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Abstract

Electrolytic hydrogen production from an alkaline electrolyser is considered a

promising energy storage technology that integrates renewable energy sources such

as wind, solar, wave and tidal energy with the electrical grid.  Hydrogen energy

systems consisting of conventional temperature (at 80oC) alkaline electrolysers have

been widely demonstrated by industry and their collaborators in academic

institutions to minimise dependence on fossil fuels especially in the transport sector

and thus help to ultimately reduce carbon emissions.  However, the conventional

temperature alkaline electrolysers are limited in terms of reliability, dynamic and

fast-response operation when powered by renewable energy sources. Also, cost and

safety concerns are barriers to decentralise and distribute the technology. As a result

of this adds to the scepticism about the feasibility of a so called future ‘hydrogen

economy’.

In this PhD study, an ambient temperature (at 23oC) alkaline electrolyser was

investigated as part of a future integrated renewable energy system and compared

with existing conventional temperature alkaline electrolyser system. The ambient

temperature alkaline electrolyser is identified as a low-cost, reliable, and safe

technology that is suitable for dynamic, intermittent, continuous and fast-response

operation with renewable energy sources and the electrical grid. This also means the

ambient temperature alkaline electrolyser is capable of wider operational range at

5%-100% of rated electrical power and faster response time in less than 1 second

when powered by renewable energy sources. The auxiliary equipment are

significantly reduced in the operation of ambient temperature alkaline electrolyser

thereby reducing the cost of hydrogen and oxygen production and also making the

technology reliable and safe for portable, stationary, transport and renewable energy

system applications.

Equally important is the capability of the alkaline electrolyser to efficiently convert

electricity and water into hydrogen and oxygen. This is demonstrated by DC

polarisation and Electrochemical Impedance Spectroscopy (EIS) analysis of the

alkaline electrolyser. EIS is used to determine resistance and capacitance which are
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basic electrical circuit elements of the alkaline electrolyser, and thus provides useful

knowledge to the electrical engineer who is interested in modelling and optimisation

of alkaline electrolysers as electrical loads.

Additionally, the thesis provides a systematic approach to fabricating and

characterising the electrodes for the ambient temperature alkaline electrolyser that is

powered directly by either renewable energy sources such as wind turbine or the

electrical grid. As such, EIS has become invaluable to characterise the electrodes

based on exchange current density and corrosion rates. The objective is not only to

enhance energy efficiency of the cell but to develop low-cost and durable electrodes.

During this PhD work the electrodes have been characterised in an ‘open-system’

and flow-cell alkaline electrolyser. The ‘open-system’ simulates the monopolar

tank-type alkaline electrolyser cell, and consists of stainless steel coated with nickel

and molybdenum (SS-Ni-Mo) electro-catalyst that enhances the efficiencies for

hydrogen and oxygen production. The flow-cell alkaline electrolyser has the unique

advantage of modularity because the electrodes can be configured in either

monopolar or bi-polar filter press arrangements. The flow-cell alkaline electrolyser is

manifolded in order to capture the hydrogen and oxygen product gases that can be

subsequently utilised in an alkaline fuel cell to essentially generate back electricity. It

is demonstrated in this research work that, through electro-catalysis, appropriate cell

design and good electrochemical engineering, efficiency and durability of the

ambient temperature alkaline electrolyser can be enhanced by about 13 % and 50 %

respectively.
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Preface

This thesis is organised into nine (9) chapters. Chapter 1 deals with an analysis of

existing energy sources in the UK and identifies the need to develop alternative and

sustainable energy sources. It attempts to identify the important role of electrolytic

hydrogen within the UK energy mix and its impact on economic growth. For this

reason the benefits of hydrogen and oxygen energy systems are described. However,

the technical challenges of conventional temperature alkaline electrolyser are

identified and highlighted as the scope for this research.

Chapter 2 describes the basic principles of thermodynamics and electrochemistry of

the alkaline electrolyser. It also provides an introduction to electrochemical

impedance spectroscopy (EIS) of alkaline electrolysers. The ambient temperature

alkaline electrolyser was compared with the conventional temperature alkaline

electrolyser based on operational system, efficiency and cost, thereby identifying the

scope to develop a low-cost, dynamic, robust and fast-response alkaline electrolyser

that can be integrated directly with renewable energy sources. The basic principles of

advanced electrolyser cell design and electrode kinetics are also treated in this

Chapter.

Chapter 3 deals with comparing the electrodes in an ambient temperature and

conventional temperature alkaline electrolysers. It demonstrates methods of

determining electrical resistance, exchange current density, and corrosion rates of the

electrode.

Chapters 4, 5 and 6 demonstrate systematic approaches to develop and characterise

the electrodes for the ambient temperature alkaline electrolyser that is powered

directly by either renewable energy sources or the electrical grid.

Chapter 7 describes the construction of monopolar flow-cell and multi-cell alkaline

electrolysers that were developed by the author. The experience of characterising the

electrode in the flow-cell and multi-cell alkaline electrolysers is also discussed in this

chapter.
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Chapter 8 deals with modelling of cell overvoltages and corrosion rates of the

electrode in the ambient temperature and conventional temperature alkaline

electrolysers.

Chapter 9 deals with general conclusion of the thesis as well as highlighting the

author’s novel contributions to the field of the alkaline electrolyser.
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        Chapter 1 

 

Hydrogen Production by Water Electrolysis: The way forward 

towards a Sustainable UK Energy Economy  
 

This chapter deals with the role of electrolytic hydrogen as an energy carrier in the 

UK energy economy. As the UK government plans to increase renewable energy 

capacity on the electrical grid, [1-2] energy storage technologies will be needed for 

integrating with the electrical grid. Alkaline electrolysers are suitable for energy 

storage applications. However, reducing cost, improving reliability and flexibility of 

the alkaline electrolyser still remain a big challenge [3-5]. The conventional 

operating conditions of alkaline electrolyser have indeed limited its dynamic and 

robust applications [6, 7]. The ambient temperature alkaline electrolyser
1
 however is 

capable for flexible, low-cost, reliable and dynamic operation as it is equally suitable 

for hydrogen and oxygen production. 

 

1.1 An Economic Case for Electrolytic Hydrogen 

 

There is uncertainty over energy security of fossil fuels. Predicted limited supply of 

available fossil fuel reserves in oil-rich countries such as Saudi Arabia, and 

increasing energy demand in developing countries such as China and India have 

raised concerns over limited global oil and gas supplies by the year 2050
 
[8]. 

Political tensions in the Middle East and in some African countries have caused the 

oil price to rise by $ 80 per barrel from the year 2009 record low (Figure 1-1)
 
[9]. As 

a result many countries, including Britain, face the economic risk of inflation. In fact 

some analysts
 
[8] have claimed that the oil price reaching the $120 price mark is the 

specific ‘danger point’ at which the cost of oil can influence total global economic 

output by more than 5.5 %. 

 

 

 

                                                 
1
 The ambient temperature alkaline electrolyser is an alkaline electrolyser that is operated without external heating of the 

electrolyte solution at 23oC. In contrast, the conventional temperature alkaline electrolyser requires external heating of the 

electrolyte solution at about 80oC. 
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Figure 1-1  Oil price in $/barrel vs. year; Courtesy of money week
 
[10] 

 

For the UK economy, the fear is that the rising price of crude oil will accelerate 

inflation which is already double the monetary policy committee’s 2% target at 4 %
 

[8] resulting in dampened growth. The contraction in growth is expected to cause tax 

receipts of £ 1b lower in 2011 and £ 1.3b in 2012
 
[8]. However, higher oil and gas 

revenues from sales of North Sea crude oil and gas outputs as well as VAT receipts 

are expected to offset the gross domestic product effect. 

