was observed that molybdenum had a very similar effect as to vanadium regarding
hydrides inhibition over the first 24 h of operation (Figure 7-13). There was a
gradual increase in the cathodic potential from the initial value of —1.1 V to the
plateau value of —1.35 V by ~19.5 h. On subsequent cycles however, the cathodic
polarisation occurred much more rapidly and it was completed within ~2.2 h, 1.1 h
and <0.5 h for cycles 2, 3 and 4 respectively. These effects are much more severe
than were observed for the vanadium pentoxide addition and would suggest that the
molybdenum compound was not as effective on negating the effect of the hydride
formation. Indeed, it can be seen from the data that the recovery of the potential at
the start of the next cycle was very poor and non-existent for the 4™ cycle. An
increase of molybdenum concentration to 20 mM/L also failed to have any further
impact. It would appear then that the addition of the vanadium and molybdenum to
the electrolyte provided only limited initial protection against hydride formation and
a subsequent increase in the polarisation for the HER then occurred. Further
experimental work involving a combination of vanadium and molybdenum was

carried out but no significant reduction in the impact of hydrides was noted in the

data.
— 1.HER, 0.2Afcm?2, 24 hours  — 2. HER, 0.2Afcm?, 24 hours  — 3. HER, 0.2Ajcm?, 24 hours
— 4 HER, 0.2Afcm?, 24 hours
1.1
-1.154
-
% -121
< ]
{=]
I
o -1.25-
-
w

13

1354
0 20,000 40,000 60,000 80,000
Time [s]

Figure 7-13. Comparison of the time effect of molybdenum influence for Raney nickel

cathode performance
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Additional tests were performed combining the methods of oxidation and V;,Os
electrolyte addition to the KOH electrolyte. The initial experiment for the 300 um
sample was carried out in the pure KOH solution at a current density of —200
mA/cm’ but after every 30 min, a 1 min oxidation at a 200 mA/cm?” current density
was carried out. The data showed the usual performance drop within the 24 hours
operation, with the cathode potential decreasing to —1.35 V and this was again
attributed to mechanical damage of the sample (Figure 7-14(4)). However, as Figure
7-14(B) shows, after the addition of 200 mg/L of V,0s partial reactivation of the
electrode performance towards HER was achieved. The figure indicates that in the
presence of the V,0s, the magnitude of voltage change during the 30 min operation
drastically reduced and there was even a decrease in the cathode polarisation at the
end of that period. This trend can be explained by the fact that the oxidation events
were probably still causing some damage to the catalyst structure, but on the other

hand, deactivation from further hydrides formation effect was reduced.
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Figure 7-14. A - Deactivation of Raney nickel electrode in stable load with oxidation
cycles, B - Reactivation of Raney nickel electrode in stable load with oxidation cycles

after adding vanadium to the electrolyte

A comparison of the j(V) curves for 100 um samples is presented in Figure 7-15,
obtained after reaching the sample hydrides deactivation plateau value. The data
were from operation in the pure KOH electrolyte and after addition of the vanadium
and/or molybdenum compounds. During these measurements, /R compensation was
applied, which thus eliminated the ohmic losses arising from the electrolyte between
the working and reference electrodes. As can be seen, significant differences in

performance were observed which confirmed the significant reduction in the
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hydrides deactivation effect with the application of the in-situ electrolyte addition
activation method. Indeed, the in-situ activation procedure was able to reduce the
hydrogen overpotential by ~ 0.2 V. Additionally it was observed at the higher current
density limits, that electrodes activated in molybdenum were slightly superior
comparing to those activated with pure vanadium alone. This is in accordance with
literature which indicates that molybdenum with nickel showed better electrolytic
properties than vanadium with nickel [21]. The best performance here though was
achieved using a combination of vanadium and molybdenum. It is worth noting that
the potential difference between all samples (apart form that in pure KOH) was small
(< 15 mV at 300 mA/cm” current density) and this small difference could have been
influenced by other factors such as trace electrolyte contamination, hydrides structure

and sample surface mechanical condition.
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Figure 7-15. Comparison of the performance of Raney nickel electrodes deactivated
by hydrides in pure KOH electrolyte and with addition of vanadium and/or

molybdenum compounds
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7.3.4. Variable load operation

There have been a few recent reports detailing the negative influence of variable load
operation on the performance of the electrodes in the alkaline electrolyser [15, 16,
25]. The intermittent load degradation mechanisms in these reports were mainly
attributed to hydrides decomposition when the electrode was left in an un-polarised
state. Such a process was considered to cause a shift of the cathode rest potential
towards positive values where compounds such as: aluminium, zinc and
molybdenum within the Raney nickel electrode structure became more prone to
corrosion [15, 16, 25]. It was essential therefore that the variable operation tests were
also carried out on the APS Raney nickel electrodes in order to compare their

performance under these operation conditions.

To investigate the impact of intermittent operation, the APS Raney nickel electrode
was operated over 48 hours, employing cycles in which the sample was operated at a
current density of 200 mA/cm” for 15 minutes and then subsequently left for 15
minutes at the open circuit voltage. The results from this experiment are shown in
Figure 7-16(4). The general trend observed from the data as a whole was that
although there was a gradual increase in the polarisation of the electrode with
cycling, there was however a decrease in the cathode potential over the first 14 h of
operation. If indeed the increased in polarisation arises from hydrides formation, it
would appear then that during the initial stages, the 15 min period at open circuit was
sufficient to remove most (if not all) of the hydrides formed during cathodic
polarisation. Clearly then, following this initial period, hydride removal was not
completed as can be seen from the still rising OCP value towards the end of the 15
min period. This then lead to a concomitant decrease in the cathode polarisation
voltage during electrolyser operation. Prior to and after these experiment, the j(V)
curve, preceded by the standard oxidation process, were recorded and these are
shown in (Figure 7-16(B)). As can be seen, the difference between these two curves
in the figure is quite small, around 5 mV, even at a current density of 300 mA cm 2,

This provides supporting evidence that apart from hydrides formation, there was no
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other process involved in reducing the electrode performance and it can be concluded

that APS electrodes are well suited for intermittent operation.
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Figure 7-16. A- Intermittent operation time impact, B — Electrodes performances

before and after operation

It is worth noting that the shape of the voltage (time) curve is similar to that obtained
during cycling (Figure 7-17). As can be seen, during cycling in the beginning of the
experiment, the change in the open circuit potential is less significant than what is
found later on in the cycling. It might also be observed that the initial OCP was lower

and the final voltage value becomes higher the longer the duration of the experiment.
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These observations can be again connected to the impact of hydrides that are
believed to decrease the cathode open circuit potential [15]. When switching to OCP,
hydrides are gradually oxidised and so, the OCP rises with time. On the other hand,
the hydrides decomposition process is considered to cause the loss of the residual

aluminium promoter and this leads to an increase in the final OCP [15, 25].
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Figure 7-17. Comparison of 5™ (4) and 90" (B) cycles during intermittent load

operation
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7.3.5. Single cell electrolyser tests

The results presented in this paragraph show the data from the testing of the APS
electrodes inside a single cell electrolyser unit. As electrodes, the 100 um APS
Raney nickel samples of 1 cm? surface area were used. For activation, the same
experimental procedure was employed as described previously in Chapter 6. The
only difference was that the anode electrochemical activation procedure was
modified and the anode was not operated for 14 hours in HER, but in OER instead
under 200 mA/cm?® current density. The purpose here for this change was to avoid
hydrides formation that normally occurs during HER and could have led to damage
of the catalyst surface structure when it was oxidised. Following electrochemical
activation, the performances of the anode and cathode were measured and the data
obtained is presented in Figure 7-18. The electrode potentials were —1.026 and 0.576
V (under 300 mA/cm?® current density) for cathode and anode, respectively. These
results showed that there was little change in the cathode potential in comparison
with the values presented in Table 6-1 which was in a range previously found. The
anode performance was slightly higher (around 50 mV), which could have arisen due

to change in activation procedure.
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Figure 7-18. Anode and cathode performances measured in 3 electrodes system

configuration

The activated electrodes were put inside the single cell electrolyser the performance
of the cell was measured (Figure 7-19). As can be seen from the figure, the initial
performance of the system was slightly lower than that calculated solely from the
difference between cathode and anode voltages. This phenomenon probably could be
connected with bubbles formation and their impact on the /R compensation method
used in the measurements. The /R method estimates ohmic drop during by the
current interrupt method but at high current densities a lot of gas bubbles are
produced, which are dissolving in the electrolyte and causing highly varying
resistance values of the electrolyte. The difference between measured and calculated
data is smallest at low current densities (~20 mV) and the largest at high current
densities (~38 mV) which confirms formed hypothesis about bubbles ohmic drop,
which was not compensated by IR method. The difference at low current densities
might come from the fact that electrodes just after electrochemical activation are still

prone to changes in the material structure. For example, hydrides formation normally
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occurs on a cathode however, other processes that have not been investigated and lie

beyond the scope of this work could still be occurring at the anode.
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Figure 7-19. Comparison of single cell performances - measured and calculated

data — initial conditions

The single cell electrolyser was operated at a constant current density of 200 mA/cm?

for periods of > 24 hours and 18 hours and the data for these are shown in Figure 7-
20(4). During the first 24 hours of operation, the performance of the cell was
gradually decreasing. During the ond cycle however, it seemed to stay pretty much
constant. The sudden increase of the voltage towards the end of the second cycle was
probably caused by movement of the electrodes, which could have occurred during
the replenishment of water into electrolyser. Despite the constant voltage during the
ond cycle, the overall performance of the electrolyser unit still decreased and this can
be seen from Figure 7-20(B) which compares performances of the electrolyser at the

beginning of the experiments and after each of the cycles.
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Figure 7- 20. A - Registered performance change during 1" and 2 cycle operation
under 200 mA/cm’ current density, B - Comparison of single cell performances at

initial conditions, after 1" cycle and after 2" cycle

In order to see what impact the single cell operation had on the electrolyser
performance, the electrodes were dismounted from the electrolyser unit and their
characteristics were measured once again using the three electrode system

configuration. It can be seen from a Figure 7-21, that the cathode performance here
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was reduced in a similar fashion as in the experiments conducted previously

(Paragraph 7.3.1), probably due to hydrides formation effect.
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Figure 7-21. Comparison of cathode initial and final performances

The cathode though was not the only source for the drop in performance, as the
anode performance was also strongly affected, as can be seen from Figure 7-22. In
this case, the impact was not as large as that of the cathode, but the reasons for the
performance losses at this electrode should definitely be investigated further in future
work. A final data analysis of the performance was done based on three electrode
measurements (Figure 7-23) and this was compared to the experimental data
obtained from the electrodes before dismounting from the single cell unit. A similar
trend was observed, as in case of comparison done during initial tests of the
electrolyser (Figure 7-18) and the estimated data showed slightly better performance
than the experimental one, with the largest difference between the two observed at

high current densities, probably due to bubbles impact.
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7.4. Conclusions and summary

The results obtained from this part of the study on the APS Raney nickel electrodes
have indicated that the cathodic performance was significantly influenced by the
deactivation impact of hydrides formation.  Chemical and electrochemical
procedures were employed but failed to completely prevent this process from taking
place. In the case of in-sifu electrolyte activation, there was a decrease in the
cathodic plateau overpotential, but the overall decrease in the electrode performance
was still significant. The different procedures employed involving electrochemical
oxidation showed insufficient hydrides removal or caused structural damage to the
electrodes surface. There was some success however on using a combination of in-
situ activation of the electrolyte and the addition of oxides of vanadium and/or
molybdenum with electrochemical oxidation techniques as application of those
methods decreased the impact of hydrides on the electrodes performance without
damaging catalyst structure. The APS Raney nickel electrodes presented good
stability for variable load operations with very good initial electrode potential values
during the cycling. Before further development of the technology for
commercialisation, the deactivation effect needs to be examined further and brought
under control. One of the ways of achieving this could be through manufacturing
process improvements for example by application of molybdenum coatings.
Additional work was done in testing electrodes inside a single cell configuration and
these confirmed the findings regarding hydrides impact on cathode performance.
Moreover it was found that anode electrode was also partially responsible for overall

performance loss in the electrolyser and this should be investigated in future work.
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8. Design of the prototype of electrochemical

measurement device

As part of the work, a prototype electrochemical control and measuring device was
designed and built. Its main functionality was to operate 3 electrochemical cells
simultaneously at variable load and to measure the voltage, current and temperature
from each cell. Additionally, the device was equipped with a high speed digital
camera to capture the images of gas bubbles on the electrode surface and to

investigate the impact of bubbles on cell performance.

8.1. Hardware design

The electrochemical power units were based on the OPA-549 high-voltage, high-
current operational amplifiers manufactured by Texas Instruments. Each unit had the
possibility of delivering continuous currents of up to 8 A (10 A peak current) with an
input voltage ranging from -0.5 to 0.5 V [2]. By applying the resistors of 1 and 20
kQ, an amplifier gain was set to 21 and that resulted in a maximum output voltage of
10.5 V, which is typically more than enough for single cell testing. The maximum
temperature of an amplifier operation was 125°C [2]. Each amplifier was cooled by
the heat-sink with thermal resistance of 1 °C/W [1], which allowed delivering a
theoretical maximum power of 100 W (assuming normal temperature environmental

conditions of 25°C).

The electrochemical device was equipped with voltage, current and temperature
sensors. For voltage measuring purposes, National Instruments DAQ NI-6218 was
used, with an analog input voltage measuring range of +/- 10 V with 2.7 mV
precision [3]. For the purpose of registering the electrical current, LEM current
transducers HX-10P/SP2 were used with nominal current of 10 A (30 A measuring
range for short time events) and 1% of nominal current accuracy [4]. K-type

thermocouples were used to measure the temperature of the cells. The
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thermocouples were coated, so as to chemically resist the highly caustic alkaline
environment inside the cell. Thermocouple amplifiers (AD595CQ) were used to
compensate for the cold junction effect of the thermocouple and also to amplify the

voltage. A DC power supply was used to power the sensors and amplifiers.

Acquisition and control was provided by National Instruments NI-6218 data
acquisition device (DAQ). Its 2 analog outputs were used to control the amplifiers
power output and its analog inputs measured data from the sensors [5]. The DAQ
device was connected to the notebook through USB port and controlled by Labview

user interface.