 

As shown in Figure 1-2, 90 % of UK energy sources are derived from fossil fuels, 

most of which is natural gas that is utilised for electricity and heating applications
 

[11]. About 40 % of the liquefied natural gas (LNG) is imported from countries such 

as Norway, Qatar and Nigeria
 
[12]. In 2010 alone UK gas usage as a proportion of all 

fossil fuels has increased by 20 % from 1990 levels
 
[13], and efforts to replace 

existing coal-fired power stations with additional gas turbine generating plants will 

likely increase the UK overall gas utilisation by as much as 80 % in the years ahead.   
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Figure 1-2  Current UK energy sources; Courtesy of DTI

 
[1] 

 

 

Carbon dioxide (CO2) represents about 84 % of the UK’s man-made greenhouse gas 

emissions
 
[13] and in recent years the energy supply sector has decreased its CO2 gas 

emissions by 23 % due to increased natural gas usage for electricity generation. A 

unit of coal produces more CO2 emission than a unit of natural gas
 
[13]. So 

electricity generated by the combustion of natural gas is relatively cleaner technology 

compared to combustion of coal or oil. However, CO2 emissions have increased by 

about 13 % from the residential sector due to increased use of LNG during severe 

winter conditions. In general, the statistics for the UK energy economy does indicate 

heavy reliance on LNG in the years ahead. Sadly, the North Sea gas production is 

declining by more than 3 % due to depletion in the Continental Shelf Reserves
 
[2]. 

 

The economic implications for over-reliance on imported LNG could be both 

external and internal affecting the UK energy economy. The external implications 

include: increasing energy demand in China and India, volatile political tension in 

the Middle East and oil-rich African countries and price fluctuations in oil and gas 

supply. The internal implication could be increasing unemployment as a result of 

losing about £100bn investment opportunities in the renewable energy sector
 
[14]. 

 

Hydrogen is considered a very promising alternative to LNG for electricity and heat 

generation
 
[15]. Currently, large-scale hydrogen is produced by steam methane 

reforming (SMR) which contributes about 95 % of hydrogen in the global market 

and efforts are made to reduce the cost of this hydrogen down to $3/kg or $1/kg in 

order to produce hydrogen in larger-scale for the ‘hydrogen economy’ [16]. 
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However, the hydrogen could be contaminated with oxides of carbon, even as trace 

as 0.01% of carbon oxides [16], the hydrogen could only be directly utilised for 

industrial purposes such as petroleum refining. This means the hydrogen cannot be 

used directly in fuel cells for electricity and heat generation because the cell 

components can become contaminated and degrade quite easily. Attempts to purify 

the hydrogen by carbon capture sequestration
 
[17] have yet to be realised as this 

technology requires significant cost investments and can impart negatively on the 

environment. Also, if natural gas is converted into hydrogen and the demand for 

natural gas continues to grow in other market, the natural gas reserve will decrease 

even more and the supply will be put under pressure. This could result in increased 

natural gas prices. 

 

Electrolytic hydrogen that is produced from a renewable energy resource is 

sustainable as long as the feedstock is non-fossil fuel (in this case electricity from 

renewable sources). Electrolysis of water has the economic advantage of local 

hydrogen production
 
[18] which allows for the introduction of renewable energy to 

the transport sector
 
[19], energy security and the benefit of an infrastructure that is 

based upon distributed energy generation [20]. Electrolytic hydrogen is considered 

an energy vector for renewable resources thereby providing the potent link between 

sustainable energy technologies and a sustainable energy economy that is generally 

placed under the umbrella term of ‘hydrogen economy’[20-21]. 

 

Already some of the countries in Europe, US, Canada and Japan are at the forefront 

of developing cleaner and sustainable energy technologies. The European Fuel Cell 

and Hydrogen Association [22], German National Organisation for Hydrogen and 

Fuel Cell Technologies (German NOW)
 
[23], US Department of Energy (US DoE)

 

[24], Canadian Hydrogen and Fuel Cell Association
 
[25] and Japanese World Energy 

Network (WE-NET)
 
[26] are examples of national hydrogen and fuel cells programs. 

The international RD&D
2
 programmes on hydrogen and fuel cell technologies 

provide a policy framework for setting-up targets and milestones in order to 

commercialise hydrogen as an energy carrier. In particular, the US DoE hydrogen 

                                                 
2
 Research, Development and Deployment 
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program
 
[24] is structured with pre-defined milestones and ‘go no go’ decision points 

that are set to 2015, when progress will be assessed and decisions on large-scale 

commercialisation of hydrogen technology will be made accordingly.  

 

The Japanese programme also has a major ‘go no go’ decision point set for 2015 and 

the European programme has the target of 2020 for future market penetration of 

hydrogen technology. Table 1-1 provides a comparison of the EU targets for 

hydrogen commercialisation and those of the Japanese and the US programmes. It 

shows the EU is more optimistic in developing hydrogen and fuel cell technologies 

for portable and combined heat and power applications. However, it is not clear 

whether government funding on hydrogen programmes will continue beyond 2015 

since current  RD&D efforts are yet to demonstrate the viability of the so called 

‘hydrogen economy’ which still require significant cost investment for storage and 

delivery of the hydrogen.  

Table 1-1  Key assumptions on hydrogen and fuel cell applications by 2020 in the EU and 

comparison with similar assumption in the US and Japan (adapted from M.Contestabile [27]) 

 Portable Fuel 

Cells for 

handheld 

electronic 

devices 

Portable 

Generators & 

Early markets 

Stationary 

Fuel Cells 

For 

Combined 

Heat and 

Power (CHP) 

applications 

Road 

Transport 

EU H2/FC 

units sold per 

year projection 

2020 

~250 million ~ 100,000 per 

year 

(~1 GW) 

100,000 to 

200,000 per 

year (2-4 GW) 

0.4 million to 

1.8 million per 

year 

EU cumulative 

sales 

projections 

until 2020 

n.a ~600,000 

(~6 GW) 

400,000 to 

800,000 

(8-16 GW) 

1-5 million 

EU expected 

2020 market 

status 

Established Established Growth Mass market 

roll-out 

Japan METI 

cumulative 

sales targets 

2020 

n.a n.a 10 GW 5 million 

US DoE sales 

targets 2012 

n.a 0.5 GW n.a n.a 
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Electrolytic hydrogen technology that uses electricity from renewable energy sources 

such as solar, wind, marine energy, etc is currently considered a promising route to 

sustainable hydrogen production [3-7]. In particular, electrolytic hydrogen provides a 

niche commercial market for a clean, indigenous and sustainable energy supply in 

the UK energy economy. Energy security will be assured since water and renewable 

energy resources such as wind, wave and tidal power are already abundant in the 

UK. Also, the education sector will be expanded to empower a renewed workforce 

and thereby create job opportunities in the renewable sector.  

 

An important application of electrolytic hydrogen is as an energy carrier. The 

specific energy (in J/kg or J/l) of liquid hydrogen is 60 % more than LNG because of 

the light weight of elemental hydrogen [20]. Thus the hydrogen could potentially be 

used as a storage and transport medium for electricity that is generated from 

intermittent renewable resource such as wind, wave and tidal power. Gaseous 

hydrogen that is compressed at about 700 bars in tube cylinders has almost equal 

volumetric energy density with LNG. However, the technology for hydrogen storage 

is currently expensive as it requires about 40 % of the inherent energy content of the 

hydrogen to compress the gas and still results in a large storage capacity for 

stationary or automotive fuel applications [20]. 