The electrochemical measuring system contained three sub-systems. Each of these
consisted of an amplifier with voltage, temperature and current sensors. All of the
parts were built by soldering electronic components into PCB boards that were
subsequently put inside two separated boxes (one for 3 amplifiers Figure 8-1 and one
for 3 sets of sensors Figure §-2). The NI-6218 DAQ device was able to control all
three sets of the amplifiers and sensors however, due to having only 2 analog outputs
two amplifiers had to be controlled by the same analog output. This obviously caused
the limitation where the same type of voltage output had to be produced by two units

simultaneously.
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Figure 8-1. Electronic amplifiers box, A — View outside the box, B — view of single
amplifier during testing (PCB board + heat sink), C — view inside the box of with the
amplifiers

188

Figure 8-2. Current and temperature sensors box A — view outside the box, B — view

inside the box
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In Figure 8-3 it is presented designed Labview user interface for controlling the
electrochemical system functionality. The software allowed the generation of square,
sine, triangle and saw shape signals. For each type of the signal type, parameters of
amplitude, frequency phase, offset could have been set and for the square wave
additionally an option of duty cycle regulation was enabled. The collected data from
each cell was visualised by interface indicators in real-time and saved in a text file in
a computer hard disk. Additionally there existed a possibility of camera application

for bubbles effects observation and to save images in graphical format files (for

example jpg).
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Figure 8-3. Labview user interface

Overall system functionality is summarised by a Figure 8-4. The system was
controlled by a PC computer with Labview user interface, which was connected to
DAQ device through USB port. DAQ device was responsible for controlling load of
amplifiers for electrolyser units and for collecting the data of voltage, current and
temperature from applied sensors. DC power supply was used to power the

amplifiers. The system was supplemented by the camera from which images
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acquired were saved in a computer disk. During the performed experiments a few

different cameras were tested.

¢ DAQ DEVICE SENSORS (I, V,T)

Power

supply
DC POWER S
SUPPLY POWER ELECTROLYSER ~——2 Sense
AMPLIFIERS $ Control

Figure 8-4. Full system overview

8.2. Electrochemical experimental testing

The developed prototype of the electrochemical measuring device was tested during
a series of experiments. All the outcomes were compared with the results obtained by
Biologic Sp-150 device, to confirm their validity. During experiments a single cell
configuration, with two 100 um APS electrodes with surface area of 1 cm” surface
each were used. As an electrolyser it was used glass, two compartment device
(detailed description can be found in the Chapter 4 of the thesis), which was operated
at a temperature of 25°C. A Celgard 3501 membrane was applied and the distance
between the electrodes was set to 15 cm. The low performance of the tested samples

(in comparison with the values from 7able 6-1) was due to: lack of IR compensation,
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large distance between the electrodes and the fact that the electrodes were not new

samples, but had been tested during previous experiments.

The first experiment tested the potentiostatic mode of operation of the
electrochemical device at a potential of 3.65 V for 10 minutes. As can be seen from
Figure 8-5, the current obtained by the built prototype gave the same value as that
obtained by Biologic device, but with considerably more noise. The current
fluctuations here did not exceed 0.04 A, which in fact corresponds to the precision

value of the sensor: +/- 0.1 A.
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Figure 8-5. Current fluctuations overview under constant load of 3.65 V

In the Figure 8-6 it is seen how the initially set voltage value of 3.65 V increased
with time. This effect was probably due to thermal drift of the amplifier, which
caused output voltage change due to temperature rise. This hypothesis was confirmed
by visible asymptotic trend and event time constant of the minutes, which are typical
for temperature dynamic events, but also by the fact that voltage value stabilised

after a time period when amplifier reached its final operational temperature value. An
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OPAS549 amplifier manual states that typical output offset voltage is estimated to be
around the value of 420 pV/°C for the gain of 21 [2]. The observed voltage offset did
not exceed 15 mV, which corresponds to the temperature rise by 36°C. Moreover in
the Figure 8-6 it might be seen the voltage fluctuations of around +/- 2.5 mV
probably occurred due to limited precision of NI-6218 DAQ analog inputs (the

estimated accuracy +/- 2.7 mV [3]).
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Figure 8-6. Voltage time effect overview for theoretically set value of 3.65 V

The final observations, done during constant load experiment were in the
temperature changes (Figure 8-7) that occurred inside the electrolyte. Rise of the
temperature during experiment could come from electrical current flow through the
electrolyte. As it might be seen temperature fluctuations observed were about +/-
0.4°C. For this phenomenon partially was responsible limited voltage input accuracy
however, it should be also noted that the used thermocouple sensor itself, could have
also caused an error. The sudden temperature changes are considered to be caused by
non-uniform temperature distribution inside the electrolyte and sporadic movements

of the thermocouple.
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Figure 8-7. Temperature time effect overview under constant load of 3.65 V

The aim of the next experiment was testing the system during dynamic events. The
square wave voltage was applied and switched between the values of 3.65 and 0.7 V
every 30 seconds. The total duration of the experiment was set for 10 minutes. As
can be seen in a Figure §8-8 every step-change of the voltage caused induction of a
current coming from discharge of the double layer capacitance. It was seen that
current registered by built electrochemical device corresponded to the values
obtained by the Biologic SP-150 interface. However, its precision was not
surprisingly much lower. It can also be seen that initial value of the current registered
by the Biologic device was significantly lower during first 2 cycles. This effect was
caused by the fact that the surface of the cathode was covered by hydrides in the
beginning of the experiments. When the potential was switched towards the value of

0.7 V, the hydrides were oxidised and performance increased. The measurements by
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the designed system were done just after experiments with Biologic Sp-150 device,

so this effect was not observed then.
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Figure 8-8. Variable load operation comparison (3.65 — 0.7 V, 50% square wave, 1

minute frequency)

Summarising it can be stated that the electrochemical measuring device, developed
within the project demonstrated assumed functionality during performed
experiments, but its precision was much lower than in case of commercially available
units. Table §8-1 presents estimated basic parameters specifications. The total price of
the described prototype was ~£1,500, where major part of £1,000 was the cost of NI-
6218 DAQ. It should be noted that the price of commercially available devices with
similar functionality normally exceeds £20,000. The constructed unit obviously
needs improvements regarding the precision and probably also reliability which have
not been tested over a long period of time. Additionally functionality of common
electrochemical techniques such as: Cyclic Voltammetry, Electrochemical
Impedance Spectroscopy should be added. On the other hand, the built prototype
definitely shows the potential to substantially decrease the costs. The further
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development of similar concept might be a good investment for companies where a
lot of measuring devices are needed or/and as a commercial market business

opportunity.

General parameters

Number of cells 3

Price £1,500

Power Supply parameters

Voltage accuracy 35 uV (thermal drift effect not included)
Current range 0-10V
Maximum power 100 W

Voltage sensors

Range +/-10V

Precision 2.7 mV

Current sensors

Nominal current 10 A
Range +/-30 A
Precision 0.1 A

Temperature sensors

Range [°C] From -75 to 250°C

Precision +/- 1°C

Table 8-1. Estimated basic parameters of built DAQ device

8.3. Bubbles impact investigation

The experiments describing the bubbles investigations were performed during the
early stages of development of the system that has been presented previously in this
chapter. The main change was the application of the Texas Instruments OPA-548
operational amplifier (gain 20 set up and maximum current rating of 3 A [6]) and the

current sensor HY5P, LEM (5 A maximum current, precision +/-0.05A [7]). All the
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remains of the configuration stayed the same as that of the prototype described in the

previous paragraphs.

During the experiment open cell alkaline electrolyser in glass single vessel was used
(Figure 8-9). The separation gap between two electrodes was set to 2 mm. Stainless
steel (grade 316L) mesh was used as a cathode. The active area of the mesh electrode
was 3.88 cm”. The anode was made of Stainless Steel 316L with active area of 15
cm®. A Celgard 5550 membrane was used to separate the oxygen and hydrogen part
in the electrolysis cell, and to prevent the gasses from being mixed inside the
solution. The images of hydrogen bubbles created on the cathode side during
electrolysis process were acquired by Bosch’s company Dinion Color Camera with a
LTC 3364/50 lens. To transform images from the PAL system of the camera to the
digital form a USB Pinnacle’s Dazzle DVC90 video card was used. This allowed
images digitisation with 25 frames per second rate and resolution of 720 X 576
pixels. The camera was put outside the glass vessel with electrolyser system and its

lens was focused into the outer side of the cathode.
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Figure 8-9. Open cell photo (working electrode was placed on the other side of the
membrane)
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For the described configuration a constant voltage of 2.35 V was delivered to the cell
for the electrolysis experiment. It can be seen from Figure 8-10 and Figure §8-11 that
the voltage fluctuations during the experiment were minimal while the current
fluctuated significantly. The voltage also increased during experiment by ~20 mV

due to thermal drift effect of the amplifier.

2.45 T T T

241 o1

N
W
T

1

225

Cell voltage (volts)

o
[\S)

215+ =

| 1 | |
2'10 50 100 150 200 250 300 350

Time (second)

Figure 8-10. Applied voltage for bubble effect analysis
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Figure 8-11. Current with fluctuations caused by bubbles
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During performing the experiment, it was clearly seen that bubbles were
accumulating gradually on the electrode surface and once in a while a group of
accumulated bubbles was suddenly released from the surface and rose through the
electrolyte. Subsequently new bubbles were appearing again on the bubble free
electrode surface and released after some time, defining a specific kind of cycle. For
analysing the bubbles behaviour, a comparison of the acquired images with the
measurements of current was made. This resulted in the observation that all the
events when there was a release of bubbles from the electrode, corresponded to the
major current fluctuations. Example of this behaviour is illustrated by zoomed figure
of current and images of the electrode just before and just after current increase
(Figure 8-12, Figure 8-13, Figure §8-14) between 115 and 116 second of the

measurements.
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Figure 8-12. Current fluctuation zoom
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Figure 8-13. Electrode surface just before bubbles release 115.45 s (mainly all the

bottom part is covered with the bubbles)

Figure 8-14. Electrode surface just after bubbles release 115.73 s (bottom black

region of the electrode shows the area from which the bubbles release occurred)
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The large bubbles visible on the photographs were adhering to the bottom of the
electrode. They were very stable and growing throughout the experiment however,
any effect of their presence on the system performance was not recognised. Presented
images are only examples and similar observations were made in all the moments
where sudden increase of current occurred. It is worth noting is that a major release
of bubbles never appeared without corresponding increase in current. Also, the test
did not allow observations of all the electrode’s surface (they were limited only to
the bottom part) due to the fact that a lot of bubbles produced during electrolysis
process were present in the upper part of electrolyte, covering the electrode and

making impossible such an observation using camera.

The results obtained were enough to form an initial hypothesis, viz., that gas bubbles
might be the cause of the power fluctuations during the electrolysis process. The
physical explanation of this phenomenon might be connected with the fact, that
bubbles reduce the active area of the electrode while they are adhered to it [8, 9]. In
such a case, the release of the bubbles should cause an instantaneous gain in the
active area of the electrode which obviously causes an increase of the current. The
described effect was only visible with 2 mm distance between electrodes in system
configuration, whereas during the experiments with distance of 1.5 cm between
electrodes and the same load, it was not observed. The explanation of this
phenomenon might come from the fact that increasing distance between the
electrodes causes ohmic losses to rise. Even if bubbles are released in a similar way
their impact is not as noticeable on overall system performance as in case of small
distance between the electrodes where ohmic losses are minimised. Further
experiments clearly need to be done to examine this effect, including bubbles
observation with different load, electrode distance, surface area of the electrode and

materials.
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8.4. Conclusions

This chapter aim was to describe building and testing of a prototype of
electrochemical measurement device for the electrodes samples investigation. The
experiments performed, confirmed that test results were convergent to the ones
obtained by Biologic Sp-150 commercial interface. The built prototype main
disadvantage is much lower measurement precision, but on the other hand its price is
also much more competitive. Due to that, it is recommended to use such device type
for the research projects with limited funding, when large amount of samples need to
be analysed. The additional advantage of the product is also application of the digital
camera, which enables the functionality of bubbles impact observation. During the
performed experimental work the bubbles impact was analysed over few series of

experiments and leaded to the identification of the current fluctuations effect.
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9. Feasibility study of wind to hydrogen system for

Arctic remote locations — Grimsey island case study

The aim of this chapter is to provide economical analysis of wind turbine system
with hydrogen energy storage application to support diesel electricity generators on

the example of Grimsey island.

9.1. Introduction

Electrical power generation for island and remote communities in the Arctic often
relies on diesel generators powered by fuel transported over large distances.
Nowadays wind energy can be cost competitive with the fossil fuel based electricity
generation. The wind energy is broadly considered to be attractive to remote
communities and a number of demonstration projects exist around the globe [1].
Hybrid wind-diesel systems can significantly reduce fuel consumption, minimise
costs and decrease emissions associated with electricity generation. On the other
hand, increasing the energy fraction supplied by wind turbines requires an energy
storage mechanism to accumulate any surplus electricity generated during high wind
periods and to supply this stored electricity during low wind periods, when there is
insufficient wind generation. One of the possibilities which could be suitable for the
island of Grimsey in the Arctic is the use of hydrogen storage with an
electrolyser/fuel cell system. In such a configuration hydrogen is produced during
periods of surplus wind through the electrolyser and subsequently used during times

of shortage of wind by the fuel cell to generate electricity to supply the load.

Stored hydrogen could be also used as a fuel for vehicles or boats owned by the
island community. This could be the basis of a local hydrogen economy that would
make the remote area independent from external supply of fossil fuels. In this chapter
a hydrogen system is designed to support electrical diesel generation on Grimsey.
Additionally a road map is proposed to make this community 100% energy

independent in future.
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9.1.1. 'Wind to hydrogen projects review

There are numerous examples of wind-to-hydrogen projects all over the world. Most
of them have a demonstration focus, serving as knowledge and technology transfer

centres for the local communities [1].

Two most prominent examples are on the island of Unst in Scotland and Utsira island
in Norway. The Promoting Unst Renewable Energy (PURE) project on Unst has two
15 kW wind turbines as the main power generation, an electrolyser and a 5 kW fuel
cell acting as a backup. It serves both the electrical and thermal load of five business
properties. Produced hydrogen is also used to fuel a small vehicle used in the project.
The hydrogen energy project on Unst is the first community owned project of this
kind in the world [1, 2]. The wind-to-hydrogen project on the Norwegian island of
Utsira has a similar architecture with additional flywheels that act as a short-term

energy storage [3].