 

The alkaline electrolyser converts electricity and water into pure hydrogen and 

oxygen thereby allowing production of hydrogen that can be stored and transported 

as an energy carrier. Alkaline electrolysers are already a mature technology that has a 

high energy efficiency of up to 75 % of High Heating Value (HHV
3
)
 
[28] and utilises 

relatively low cost non-noble metal electrode materials such as nickel (Ni), 

molybdenum (Mo) and aqueous potassium hydroxide (KOH) electrolyte. For this 

reason, alkaline electrolysers are preferred compared to proton exchange membrane 

(PEM) electrolysers and solid oxide electrolysers to produce pure hydrogen and 

oxygen in commercial quantities [3, 6, 29]. 

 

                                                 
3
 The higher heating value is useful for calculating heating values for hydrogen fuel where condensation of the reaction 

products is practical, for example using hydrogen in gas fired-boiler for space heating applications 
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The electricity consumption in conventional temperature alkaline electrolysers 

contributes to about 60 % -80 % of the cost of hydrogen. The conventional alkaline 

electrolysers require auxiliary sub-systems such as heat exchangers and heaters that 

consume additional electricity in order to operate at the temperature of 70-80 
o
C 

(343-353 K) for low-cost hydrogen production. 

 

Already there are proposals to further increase the efficiency of the alkaline 

electrolyser by operating at a higher temperature (i.e. above 80 
o
C or 353 K). In a 

study conducted in Denmark, [28] it was estimated that the cost of hydrogen is 

reduced by about 10 % by increasing the electrical efficiency of the alkaline 

electrolyser from the current 75 % to 100 % which is achieved at a cell operating 

voltage of about 1.48 V. The limited reduction in the cost of hydrogen in spite of                 

25 % increase in electrical energy efficiency has not limited research for a more 

efficient electrolyser since this is profitable for the people in the business of 

producing and selling hydrogen for energy storage applications and as chemical 

feedstock raw material. It is therefore no surprise that plans are made for large-scale 

production of hydrogen from alkaline electrolysers in re-fuelling and dispensing 

stations
 
[30] worldwide.  

 

The UK government has planned to increase, from the current 2 % to 15 % of its 

renewable energy capacity by 2020
 
[1-2]. About 70 % of the projected 30 GW 

installed renewable energy capacity is anticipated to come from offshore wind 

turbines, which means in the foreseeable future the UK electrical grid network is 

likely to be characterised with large amounts of intermittent electricity that is 

generated from the wind turbines. Renewable electricity generation is favourable 

compared with other generation sectors as they have the advantage of low or no fuel 

costs and invulnerability to any penalty imposed on carbon emissions. For this 

reason, owners of renewable generation equipment may continue to enjoy 

government subsidy
 
[31]. However, the price paid to renewable generators may also 

suffer if the operators are unable to deliver reliably according to efficiency and cost 

[32]. 
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One remedy to this situation is to develop the technology that can efficiently convert 

renewable electricity into other forms of energy sources. An alkaline electrolyser and 

alkaline fuel cell system is potentially suited for efficient energy conversion, energy 

storage and distribution of renewable electricity as it offers high specific energy 

storage density at relatively low-cost investments
 
[33] compared with the other forms 

of energy storage such as batteries and pumped-hydro. Alkaline electrolysers convert 

water and electricity into hydrogen and oxygen gases that can be stored as energy 

sources, distributed and converted back into electricity in alkaline fuel cells. Already 

there are a number of successful demonstration projects that have showcased the 

possibility to integrate the alkaline electrolyser with renewable energy systems               

[3-5, 34-35]. However, the limited reliability and flexibility of conventional 

temperature alkaline electrolysers have not justified this technology for energy 

storage applications. The conventional temperature alkaline electrolysers usually 

have operational range within 20% to 100% of their rated electrical capacity [3,5,34-

35], which limits dynamic and/or continuous (steady-state) operation with renewable 

energy systems. Also, the conventional temperature alkaline electrolysers require 

significant auxiliary equipment which increase cost and make the technology not 

flexible for portable, stationary and transport applications.  Therefore the aims of this 

thesis are: 

 

 To analyse renewable energy systems consisting of alkaline electrolyser that 

is integrated with the electrical grid and renewable energy sources, and 

thereby identify scope for improving performance of the alkaline electrolyser. 

 To investigate methods of reducing cost of hydrogen and oxygen production 

from the alkaline electrolyser. 

 To investigate methods of improving reliability of the alkaline electrolyser 

for dynamic, intermittent and continuous (stead-state) operation with the 

electrical grid that is integrated with renewable energy sources. 

 To investigate methods of enhancing efficiency, durability and robustness of 

the alkaline electrolyser. 

 To investigate methods of improving flexibility of the alkaline electrolyser 

for portable, stationary and transport applications.  
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1.2 Alkaline Electrolysers for Decentralised and Distributed Generation of 

Renewable Energy  

 

The renewable energy systems that are integrated with electrolysers are based on 

stand-alone systems and electrical grid connected systems. Table 1-2 gives a list of 

the best known installed hydrogen energy projects globally: 

 

Table 1-2  Overview of wind/hydrogen systems installed worldwide 

Year of 

installation 

Location Name of Project Type of 

Electrolyser 

2000 ENEA Research centre 

Cassicia,Italy 

Prototype wind/electrolyser testing 

system for stand-alone operation 

[5]. 

10kW 

alkaline 

electrolyser 

2001 University of 

Quebec,Trios-Rivere’res 

Canada 

Renewable system based on 

hydrogen for remote applications 

[36]. 

5kW alkaline 

electrolyser 

2004 Utsira Island, Norway  Wind/electrolyser demonstration 

system for stand-alone operation by 

Statoil-Hydro [35]. 

50kW 

alkaline 

electrolyser 

2004 West Beacon Farm, 

Loughborough, UK  

Electrical-grid integrated renewable 

energy/electrolyser system by the 

Hydrogen And Renewable 

Integration (HARI) project team 

[3]. 

36kW 

alkaline 

electrolyser. 

2005 Unst,Shetland island,UK Wind/electrolyser system for  

stand-alone operation by PURE 

Energy [37]. 

Not exactly 

stated 

2006 NREL,Golden,Colorado, 

USA 

Electrical-grid integrated renewable 

energy/electrolyser system [38]. 

6kW PEM 

electrolyser 

2007 Pico Truncado,Argentina Wind/electrolyser system for              

stand-alone operation by CNEA 

[39]. 

6kW PEM 

electrolyser 

2007 Keratea,Greece Electrical-grid integrated 

wind/electrolyser system by the 

Centre For Renewable Energy 

Sources (CRES) [40]. 

25kW 

alkaline 

electrolyser 

 

Notable amongst the renewable projects are the autonomous wind/hydrogen system 

that was developed by Statoil-Hydro [35] for the community on the island of Utsira 

(Norway), and the wind/hydrogen system that was developed by the HARI project 
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team for the West Beacon Farm in Loughborough (UK). These two major renewable 

energy systems have a similar concept that is illustrated in Figure 1-3, whereby the 

conventional temperature alkaline electrolyser was utilised to convert excess 

renewable electricity and water into hydrogen and oxygen. The oxygen is sometimes 

stored or vented to the atmosphere, but the hydrogen is usually stored and later 

utilised alongside air in the fuel cell to generate electricity when it is needed. In other 

words, the conventional temperature alkaline electrolyser was essentially utilised to 

produce hydrogen as part of a long-term energy storage medium.  

 

Conventional Temperature 
Alkaline Electrolyser Storage

Grid stabilising equipment e.g 
Batteries,

Flywheel and Synchronous 
machine

Wind electricity

PEM Fuel cell 
Hydrogen

  Oxygen

Hydrogen

Hydrogen Energy System

Air

  Water/KOH

Electrical grid or stand-alone generation

Electricity Electricity

Auxiliaries:
Heater, heat 
exchanger,separator, 
deoxidiser, and drier. 