Interest in this type of hybrid system is also high in Canada. The Ramea Island
project started as a typical wind-diesel hybrid system with six 65 kW wind turbines.
To increase its electrical output it was upgraded with 100 kW turbines and a 90 m*/h
alkaline electrolyser with 2000 m® of hydrogen storage (10 bar). Note that in this
installation, four 62.5 kW hydrogen powered internal combustion engine generators

are used to produce electricity instead of fuel cells [1].

Prince Edward Island has the strongest wind potential in Canada, and has around 74
MW of installed capacity in wind turbines. For the wind-to-hydrogen project at
Prince Edward Island one 60 kW turbine is used together with a 66 Nm®/h unipolar
electrolyser. The produced hydrogen is used to run a retrofitted diesel generator and a
backup fuel cell power unit, as well as fuel for a small hydrogen powered bus that is

also included in the demonstration [1].

Spain has a few notable examples of wind-to-hydrogen energy storage systems. The

RES2H2 Project located at Gran Canary Island utilises one 500 kW turbine together
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with a 5 Nm’/h electrolyser. Additionally to hydrogen generation the system also
produces drinking water through a reverse-osmosis plant. The ITHER Project in
Aragon region investigates variety of differently sized turbines (80 kW, 225 kW, and
330 kW) as well as PV panels for the purpose of hydrogen energy storage. The goal
of this project is to optimise all aspects of hydrogen chain — production, management

and efficient use [1].

United States has also carried out a few essential wind-to-hydrogen demonstration
projects. The Basin Electric, Wind-to-Hydrogen Energy Pilot Project was used to
determine the most optimal mode of operation for the wind turbine/electrolyser
system. A dynamic scheduling system used to control the intermittent output of the
wind turbine to the electrolyser stack was one of the most prominent deliverables of
this research. Another project was a result of the cooperation between National
Renewable Energy Laboratory and Xcel Energy and is hosted at NREL’s National Wind
Technology Center (NWTC) in Colorado. In this demonstration renewable energy from
wind turbines and PVs in the form of electrolysed hydrogen is used for transportation as

well as long term energy storage [1].

9.1.2. Grimsey island description

Grimsey is a small (5.3 km? area) island located 40 km from the north coast of
Iceland. Its location makes it the only Icelandic area that is formally part of the
Arctic. It has a community of 76 people and a total of 40 buildings. Electrical load is
served by three 220 kW diesel generators. This location and a few other remote
communities, prevent Iceland from claiming the title of having 100% renewable
electricity generation. In 2012 the origins of almost all Icelandic electrical energy
were hydro (70.3%) and geothermal (29.7%) power plants. The amount of electricity

generated from fossil fuels was below 0.1 % [4].

There have been a lot of studies done so far that have proposed alternative energy
solutions for the island. An underwater cable that would connect Grimsey to the
national grid was discarded as too costly and technically challenging. It would also

disturb the local fishing industry. There have been a few studies of wind power
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implementation, both on a large scale (single 660 kW turbine) and also with small
scale wind turbines (connected to a water break for heat generation). Another project
specified the installation of heat pumps as well as experimental drilling for the
possibility of geothermal energy. Lately, research has focused on assessing the
feasibility of wood biomass for power generation. The Keilir Institute of Technology
was involved in a study of a methanol fuel cells implementation on Grimsey. Data
regarding the electric load and other important information about island gathered for
the purpose of that research are used in this study. So far, the only advancement in
the island energy system was the utilisation of diesel generators’ cooling water for

space heating in three buildings [5].

The motivation for energy alternatives at Grimsey is that energy generation on the
island is heavily subsidised with public funds. It is estimated that in 2011 more than
$400,000 of government subsidies were spent on that purpose. This creates a
favourable economic environment for creating a sustainable fossil-fuel-free solution

for the island.

9.2. Research methodology

HOMER Legacy v 2.68 software was used to model and propose solutions for
Grimsey. HOMER is micropower optimisation software that simulates the operation
of a proposed system by making an energy balance calculations for each of the 8,760

hours in a year.

9.2.1. Project assumptions and basic model data

For the purpose of the project only electrical load data was used for modelling
different system architectures and existing thermal demand was not included. The
peak electric load was 175 kW with an average daily energy consumption of 2.4
MWh. The data was provided by the utility company RARIK and analysed in a
bachelor thesis project at Keilir Institute of Technology [6]. Figure 9-1 presents a

comparison of average daily loads for 2010 and 2011. Due to its small population
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and lack of commercial and industrial facilities, the island has a residential
characteristic with peaks happening in the evening. Hourly averages of electrical

load for a whole 2011 were used in the HOMER model discussed.
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Figure 9-1. Comparison between the average hourly load of 2010 and 2011 [6]

The wind speed data for the island was based on work done in previous studies by
the students of the SIT Study Abroad programme [7, 8]. The data used in the model,
was collected by the Icelandic Meteorological Office in the year 2008. It represents
hourly averages of the wind speed measured at the height of 10 meters above the

ground level.

Figure 9-2 presents a yearly distribution of the load profile and monthly average
wind speed. There are seasonal peaks visible for both parameters. During the winter
months the winds tend to be stronger as is the electricity consumption due to lighting

and heating needs.
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Figure 9-2. Comparison of annual wind and load profile for Grimsey

9.2.2. System components and architecture

Figure 9-3 depicts the basic system elements that are being considered in the

HOMER model. Three different scenarios were simulated: wind-diesel, wind-diesel-

hydrogen and wind-hydrogen systems. For each of mentioned configurations variety

of system component combinations and sizes were studied.
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Figure 9-3. System layout in HOMER software

9.2.3. Component costs and parameters

US Department of Energy (DOE) and National Renewable Energy Laboratory
(NREL) cost reports and conference proceedings were used to estimate the costs of
individual components [9-12]. These data were also compared with the numbers
received from industrial inquiries. Table 9-1 presents the costs of all system
components together with the most important parameters. It was also assumed that
costs can be scaled linearly with the size of the component. As a basis for the
hydrogen tank parameters, NREL report [9] mid-term assumptions were used. In
case of the electrolyser, the initial cost calculation was based on a price of 430 $/kW
taken from the DOE report [11] for a 2011 alkaline electrolyser system. Additionally
to this, the cost of compressor ($100,000) was added. It was also assumed that
electrolyser stack needs replacement every 10 years for 30% of the total electrolyser
system cost and 100% of compressor price [9]. Operational costs were assumed to be
5% of initial electrolyser cost yearly [9]. System efficiency was based on the true
NEL P-60 electrolyser unit average efficiency and is assumed constant over time and
different load conditions. Fuel cell parameters were based on another analysis
performed for NREL for stationary proton exchange membrane units, with nominal

power over 100 kW assuming that a company produce around fuel cell 100 units
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yearly [11]. This system price was also reduced by the cost of the fuel processor
subsystem for natural gas reforming, because in the performed study the use of pure
hydrogen is assumed. Operation/maintenance costs and lifetime were taken from the
same report [11]. Fuel consumption of hydrogen by the PEM fuel cell unit was set to
be 0.045 kg/hr/kW, which corresponds to efficiency of around 67% based on higher
heating value (HHV) and is assumed constant over the load range, as with the
electrolyser. Wind turbine parameters for the Fuhrlander 100 kW units were
modelled in the HOMER software. The cost of wind turbine units were taken from
Distributed Generation Renewable Energy: Estimate of Costs report by NREL [10],
which stated a cost of ~3,600 $/kW for a wind turbine of size 100 kW-1,000 kW.
Maintenance costs were stated there to be 44 $/kW/year and lifetime of 20 years. A
220 kW diesel generator was modelled, which corresponded to the size of the
physical unit installed in Grimsey. The diesel generator efficiency was assumed to be
constant over the whole range of load and based on the average fuel consumption of
0.27 I/kWh. Operation and maintenance costs of the diesel generator were neglected.
Converter cost estimation was based on an assumption that its costs represent 25-30%
of the total costs of electrolyser [9], since both the electrolyser and fuel cell needs a
converter to be connected to the grid, this price was doubled. Efficiency of the

converter was set to default value for HOMER software.

All the costs used as input to the model were based on current state of the art
technology, which probably should be lowered over the next few years, a trend
typical for new technologies of this type. The biggest uncertainty is probably for
hydrogen fuel/cell technology costs, which is still at the stage of early

commercialisation, so finding exact prices was a challenging task.
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Component name Parameter Value
Hydrogen tank Size (kg) 85
Capital ($) 40,000
Replacement (§) 40,000
O&M ($/year) 2,000
Lifetime (years) 20
Electrolyser Size (kW) 294
Capital ($) 326,000
Replacement (§) 240,000
O&M ($/year) 6,300
Lifetime (years) 10
Efficiency (%) 72.4
Wind turbine Capital ($) 360,000
(Fuhrlander 100 kW) Replacement ($) 360,000
O&M ($/year) 3,800
Lifetime (years) 20
Hub height (m) 40
Fuel cell Size (kW) 100
Capital ($) 55,000
Replacement (§) 55,000
O&M ($/year) 2,000
Lifetime (operating hours) 60,000
Efficiency (%) 67
Converter Size (kW) 300
Capital ($) 225,000
Replacement ($) 225,000
O&M ($/year) 0
Lifetime (years) 20
Inverter Efficiency (%) 92
Rectifier Efficiency (%) 85

Table 9-1. Summary of basic system parameters
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9.2.4. Economical parameters

Economical values were based on the current situation. Probably the most important
economical factor used in analysis was the diesel fuel cost set to be 2.39 $ for litre,
which is an approximate value for Grimsey at the date of this study (September,
2013). This value is higher than a price of diesel on the mainland of Iceland (2.08 $/1
- September, 2013 [13]) and reflects transportation costs for this remote community.
The price was estimated based on knowledge that average costs of electricity for
Arctic remote locations powered from diesel generators are about 0.65 $§ for kWh
according to Windwatcher Systems President, Tom Ellis [14]. Considering the
efficiency of a diesel generator of the size used is 0.27 I/kWh, a fuel cost of ~2.39 $/1
was obtained. The fuel price is also likely to increase in the future taking into
account world trends of oil price, so it might be considered as rather conservative to
be kept on this level for whole project lifetime. Any increase of oil price over this
level would surely decrease the payback period calculated for the considered
scenarios. The annual interest rate was kept at the HOMER default value of 6%, a
realistic estimate for Iceland, for which interest for the period 2008 - 2012 oscillated
around this value, according to World Bank [15]. Project lifetime was set to be 20
years which is typical lifetime for wind turbines, the most expensive part of the
investment, and stack replacement has already been accounted for. The maximum
annual capacity shortage was decreased to 0% and the rest of the parameters were

kept at their default values.

9.3. Results and discussion

Three scenarios for the implementation of a wind-hydrogen infrastructure are
analysed. They might each be considered independently, but it is suggested to treat
them successively as a roadmap, because each of them introduces more sophisticated
infrastructure and each further scenario uses all parts of the system from the previous
one. According to this approach for Grimsey, it is initially suggested to install a
classic wind-diesel system. This should be followed by a wind-hydrogen-diesel

system; and finally a by a wind-hydrogen system that can deliver the 100%
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renewable energy scenario.

9.3.1. Wind-diesel system

As an initial step of introducing renewable energy to the Grimsey society, the
deployment of wind turbines was considered. As an example, wind turbines
parameters of the Fuhralander 100 kW were used for simulations. It was assumed
that 100 kW wind turbines should be suitable for Grimsey as several wind turbines of
this type are able to supply the whole island’s electricity needs. Such a configuration
also provides redundancy in case any turbine would need to be shut-down for
maintenance work or due to accidental damage. On the other hand one larger wind
turbine would decrease initial cost, however in case of any accidental shut-down the
entire community would need to use expensive diesel generator electricity. An
additional challenge with practical project implementation is that wind turbines
would need to be resistant to the difficult environmental conditions that are expected
to occur in the Arctic. It is worth noting that there have already been systems
employed which operate in similar conditions, for example in Antarctica [16]. In this
case gearbox-less, direct drive, wind turbines mounted on steel towers were able to

operate without any major issues.

During the performed simulations there were considered scenarios with up to 6 wind
turbines. Simulation outputs showed that the optimal configuration, taking into
account net present costs (NPC) of operation for 20 years, requires the installation of
3 wind turbines (7able 9-2). It might be seen that cost of energy (COE) is the lowest
for this scenario, diesel usage is reduced for over 50% and the renewable energy
fraction is supposed to be around 76%. Note that the initial cost of each wind turbine
is around $360,000 or $1,080,000 for the whole investment. The estimated simple
payback period (SPP) is below 4 years with internal rate of return (IRR) equal 26.2%,
which is reasonable value, close to Enerpower company estimation which calculates
100 kW turbine typical payback period to be 3.8 years [17]. Further increase in wind
turbines amount over 3 units does not result in any decrease in energy costs. This is
connected with the unpredictable character of wind and excess electricity amount

produced that is not possible to be consumed immediately by the existing load.

176



Wind Initial Opt. Net Costs RE Diesel SPP IRR  Excess
Turb costs cost Prese of frac cons. |[yrs [%] electricity
ines [$] S nt Energ tion [l/yr] ] [KkWh/yr]

[Amo [$/y Costs y
unt] r] [$] [$/k
Wh]
0 0 578, 6,639, 0.648 0 2421
856 435 99
1 360,0 446, 5,483, 0.535 04 1853 2.72 36.6 238,693
00 731 966 27 (21.1%)
2 720,0 376, 5,034, 0.491 0.61 154,1 3.74 28 571,872
00 134 232 98 (39.0%)
3 1,080, 293, 4,447, 0434 0.76 118,0 3.88 26.2 886,556
000 555 056 57 (49.8%)
4 1,440, 263, 4,456, 0435 0.82 103,6 4.56 21.5 1,281,646
000 026 893 93 (58.9%)
5 1,800, 244, 4,599, 0.449 087 94,18 546 179 1,694,661
000 103 844 5 (65.5%)
6 2,160, 230, 4,804, 0.469 0.89 86,93 6.88 152 2,115,980
000 566 571 1 (70.3%)

Table 9-2. Simulation results for wind-diesel systems

Figure 9-4 presents percentage of excess electricity generated and net present costs

of the investment over lifetime as a function of wind turbines amount installed. It

might be seen that with every wind turbine amount of excess electricity increases.

NPC value of the investment decreases until the value of 3 wind turbines and then it

starts to slowly rise with any additional wind turbine. In the scenario with 3 wind

turbines almost half of the energy generated consists of an excess load (49.8%) and

in case of 6 wind turbines this amount rises to 70%. This non consumable energy
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reduces system efficiency. Due to that feasible solution is an application of energy
storage mechanism, which enables possibility of energy accumulation over a period

of time and to use it more effectively, when there exists a demand.