Storage

Air

Storage

 

Figure 1-3 An illustration of currently installed Wind/Hydrogen energy systems utilising 

alkaline electrolysers 

 

 

However, the limited operational ranges of conventional temperature alkaline 

electrolysers, the expensive requirement for storage and distribution of the hydrogen 

and low-round trip energy conversion efficiency are three main barriers to the 

sustainability of hydrogen energy systems. The conventional temperature alkaline 

electrolyser has limited operational ranges within 20 % to 100 % of rated capacity 

[3,35]. The high minimum input power (20 % of rated power) that is required means 

that the electrolyser and its auxiliary units have to be properly sized in order to allow 
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for continuous and dynamic operation with the wind energy supply. Part of the 

available electric load is used for heating purposes especially in remote communities 

where there is lack of access to other heat sources. As a consequence, the 

conventional temperature alkaline electrolyser was not in operation most of the time 

when there was either a power deficit or excess power from the wind turbines. For 

example in both the HARI and Utsira projects, the alkaline electrolyser was turned 

on/off several times due to power shortages from the wind turbines that were below 

the minimum operational limit or excess power from the wind turbines that was 

above the maximum operational limit. Grid stabilising equipment such as batteries, 

flywheel and synchronous machines were used most of the time for energy storage 

applications. During the periods of sufficient wind power however, it took more than 

30 minutes [35] to turn on the electrolyser from stand-by mode into full operational 

mode. The increased start-up time is partly due to nitrogen purging that is normally 

done when the electrolyser is in stand-by mode and the requirement to maintain the 

optimum temperature of the stack by continued heating and cooling of electrolyte 

[3,35]. 

 

The technology for hydrogen storage also requires significant capital and operational 

cost investments. The project that was undertaken at CRES [40] has demonstrated 

that the hydrogen can be stored in metal hydride tanks in order to reduce storage 

capacity and ultimately achieve the DoE target [20]. However, the metal hydrides 

were made of rare earth metals such as lanthanum and cerium which are expensive 

and will require major scientific and technological breakthrough to commercialise. It 

is no wonder some experts
 
are not optimistic about the so called ‘hydrogen economy’ 

due to a lack of affordable hydrogen storage and distribution infrastructure.  

 

Also, the need for storage of hydrogen brings the issue of safety into consideration. 

The lower explosion limit (LEL) of hydrogen mixed with air or oxygen is 4 %, 

therefore care would be taken to avoid leakage of hydrogen from tanks or tube 

cylinders that are located especially in residential areas. The hydrogen is stored in 

steel tanks below ground at the hydrogen filling station in Porsgrunn
 
[41]. However, 

storing hydrogen in vehicles poses danger in case there is hydrogen leakage that can 

cause explosion. 
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The hydrogen energy system is also limited due to low-round trip energy conversion 

efficiency
4
 [42]. The round-trip efficiency for an alkaline electrolyser and PEM fuel 

cell system is within 32 %-42% [43]. The round-trip efficiency is relatively low due 

to unreliability of the PEM fuel cells
5
. For example the Utsira PEM fuel cell [35] had 

severe problems of degradation that has made it impossible to reliably convert the 

hydrogen and air into electricity when it is needed. Apparently, as illustrated in 

Figure 1-3, oxygen that is produced from the alkaline electrolyser was not stored and 

air was used instead to operate the fuel cells. Oxygen from air could likely be 

contaminated with oxides of carbon which can accelerate deterioration of the 

synthetic polymer membranes in PEM fuel cells, or even formation of potassium 

carbonate which ‘poisons’ the electrodes in alkaline fuel cells
 
[43]. 

 

Oxygen is required as an oxidant in a fuel cell. The oxygen is sometimes vented to 

atmosphere in conventional temperature alkaline electrolysers because the operators 

are mainly concerned to produce hydrogen that can also be used as chemical 

feedstock raw material. However, in the case of producing hydrogen for energy 

conversion, say from wind energy then the oxygen that is produced from the alkaline 

electrolyser should be stored and utilised as well. The production ratio (2:1) of 

hydrogen and oxygen respectively is the same as needed for the back conversion, and 

fuel cells operated with pure oxygen (instead of air which contains only 21 % 

oxygen) can perform with higher efficiency up to 70 % because of faster electrode 

reactions [43]. 

 

Alkaline electrolyser and alkaline fuel cell systems are capable of converting water 

and renewable electricity into pure hydrogen and oxygen that can be converted back 

into electricity when it is needed most. For example the hydrogen and oxygen 

product gases that are produced from the alkaline electrolyser can be directly utilised 

in the alkaline fuel cell to generate back electricity as shown in Figure 1-4. This will 

                                                 
4
 The round trip energy conversion efficiency is the product of efficiencies of electrolyser and fuel cell. E.g.electrolyser 

efficiency of 71% x fuel cell efficiency of 45% = round-trip efficiency of 32% 
5
 A fuel cell is an electrochemical device that works as the reverse of electrolysers by combining gaseous hydrogen and oxygen 

to form electricity, water and heat 
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eliminate additional processing cost for the produced gases and allow for short or 

long-term energy storage and for distribution of renewable energy to off-grid 

locations. The hydrogen and oxygen energy system is potentially attractive to 

increase the round trip-energy efficiency by least 4.5 % compared with hydrogen and 

air energy system [44]. Further, the ambient temperature alkaline electrolyser can be 

utilised in the hydrogen and oxygen energy system to improve reliability, and 

flexibility at relatively lower cost, because by operating at the ambient temperature 

auxiliary equipment as well as auxiliary electricity consumption are minimised. 

 

Alkaline Electrolyser 
at ambient 

temperature 

Wind electricity

KOH/Hydrogen

KOH/Oxygen

Hydrogen and Oxygen  Energy System

Electrical grid network or stand-alone generation

Alkaline Fuel Cell

For off-grid applications 
e.g. micro-generation of 
heat and electricity, and 
alkaline fuel cell electric 

vehicles

Storage
KOH/Oxygen

KOH/Hydrogen

Water/KOH

Electricity Electricity

Storage

Storage

 
Figure 1-4  Proposed Wind/Hydrogen and Oxygen energy systems utilising alkaline electrolysers 
  

 

The benefits of alkaline electrolysers for short or long-term energy storage 

applications and for distributing renewable electricity to off-grid locations cannot be 

overemphasised. The alkaline electrolyser can be utilised in renewable energy 

systems as energy storage medium and together with the alkaline fuel cell they can 

provide sustainable energy supply for off-grid/remote locations
 

[35, 37, 45]. 

Moreover, the alkaline electrolyser offers the best alternative energy source to 

decarbonise the transport sector and promote development of fuel cell electric 

vehicles. Electric vehicles are not only important to decarbonise the transport sector 

and to reduce carbon emissions, but are also promising technologies that can be 

integrated with the electrical grid as flexible electrical load demand. A combination 

of alkaline electrolyser and alkaline fuel cell is a regenerative alkaline fuel cell that is 

relatively low cost and has significantly higher energy density compared with 
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batteries such as lithium ion, nickel-metal hydride, and lead-acid, and                           

super capacitors for electricity generation in electric vehicles.  As the energy density 

is increased, driving range of the electric vehicle can be extended. Hence, the 

alkaline electrolyser can be utilised as sustainable energy source to produce hydrogen 

and oxygen for alkaline fuel cell electric vehicles. 

 

1.3 Sizing of the Electrolysers and Hydrogen Production Cost 

 

The commercially available alkaline electrolysers are mostly large to medium scale 

and therefore require significant reduction in capital, operating and maintenance 

costs in order to produce electrolytic hydrogen that is competitive with hydrogen 

from SMRs at the selling price that is below $ 2.85 /kg as set by the DoE [16,46]. 

However, as shown in Figure 1-5, the alkaline electrolysers that are currently in the 

market produce hydrogen at a cost price that is above $ 4 /kg. 

 

 
Figure 1-5 Hydrogen selling price produced by electrolysers of various capacities; Courtesy of 

Roy in 2006 [7] 

 

 

The relatively high cost of electrolytic hydrogen has contributed to the low global 

market share that is currently below 4 % [7]. However, hydrogen as a fuel will be 

competitive with existing fossil fuels if the unit cost of electrolytic hydrogen is 

significantly reduced. For this reason, alkaline electrolyser manufacturers are aiming 

Hydrogen selling 

price target of 

~$2.85/kg 
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to reduce hydrogen production cost below $ 2.85 /kg by developing large to medium 

size ranges of alkaline electrolysers which are more economical. However, as shown 

in Table 1-3, the typical commercial large-scale alkaline electrolyser is operated at a 

temperature of 80 
o
C (353 K) which requires auxiliary sub-units that consume 

additional electricity, and consequently increase the overall capital, operational and 

maintenance cost investments.  

 

Table 1-3   Size and capacities of current commercial alkaline electrolysers [46] 

Manufacturer Technology System 

energy 

requirement 

including 

auxiliary  

sub-units 

(kWh/kg) 

H2 production 

rate (kg/yr) 

Power 

required for 

max H2 

production 

rate (kW) 

Operating 

temperature 

(oC) 

Operating 

pressure  

(bar) 

Avalence Unipolar
*
 

alkaline 

56.4-60.5 320-3,600 2-25 80 689.47 

Teledyne Bipolar 

alkaline 

59.0-67.9 2,200- 33,000 17-240 80 

 

6.89 

Hydrogenics Bipolar 

alkaline 

53.4-54.5 2,400-71,000 15-360 80 

 

24.82 

NorskHydro Bipolar 

alkaline    

53.4 7,900- 47,000 48-290 80 

 

15.99 

NorskHydro Bipolar 

alkaline  

53.4 39,000-

380,000 

240-2,300 80 

 

0.02 

* 
In unipolar and bipolar cells the electrodes are in parallel and in series with respect to the electrical power source respectively 

see chapter 2 for details of unipolar and bipolar electrolyser configuration. 

 

In contrast, however, the auxiliary sub-units are significantly minimised in an 

ambient alkaline electrolyser that is operated at the ambient temperature of say 23 
o
C 

(296 K), thereby potentially minimising system energy requirement as well as 

electricity consumption. Thus small to medium size ranges of ambient temperature 

alkaline electrolyser will be needed as they are economical and flexible for mass 

production and distributed energy generation, and are suitable for dynamic and 

continuous operation with renewable energy systems. 

 

1.4 Nuclear–based Hydrogen from Alkaline Electrolysers 

 

Centralised methods of electrolytic hydrogen production might involve integrating 

alkaline electrolysers with nuclear power plants in order to utilise nuclear heat and 

electricity for electrolysis. Nuclear energy offers an abundant energy source that is 
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clean,
 
[47] although it could be expensive due to decommissioning costs and also 

environmentally damaging through the release of radioactive wastes. The technology 

is attractive for power generation because of the relative abundance of nuclear fuel 

such as Uranuim-235. For example, in France where nuclear energy contributes more 

than 50 % of its installed generation capacity [6].  

. 

However, nuclear energy generation in the UK was only about 13 % of total 

electricity generated in 2008
 
[13]. The nuclear energy capacity has reduced due to 

closure of two major nuclear stations in 2007 and 2008. Figure 1-6 shows a 

schematic of the nuclear based hydrogen production process. 

 

 

Figure 1-6 Schematic diagram of a nuclear hydrogen energy system; Courtesy of Leanne M. 

Crosbie
 
[46] 

 

 

Currently, large-scale implementation of a nuclear hydrogen energy system is limited 

in terms safety and transport infrastructure. The thermal efficiency of nuclear plants 

is usually 30 % and the electrolyser has about 75 % electrical efficiency. Thus the 

energy efficiency of nuclear hydrogen is in the range of 22 % - 45 %
 
[47] which can 

be increased further by developing newer nuclear plants that can operate at higher 

temperatures and have higher thermal efficiencies. However, the safety issues 

involved with locating the electrolyser near nuclear plants, the cost of transporting 

hydrogen through dedicated and distributed pipelines are inherent problems still to be 

tackled in this technology. Some investigations [47] have suggested operating the 
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electrolyser with off-peak electricity from other clean renewable resource such as 

wind turbines and then utilising nuclear heat from nuclear plants, but transport of 

heat from nuclear power stations to the electrolyser still requires significant capital 

cost investments. Therefore nuclear based hydrogen from conventional temperature 

alkaline electrolyser is not feasible in the near or medium term.  

 

1.5 Comparison of Alkaline Electrolysers and Proton Exchange Membrane 

(PEM) Electrolysers for Dynamic Operation with Renewable Energy Systems 

 

The conductive aqueous KOH in alkaline electrolysers and solid/immobilised PEM 

in PEM electrolysers play an important role to enhance their efficiencies as indicated 

in their respective half-cell reactions: 

 

Alkaline electrolyser:  

(l) (g)

(g) (l)

- -
2 2 aq

- -
2 2

Cathode: 2H O + 2e H + 2OH

1
Anode : 2OH O + 2e + H O

2
aq




 

PEM (Proton exchange membrane) electrolyser:  

(g)

(l ) (g)

-
2

+ -
2 2 aq

Cathode:  2H 2e H

1
Anode : H O O +2H +2e

2

aq

  


 

Most commercially available alkaline electrolysers can be operated in the range of    

20 % to 100 % of rated power
 
but the commercially available PEM electrolyser can 

be operated in the range of 5 % to 100 % of rated power [46]. This means that PEM 

electrolysers have a wider operational window and thus appear better suited for 

dynamic operation especially at low electrical power inputs. The reason for this 

could be seen in Table 1-4, which indicates that the conventional alkaline 

electrolysers are operated at relatively higher temperatures compared with the PEM 

electrolysers that are operated at ambient temperatures and consequently wider 

electrical power range. 
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Table 1-4   Comparison of the commercial alkaline and PEM electrolysers  
Manufacturer 

/Project 

Technology Power rating 

for maximum 

hydrogen 

production 

(kW) 

Part load 

range of 

rated 

power (%) 

Efficiency 

(%HHV) 

Operating 

temperature 

(oC) 

Operating  

pressure 

(bar) 

Electrode  

De-activation 

(%) 

Casale Chemicals 

SA/Centre for Renewable 
Energy Systems (CRES) 

[40] 

Alkaline 

electrolyser 

25 20-100 65 70-80 20 2-5 

Casale 

Chemicals/RES2H2 

[40] 

Alkaline 

electrolyser 

25 20-100 Not stated 70-80 20 Not stated 

Hydrogenics/HARI [3] Alkaline 
electrolyser 

25 20-100 75 70-80 25 Not stated 

Hydrogenics [48] PEM 
electrolyser 

7.2 0-100 72 Ambient, 
+5 to +35 

1.01 – 7.9 Not stated 

Hydrogen 
Systems/Stralsund [49] 

Alkaline 
electrolyser 

20 Not stated 33-55 70-80 25 Not stated 

Statoil Hydro [50] Alkaline 
electrolyser 

48 20-100 72-85 70-80 ~15.85 Not stated 

Statoil Hydro [50] PEM 
electrolyser 

40 5-100 81 45 ~15.85 Not stated 

Teledyne [50] Alkaline 
electrolyser 

17-240 Not stated 79-85 70-80 ~4.14  Not stated 

ELT GmbH or Lurgi[51] Alkaline 
electrolyser 

12-1392 25-100 Not stated 70-80 30 Not stated 

GHW [52] Alkaline 
electrolyser 

2500 20-110 80-90 70-80 30 Not stated 

 

 

The PEM electrolyser is capable of quick start-up (in less than 1 second) in variable 

electrical power mode, and hence is well suited for continuous and dynamic power of 

operation [35]. The PEM electrolyser is operated normally at the ambient 

temperature of say 5
o
C-45

o
C, thus requires relatively less auxiliary equipment 

compared with the conventional temperature alkaline electrolyser that is normally 

operated at higher temperatures of 70
o
C-80

o
C and requires significant auxiliary 

equipment. The PEM electrolyser has greater flexibility to variable input power 

because by operating at the ambient temperature it requires relatively less auxiliary 

systems and consumes less auxiliary electricity. 