80% i\ $7,000,000
70% \-\ / $6,000,000
60%
- $5,000,000
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- $4,000,000
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Figure 9-4. Percentage of excess electricity generated and net presents costs of the

investment over lifetime in a function of wind turbines amount

9.3.2. Wind-diesel-hydrogen system

Analysis of the wind-diesel case showed that over certain amount of wind energy
fraction substantial storage is needed. This situation occurs due to the variability and
intermittency of power delivered by wind turbines. When wind blows at a time when
there is no electrical load, or the wind potential exceeds the needs of the community,
the wind turbines’ output power has to be limited and wind potential is lost. To
overcome this issue, different on site storage systems are proposed in the literature.
The most popular ones are: batteries; fly wheels; compressed air energy storage
(CAES), super capacitors or hydrogen [18-20]. The definitive advantage of a

hydrogen system among other technologies is that it is suitable for long term storage
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covering up to weeks/months, whereas the most popular alternative; batteries, are
considered to store energy for maximum time of few days [19, 20], as are flywheels
and CAES [20]. In the conditions on Grimsey there occur significant electrical load
and wind variations over the seasons and such long term storage might be
indispensable (Figure 9-2). Hydrogen technology also can provide high power
outputs without any problems, which is the limiting factor of lead-acid batteries that

are currently a popular energy storage choice [20].

Optimal results for the wind-hydrogen-diesel (WHD) system were achieved for
parameters showed in a Table 9-3. Sensitivity parameters show sizes that were
considered during system optimisation. For example in the case of wind turbines,
sizes were considered for each wind turbine and the electrolyser size was considered
in 50 kW steps. It was assumed that optimal results were obtained for the cheapest
option taking into account NPC factor (similarly as in wind-diesel system), so the
system is assumed to be not 100% renewable and some energy would be still

generated from diesel.

Wind Electrolyser Fuel Hydrogen Converter

turbines Size [kW] Cell Tank Size Size [KW]

[Amount] NIVAS [kg]
[kW]
3 150 150 250 200
1 50 50 50 50 Sensitivity

parameters

Table 9-3. Optimal size of components for wind-hydrogen-diesel electricity

generation system with sensitivity of each parameter considered

Economical parameters of the WHD system in comparison to the pure existing diesel
configuration are presented in 7able 9-4. Comparing to the wind-diesel system it is

seen that there is a substantial increase over the initial costs, however the simple
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payback period, the internal rate of return and net present costs are reduced due to
much lower yearly operational costs. This shows the application of storage
technology for a wind-diesel system as very beneficial. An additional advantage is
that 92% of the electricity is projected to be obtained from a renewable energy source
(wind) inside the proposed system, reducing diesel consumption by about 85%,
which would significantly decrease emissions. It might be also observed that in
comparison with wind-diesel system after application of hydrogen, excess electricity

amount decreased from 886,556 (Table 9-2) to 232,269 kWh/year (Table 9-4).

Syste Initia Opt. Net Costs Ren. Diesel SPP IRR Excess
m | costs Prese of energ cons. [yrs] [%] electric

type costs [$/yr nt y 123 ity

[$] ] Costs fracti [KkWh/y
[$] on r]

Diesel 0 5788 6,639, 0.648 0 242,199
56 435

WHD 1,592, 1249 3,025, 0295 092 35058 3.68 28.6 232,269

307 39 344 (14%)

Table 9-4. Economical comparison of wind-hydrogen-diesel electricity generation

system with diesel

Figure 9-5 shows the NPC for the 20 years operational period of each of the used
components. The biggest costs are connected with wind turbines that are equal to
$1,210,000 of which majority is the initial investment. As it might be seen despite the
reduction of diesel consumption, down to 8% comparing to the base case diesel
scenario, money spent on oil still remains significant at $960,000. Electrolyser and
fuel cell costs are the next largest costs, estimated to be respectively $271,000 and
$247,000. Slightly lower would be the cost of hydrogen tank ($185,000) and
converter ($150,000).
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Figure 9-5. Lifetime cash flow summary of WHD system

In this scenario, it is interesting to observe the hydrogen storage level each month in
comparison with the monthly excess electricity production and diesel generation
(Figure 9-6). The diesel generator would be mainly used during the months of June,
July and August, when the lowest wind potential and relatively high electricity
demand are observed (Figure 9-2). Significant increase in stored hydrogen is seen
due to rise in wind speeds from September until March. The hydrogen storage
average level peaks in January, from when it slowly decreases until June, when it
reaches its minimum level. Figure 9-6 shows also that during the months of January,
February and November hydrogen energy storage was never emptied completely.
Performing the detailed results analysis it was also found that the only months which
did not require energy storage for a period longer than a week were June, July and
August. This shows a definitive need of storage technology for periods of weeks,
which justifies the usage of hydrogen storage for Grimsey. Worth noting is that, in
potential future analysis there might be also considered a scenario with an
application of hybrid energy storage system where both long-term and short-term
storage technologies would be applied simultaneously. Regarding the amount of
excess electricity there is observed a visible trend, that it is the highest during the
windiest months with the lowest electricity demand (Figure 9-2). Additionally during
the months of June, July it might be observed, that the excess electricity amount is
only caused by limited power of electrolyser unit as hydrogen storage tank is never
completely full. During any other months excess energy might be also be induced by

limited hydrogen storage tank capacity.
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Stored Hydrogen Monthly Averages
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Figure 9-6. Comparison of stored hydrogen, excess electrical production and diesel

generation monthly — WHD system
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9.3.3. Wind-hydrogen system

Wind to hydrogen (WH) system is the scenario where Grimsey is assumed to be 100%
energy independent and the diesel generator is not needed anymore. Optimal results
of this simulation are presented in a Table 9-5. As it might be seen, such a
configuration requires a significant increase in the number of wind turbines, storage
capacity, electrolyser and converter powers, which drastically increases the initial
costs compared to the system supported by diesel. Despite a reduction of operational
costs, such a configuration for today is less cost-effective than the WHD system
taking into account NPC value (7able 9-6). It is interesting to note that NPC and cost
of electricity for this configuration is the same as in case of optimal WD system
however, very high initial costs prevent our recommendation of this system for
implementation at the current state of the art. Practical transition from a 92% (WHD
system) to 100% renewable system (WH system) would require doubling the initial
cost investment, increasing the average cost electricity and simple payback period

factors. Clearly diesel fuel provides a very cheap long term means of energy storage.