 

The main drawback of the PEM electrolyser however is its uncertainty in lifetime 

due to deterioration of the solid polymer membrane electrolyte [53]. For example the 

PURE
6
 project team [37] reported increased stack failure of the PEM electrolyser 

after operation at high electrical power. Also, the PEM electrolyser is limited due to 

                                                 
6
Promoting Unst Renewable Energy  
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the expensive membrane-electrode assembly that consists of precious/noble metals as 

well as Nafion membrane. The alkaline electrolyser, on the other hand, is more 

matured as the lifetime duration can be up to 20 years. However, the limited 

operational range of conventional temperature alkaline electrolysers means that the 

electrolysers are not operational all the time under variable input power.  

 

Statoil-Hydro
 
[54] is one of the few electrolyser manufacturers that have made plans 

to develop an alkaline electrolyser that is capable of a wider operational range and 

quicker start-up under variable electrical input power. They plan to develop a high 

presssure (30 bar) conventional temperature alkaline electrolyser that is capable of 

dynamic operation at  5% -100% of its maximum electrical capacity and load change 

response time of less than a second. However, they have not yet demonstrated if this 

technology is feasible by operating at the conventional temperature. Nonetheless, this 

underscores the need to develop the ambient temperature alkaline electrolyser that is 

more compact and less costly for dynamic and flexible operation with renewable 

energy systems. Further, as the hydrogen and oxygen product gases from the alkaline 

electrolyser can be directly utilised in the alkaline fuel cells, the ambient temperature 

alkaline electrolyser and alkaline fuel cell system is therefore better suited for low 

cost energy conversion and storage, as well as distribution of renewable electricity.   

 

1.6 The Strategy for Developing Highly Efficient Alkaline Electrolyser Cells and 

Objectives of PhD Research 

 

The US DoE
 
[24] has set a target hydrogen cost price of below $ 2.85 /kg by the year 

2015 which is adopted by some of the alkaline electrolyser manufacturers seeking to 

commercialise electrolytic hydrogen.  

 

For example General Electric Global Research Centre
 
[55] has adopted a commercial 

strategy to develop the alkaline electrolyser based on trade-offs between energy and 

capital cost requirements as shown in Figure 1-7. This Figure shows that as the 

operating current density is increased, production rates of hydrogen and oxygen are 

increased but energy cost increases due to increase in the cell voltage, and capital 

cost decreases due to decrease in the electrode active area. On the other hand, at 

lower operating current densities, production rates of hydrogen and oxygen are 
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reduced and energy cost is reduced but capital cost is increased. Hence, an optimum 

operating condition for the alkaline electrolyser would be a current density within     

100 mA/cm
2
 up to 200 mA/cm

2
, and a cell voltage within 1.7 V and 1.8 V. 

 

 
Figure 1-7 Commercial targets for low-cost hydrogen; Courtesy of GE Global Research Centre

 

[55] 

 

Accordingly, the current industry trend is to significantly minimise energy and 

capital costs of the alkaline electrolyser. The cell voltage determines electricity 

consumption as well as energy cost, which can be reduced by utilising low-grade 

heat to increase the operating temperature. Also, electricity consumption can be 

minimised by utilising relatively low cost electro-catalyst
7
 materials. Catalysts are 

usually coated on an electrode in order to increase the electrode active area and 

thereby reduce capital cost. Therefore electro-catalyst materials help to reduce 

energy and capital costs in the operation of alkaline electrolysers. The GE
 
[55] 

strategy for developing low cost and highly efficient (low overpotential)                     

electro-catalysts is shown in Figure 1-8, and Figure 1-9 shows that the cell                     

over-voltages reduce at higher operating temperature. 

                                                 
7
 Electro-catalyst is the electrode that is produced by adding a catalyst on an electrode substrate. For 

example the electrode that is produced by depositing a catalyst material such as nickel on an electrode 

substrate such as stainless steel mesh. The uncoated stainless steel mesh is the electrode and the 

stainless steel mesh coated with nickel is the electro-catalyst.  
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Figure 1-8 Electrode concept selection, target zone is for low cost and highly efficient electrode; 

Courtesy of GE global research centre [55] 

 

 

 
 
Figure 1-9 A typical effect of higher operating temperature to reduce over-voltages of the 

alkaline electrolyser cell; Courtesy of Vermeiren et.al [56] 
 

 

It is projected that electricity prices will increase in the future [32] so it is necessary 

to reduce energy consumption in the alkaline electrolyser by reducing the operating 

cell voltage. As shown in Figure 1-10, the commercial manufacturers are developing 

highly active coated electrodes such as stainless steel metal that is coated with nickel 

and molybdenum in order to increase the electrical energy efficiency. Further 

examples of electrodes and electro-catalysts that increase electrical energy efficiency 

of the alkaline electrolyser are given in the subsequent chapter. 
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Figure 1-10 Strategy for electrode efficiency improvement. 

Voltage efficiency is enhanced for the coated mesh electrode;                                                          

Courtesy of D. Swalla [57] 

 

The cost of electricity consumption can be offset by increasing hydrogen and oxygen 

production rates in the alkaline electrolyser. Hence the industry trend is to reduce 

over-voltages and simultaneously increase current density in order to reduce 

operational and investment costs. Future plans are even aiming to operate the cells at 

higher temperatures of up to 100 
o
C [28] in order to reduce over-voltages down to                

1.48 V and simultaneously increase current density.  

 

However, a higher operating temperature accelerates electrode deactivation and 

degradation under variable electrical power of operation. For instance in the                

wind-hydrogen project that was undertaken at CRES
 
[58] the electrode has degraded 

by about 2% - 5 % after intermittent operation at the conventional temperature. The 

manufacturers have adopted a method of preventing corrosion of the electrodes by 

applying ‘protective current’ in order to keep the cells working slightly and prevent 

mutual depolarisation of the bi-polar electrodes under open circuit. However, the 

‘protective current’ could be up to 1.6 MWh annually [59] which increases operating 

and maintenance cost investments. The cost effective option however was to apply 

corrosion-resistant coatings on the electrodes by electro-deposition technique, yet the 

electro-catalyst coatings could not withstand the harsh alkali environment over              

long-term of operation.  
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Proposals were made to develop small to medium size range (50-250 kW) of 

electrolysers that can match with the AC/DC power electronics of the electrical 

supply and control system. In particular, Statoil-Hydro [35] suggested connecting the 

cells in series and/or in parallel in order to achieve the proper voltage levels close to 

the nominal operating voltage of the AC/DC rectifier. As much as it will be useful to 

model the alkaline electrolyser with respect to the AC/DC power electronics, the 

fundamental electrochemical processes that cause corrosion of electrodes have not 

been hitherto well elucidated. The suggestions made by some of the manufacturers 

[35, 59] and researchers [7] to apply ‘protective current or voltage’ and ‘control of 

AC/DC power electronics’ lack justifiable basis to tackle corrosion of electrodes in 

the alkaline electrolyser.  