Wind Electrolyser Hydrogen Converter
turbines Size [kW] Tank Size Size [kW]
[Amount] [kg]
7 300 150 850 300
1 50 50 50 50 Sensitivity

parameters

Table 9-5. Optimal size of components for wind-hydrogen electricity generation

system with sensitivity of each parameter considered
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Syste Initial  Opt. Net Costs Ren. Diese SP IR Excess
m costs costs  Prese of ener 1 P R electricity

type [$] [$/yr] nt Energ gy cons. [yr [% [KWh/yr]

Costs y fracti [l/yr] s] |
[$] [$/kW  on

h]
Diesel 0 578,85 6,639, 0.648 0 242,1
6 435 99
WH 3,555, 77,694 4,447, 0.434 1.00 0 6.9 12. 1,773,661
986 135 9 9 (52.9%)

Table 9-6. Economical comparison of wind-hydrogen electricity generation system

with diesel

The main reason for such a drastic increase of cost are low wind conditions during
the months of June, July and August (Figure 9-6). In this period excess electricity is
the lowest and a large amount of electricity is generated from hydrogen, which was
previously accumulated for the winter months. It is interesting to note that during
winter there exist a lot of periods when the hydrogen storage is full and a surplus of
electricity still occurs. For this reason options to use hydrogen for other onsite
purposes, for example house heating, fuelling vehicles and/or boats, should definitely
be considered. Such an onsite demand for produced hydrogen could improve the
economics of the 100% renewable energy scenario. Worth noting that in case of
using hydrogen to external needs, there might also occur an issue with the water
supply. In the described system for considered maximum hydrogen storage of 850 kg,
there would be needed 7650 kg of very pure, distilled water. This amount for
example could be transported to the island once and then, it might be kept in a closed
loop cycle. Namely water produced as a side product in a fuel cell reaction would be
captured and re-used for hydrogen production in electrolyser. On the other hand if
hydrogen applications would be extended to fuelling of vehicles or ships,
implementation of such water capturing system would require more sophisticated

design.
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Stored Hydrogen Monthly Averages
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System

9.4. Conclusions

Three scenarios of wind-diesel, wind-diesel-hydrogen and wind-hydrogen systems
have been proposed for implementation to support the Grimsey electrical grid.
Practically all the proposed systems reduced the running costs during the lifetime of
20 years however each of them required a substantial amount of initial investment.
For current practical implementation, the author recommends the wind-hydrogen-
diesel system as it has the lowest costs of operation from all mentioned

configurations and is characterised by moderate costs of investment.

Wind hydrogen infrastructure for the island, can be introduced slowly step by step by
firstly deploying wind turbines and then adding hydrogen storage. Third step of this
road-map would be switching for 100% renewable electricity generation, which is
not advised for now. In the future when it is probable that renewable energy
technology investment prices will decrease and oil prices will rise, wind to hydrogen
system might become more cost-effective. It is worth noticing that when a 100%

renewable energy system is examined, optimal storage is not able to consume a

185



major part of excess energy and some alternatives for using this excess electricity
should be considered, for example application of hydrogen for vehicles and boats

across the community.

Summarising, the described scenarios only take into account the electrical load for
Grimsey which is dominated by space and water heating. Hydrogen can also be used
for heating using specially designed hydrogen boilers or through electrical energy
delivered from a fuel cell device. If electricity is to be used for heating it would make
sense also to explore the use of heat pumps. The proposed systems show very good
results in supporting the island’s electrical load however, before any practical

implementation is made, heating needs should be carefully considered.

Finally, achieved result of less than four year payback period of the entire system,
should start serious discussion about hydrogen applications in the northern part of the
globe. The Arctic area characteristic features are: excellent wind potential with
seasonal variations [21], high energy prices [14] that seem to be very similar to the
modelled case. Due to that it might be worth to consider implementation of wind-

hydrogen system also for other arctic remote communities.
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10. Summary

The main aim of the research work was the investigation of Raney nickel electrodes
produced by atmospheric plasma spraying (APS) method for use in alkaline
electrolyser. To achieve this goal, an electrochemical measurement system was
designed, along with the experimental procedures/strategies, based in a large part on
detailed literature review of the current state of art of the alkaline water electrolysis

technology.

The tests performed on the electrodes confirmed the excellent initial performance
(from company literature) towards the hydrogen evolution reaction (HER) and
showed that the technology had potential to be developed further. During the work,
detailed electrochemical characterisation of the electrodes was performed using the
techniques of Tafel extrapolation, cyclic voltammetry and electrochemical
impedance spectroscopy. Additionally, the surface of the electrodes was examined
by scanning electron microscopy. The conclusions from the characterisation work
were, that the overall performance of the tested samples were attributed to the very
high electrochemical active area and to the enhanced kinetics obtained for hydrogen

evolution reaction following the chemical and electrochemical activation procedures.

The second part of the investigation work on these APS electrodes was aimed at
establishing the stability during long-term, variable load operation and to identify
degradation mechanisms and so develop strategies to minimise their impact. Such
work was invaluable before any further technology commercialisation was carried
out towards the implementation of the APS electrodes in industrial alkaline
electrolyser units. The results obtained showed that hydrides formation was a main
source of deactivation for the cathodes and could reduce their performance
drastically after less than 48 hours of continuous operation. To prevent this effect,
techniques of hydrides oxidation and the use of additives to the electrolyte were
tested, but neither could eliminate it completely. The overall work conclusion was
that suppressing the hydrides impact was possible, but only through by improving
electrode manufacturing process for example by application of special coatings. The

performed research also resulted in some additional outcomes. One of them was the
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development of an electrochemical measurement device from concept to initial
prototype, which was built using cheap electronic components. The device showed
the same functionality as commercial instruments. It was thus able to deliver any
type of variable load voltage to multiple electrode samples, register current, voltage,
temperature parameters and its price was over ten times lower in comparison with
actually available units on the market. The system had a unique functionality
allowing bubbles impact observation through a USB camera. This in fact created a
motivation for further concept development. For example, this or similar systems
could be implemented if a large number of tests of the electrodes needed to be

carried out and limited funds were available.

Finally, as a final part of the research project, the hydrogen technology
commercialisation possibility was investigated. An economical case study for
Grimsey island was performed and this indicated that the application of hydrogen

storage could effectively increase hybrid wind energy-diesel systems efficiencies.

10.1. Future work

The main future work should focus on further tests and improvements of Raney
nickel APS electrodes. During the work performed, the initial version of those
electrodes was tested as cathodes and it was found that the deactivation towards HER
due to hydrides formations occurred. To prevent this deactivation process, the new
version of the APS electrodes with molybdenum coatings is suggested to be
produced. Addition of molybdenum should also improve the efficiency of hydrogen
evolution reaction. The experimental work performed showed that as yet unidentified
deactivation processes for anode electrodes also occurred and these should be also
investigated in detail. Moreover there exists an opportunity of improving efficiencies
of oxygen evolution reaction by mixing Raney nickel with active oxides compounds
such as Co3;04 and/or LSCF (lathanum strontium cobalt iron oxide). Additional
benefits are expected from optimising the electrode production process by
minimising the amount of catalyst usage with application of alternative cheaper

materials. This could be done for example by finding an optimal catalyst layer and
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catalyst layered plate thicknesses and/or substitute nickel plates with cheaper
alternatives, such as stainless steel. Such new versions of the electrodes would need
to be subsequently tested during long-term variable load operation, which might be

done using the developed during this project experimental techniques and system.

Additional experiments might be done with the designed prototype of the
electrochemical measurement device, so that functionality could be extended by
adding new software to enable for example current control operations, cyclic
voltammetry, Tafel extrapolation options, which normally can be found in
commercially available units. The prototype also needs to be tested during long-term
operational conditions since the performed analyses were only short-term operations

listing several days only.

Finally, further work might be performed regarding the economical study of
hydrogen storage system on Grimsey. This study could be extended to include heat
demand and investigate other renewable generation technologies such as heat pumps,
that might improve the achieved results. The study could be an initial point of
solving Grimsey energy prices problem, for example, by initiating practical wind-

hydrogen system implementation.
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