 

The alkaline electrolyser is a proven technology for integrating with renewable 

energy systems. However, the conventional temperature alkaline electrolyser is not 

suitable for dynamic, durable, robust and flexible operation with renewable energy 

systems. Any attempt to mitigate this problem has yet to be realised as long as the 

current industry trend for reducing hydrogen production cost is adopted. The 

electricity that is consumed in the ambient temperature alkaline electrolyser should 

no longer be considered a waste because the energy is converted and stored in the 

form of hydrogen and oxygen product gases that can be directly utilised in an 

alkaline fuel cell to generate back the electricity. Moreover, by operating at the 

ambient temperature corrosion rates of electrodes are likely to be minimised. The 

ambient temperature alkaline electrolyser is viable for dynamic, durable, robust and 

flexible operation with renewable energy systems. In recognition of these concepts 

lies the aim of this PhD thesis which is to develop an alkaline electrolyser that is 

highly efficient and durable under variable, constant and intermittent electrical power 

input for sustainable production of hydrogen and oxygen. 

 

1.6.1 Objectives of PhD Research 

 

 To investigate methods of producing clean and sustainable hydrogen and 

oxygen from renewable energy systems utilising alkaline electrolysers. 
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 To develop alkaline electrolysers that can be highly responsive to variable 

input power from renewable energy resources. 

 To develop relatively low-cost electrodes and electro-catalysts that are 

capable of enhancing electrical energy efficiency of the alkaline electrolyser.  

 Seeking to minimise corrosion rates of the electrode that is operated under 

dynamic electrical power and in stand-by conditions. 
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                                  Chapter 2 

Recent Progress in the Research and Development of Alkaline 

Electrolyser Technology and Review of Literature  
 

In this Chapter, the electrochemical, kinetic and thermodynamic governing principles 

are discussed for both the ambient temperature and conventional temperature 

alkaline electrolysers. The ambient and conventional operating temperatures are             

23
o
C and 80

o
C respectively, therefore the ambient temperature alkaline electrolyser 

requires no external heating of the electrolyte solution. An introduction to EIS 

characterisation of an alkaline electrolyser is also presented. The operational systems 

for ambient and conventional temperature alkaline electrolysers are also considered, 

and it is shown that the ambient temperature alkaline electrolyser is capable of           

low-cost, highly efficient, dynamic and fast-response operation with renewable 

energy sources. The different types of electrolyser cell design are illustrated, with an 

emphasis on the filter-press type of electrolyser cell design that was developed in this 

study. In order to avoid duplicating research activity, it was necessary to review 

published works on electrodes and electro-catalysts that are utilised in conventional 

alkaline electrolysers, and comparing the efficiency of these units with the 

commercial target for low cost hydrogen. 

 

2.1 Basics of Alkaline Electrolyser Technology 

 

The basic components of an alkaline electrolyser are the electrode, membrane and 

electrolyte which are illustrated in Figure 2-1, with the common material types 

shown. 

                                                                 
Figure 2-1 Schematic of an alkaline electrolyser cell consisting of electrode, electrolyte and 

membrane; Courtesy of [28, 60] 
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The anode and cathode are the positive and negative electrodes respectively which 

are connected externally to a direct current (DC) electrical source. Electrons flow 

into the cathode where hydrated cations or positively charged hydroxonium ions are 

present to gain electrons and become reduced into hydrogen and hydroxyl ions. On 

the other hand, at the anode, hydroxide anions are present to give away their 

electrons and become oxidised into oxygen and water. Therefore production of 

hydrogen gas is from the cathode and oxygen gas is from the anode. Catalysts are 

normally added to the anode and cathode electrodes to facilitate the charge transfer 

processes and consequently enhance the efficiencies of oxygen and hydrogen 

production respectively. As water is not a very good electrical conductor; the 

conductivity of deionised water is about 5.5 µS/m, potassium hydroxide is added as 

an electrolyte to enhance the ionic conductivity of water hence, the 30 % aqueous 

solution of potassium hydroxide has conductivity of about 40 S/m below 100 
o
C. 

Other methods to enhance ionic conductivity of the electrolyte involves: increasing 

the operating temperature, reducing the separation distance between the electrodes, 

stirring/agitation of the electrolyte solution and use of appropriate membrane 

between the electrodes. The generated hydrogen and oxygen gas-bubbles during 

electrolysis could subsequently hinder the electrolysis process by increasing the 

internal cell resistance. Therefore, increasing the electrolyte temperature, reducing 

separation distance between the electrodes and stirring/agitation of the electrolyte 

solution facilitates removal of the gas-bubbles from the electrolyser and thereby 

reduce internal cell resistance. The membrane or diaphragm ensures separation of the 

hydrogen and oxygen gases as well as selective transport of hydroxide ions and water 

across the electrodes. The electrochemical reactions taking place in the alkaline 

electrolyser can be written as [61]: 

 

Anode: (aq) (g)
- -

2 2 (l)
1

2OH O +H O +2e ... 0.401 V
2

o

anodeE   … (1) 

Cathode: (l) (g) (aq).
- -

2 2 cathode2H O +2e H +2OH ...E 0.828 Vo   … (2) 

Overall cell reaction: 2 (l) 2(g) 2(g). cell

1
H O H + O ...E = +1.23 V

2

o … (3) 
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As can be seen from the overall reaction (3), equilibrium is established for water and 

its constituent hydrogen and oxygen molecules. The forward process i.e. electrolyser 

operation requires energy input whereas the backward process i.e. fuel cell operation 

is favoured under standard temperature and pressure conditions. In other words, 

energy is required to drive the forward process of water splitting, and energy is 

generated in the spontaneous backward process of water formation. This reversible 

property of water splitting and formation can be utilised for energy storage 

applications, provided the hydrogen and oxygen product gases are captured from the 

alkaline electrolyser and are subsequently utilised in the alkaline fuel cell to generate 

back electricity. The equilibrium cell potential of cellE = +1.23 Vo is the potential 

difference between the anode and cathode [60] as expressed in equation 4:  

 

 o o o

cell anode cathodeE E E   (4)  

 

The equilibrium cell potential is also regarded as the reversible cell voltage or             

open-circuit voltage (OCV) under zero net electrical current load of the alkaline 

electrolyser. 

 

2.2 Comparison of Efficiency of the Ambient and Conventional Temperature 

Alkaline Electrolyser 

 

The equilibrium cell voltage is related to the Gibbs free energy as expressed in 

equation 5:  

 

o o

cellG nFE   (5)  ( 1237.2 oG kJmol   ) [61] 

 

The reversible cell voltage is the minimum electrical energy requirement for 

electrolysis to take place. For an isolated cell, the thermoneutral voltage 

( E = +1.48 Vo

therm ) [6, 61] accounts for the energy balance between electrical and 

thermal energy requirement based on the relation:  

 

o o oH G T S      (6) 
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The thermoneutral voltage is almost independent of the operating temperature, but 

the reversible voltage is slightly reduced by about 5% as the operating temperature is 

increased by 57
o
C as shown in Table 2-1. 

 

Table 2-1 Comparison of thermodynamic voltages of the ambient and conventional temperature 

alkaline electrolysers [6] 

Temperature dependence of the thermodynamic voltage at 

atmospheric pressure  

Voltage (V) 

of ambient 

alkaline 

electrolyser  

at 23
o
C  

Voltage (V) 

of 

conventional 

alkaline 

electrolyser 

at 80
o
C 

     3 5 8 2E = 1.5184 - 1.5421 10 9.523 10 9.84 10rev K K K KT T InT T            1.23 1.18 

   5 8 2E = 1.5187 - 9.763 10 9.50 10therm K KT T       1.48 1.47 

 

The voltage efficiency
8
 is based on the cell voltage as expressed in equation 7 [61].  

 

1.48
ELEC

cellE
   (7) 

 

Where 

 

 o o
cell electrodeanode cathodeE E E JR      (8) 

 

From thermodynamic stand-point, the efficiency of conventional temperature 

alkaline electrolyser is increased by applying external heat to raise the operating 

temperature and as a result reduce the electrical energy demand. This is illustrated in 

the temperature –voltage plane that is shown in Figure 2-2: 

 

                                                 
8
The electrolyser efficiency is estimated based on two main methods which are voltage efficiency and hydrogen production 

efficiency. The voltage efficiency in particular is a comparison between total cell voltage and thermodynamic cell voltage.  
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Figure 2-2: Cell potential for hydrogen production by water electrolysis as a function of 

temperature; Courtesy of Zeng et.al [61]. 

 

Figure 2-2 shows that water electrolysis does not take place below the equilibrium 

voltage that is related to the electrical energy demand and which reduces as the 

operating temperature is increased. The thermoneutral voltage is the actual electrical 

energy demand that also accounts for the heat energy demand for water electrolysis 

to take place. Hence, water electrolysis is endothermic and exothermic below and 

above the thermonuetral voltage respectively. In the operation of conventional 

temperature alkaline electrolyser, external heat is applied in addition with internal 

heat that is generated due to electrolysis (resistance losses). As a result, most 

conventional alkaline electrolysers operate above the thermoneutral voltage i.e. in the 

exothermic mode and thus heat removal from the stack or electrolyte cooling 

becomes necessary in order to maintain the operating temperature around 80-90
o
C 

which is below the boiling point of the reactant water. The advantage however, for 

operating at a higher temperature is to reduce operating cost and enhance efficiency 

especially by utilising low-grade or waste heat to raise the electrolyte temperature.   

 

The voltage efficiency is relatively higher at the conventional temperature because 

the total cell voltage ( cellE ) is reduced. The reversible voltage is slightly reduced by 

about 5 % while the over-voltages due to resistance from the electrodes, transport 

resistance of the electrolyte solution, membrane resistance and resistance of the 

electrical circuit are significantly reduced by more than 10 % at the conventional 
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operating temperature. This means the thermodynamic and kinetic efficiency is 

influenced by temperature. However, higher operating temperature can lead to 

increased corrosion rates of the electrode and cell components. The kinetic 

efficiency, however, can be increased at an ambient operating temperature by 

electro-catalysis i.e. addition of catalyst to the electrode and by good electrochemical 

engineering of the cell involving optimising the cell configuration, management of 

ionic transport and mass transport of the gas-bubbles.   

 

The kinetic efficiency can be increased by reducing the total cell voltage and 

simultaneously increasing the current density for hydrogen and oxygen production. 

This can be achieved by electro-catalysis and appropriate cell design, which is 

demonstrated in this research from Chapter 3 up to 7. The efficiency of electrodes 

also depends on the electrical power profile of operation. Thus, at low electrical 

power of operation, over-potential due to electrode reactions becomes predominant 

while at high electrical power of operation, over-potential due to electrolyte 

conductivity and gas-bubbles become predominant. Therefore, under variable 

electrical power of operation the cell voltage should account for electrode            

overpotential and Ohmic overpotential. The electrode overpotential accounts for 

activation and concentration polarisation losses as expressed in equation 9, whereas 

the Ohmic overvoltage is accounted by the JRΩ term that is expressed in equation 8. 

The activation overvoltage is the extra potential due to charge transfer processes 

taking place on the electrode. The Ohmic overvoltage is the extra potential due to 

ionic transfer, gas-bubble void fraction, and nature of membrane, while the 

concentration overpotential is the extra potential due to electrolyte concentration 

difference/gradient near the electrode surface. 

 

  +electrode cact
      (9) 

 

The key objective is to develop the electrode and electro-catalysts that have low 

activation overpotential, and to design the cell that minimises Ohmic and 

concentration over potentials. This will no doubt increase efficiency of the alkaline 

electrolyser under variable electrical power of operation.  
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The resistances that cause inefficiency in the alkaline electrolyser are: electrical 

resistance, reaction resistance and transport resistance [61] which are illustrated in 

Figure 2-3. 

R1 Ranode Rbubble O2 Rmembrane Rions Rbubble H2 Rcathode R1

Transport resistances

Reaction resistances

Electrical resistances

Figure 2-3  Schematic illustration of the cell resistances
9
 [61] 

 

The resistances cause heat to be generated in the alkaline electrolyser according to 

the Joules law [61-63] and transport phenomena [62-63]. The ‘leakage’ current is a 

parasitic current that also generates heat in the cell. The parasitic current does not 

take part in electrolysis and contributes to cell voltage inefficiency. Equation 10 

describes the temperature rise due to internal heat generation in the alkaline 

electrolyser. For example assuming that; total cell voltage ( cellE ) is 2.12 V at           

200 mA/cm
2
 and at 23

o
C, standard cell voltage ( o

cellE ) is 1.48V, specific heat 

capacity of water ( pC ) is 4.18 J/gK , number of moles of electrons (n) is 2 moles, 

and Faraday’s constant (F) is 96,500 C/mol ; it is estimated based on equation 10 that 

the electrolyte temperature will rise by 30
o
C for electrolysis of 1 kg of aqueous 

potassium hydroxide electrolyte at the ambient temperature. 

  

                                                 
9
 The reaction resistance is the same as activation resistance or polarisation resistance; The transport resistance is the same as 

Ohmic resistance. 
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 
p C m

o

cell cellnF E E
T


   (10) 

 

The amount of oxygen and hydrogen that is generated from the alkaline electrolyser 

can be determined based on the amount of charge that is conducted by the electrode. 

Thus for a given cell voltage the electrode conducts charges that are proportional to 

hydrogen and oxygen production rates. Based on the stoichiometry of equations                

1 and 2, hydroxyl ions (OH
-
) are the electro-active ions at the anode that generates 

oxygen and water, while reactant water or hydroxonium ions (H3O
+
) are the            

electro-active ions at the cathode that generates hydrogen and hydroxyl ions. The 

amount of charge which is product of current and time is proportional to the number 

of moles of electro-active ions as described in equation 11.  

 

Jt
N

nF
  (11) 

 

The current density rather than current is proportional to the corrosion rate of the 

electrode because the same current that is concentrated in a smaller area results in a 

larger corrosion rate. In other words, besides hydrogen and oxygen production rates, 

the current density also accounts for corrosion rate per unit of active area of the 

electrode. The Faraday’s relation given in equation 12 can be used to determine 

production rates of hydrogen and oxygen gases as well as mass loss of electrode due 

to corrosion. 

 

Jta
m

nF
  (12) 

 

Where:  can also be equal to corrJ J that accounts for current density of production as 

well as corrosion rate per unit of electrode active area. 
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2.3 Electrical Double-Layer Capacitance and Electrode Kinetics 

 

The ionic composition in the electrolyte solution forms a double-layer that is 

illustrated in Figure 2-4. The phenomenon of double-layer formation also leads to 

capacitance of the alkaline electrolyser, which is due to electric and ionic charges at 

the electrode/electrolyte interface. The capacitance therefore is a measure of the 

amount of charges that are stored per unit of potential difference between the 

electrodes. The capacitance depends on the electrode potential, electrolyte 

conductivity, liquid-gas or gas-bubbles concentration near the electrode surface, 

separation distance between the electrodes and geometry of the electrode/electrolyte 

interface. At high current density, of say >0.5 A/cm
2
, mass transport limitation of 

ions in the electrolyte solution can lead to a concentration gradient near the electrode 

surface and consequently concentration polarisation [63]. 

                               
Figure 2-4  Schematic of the electrolytic double-layer in the alkaline electrolyser, potential of the 

electrode is stable but potential due to the solution varies with distance; Courtesy of Zeng et al 

[61]. 
 

 

The two layers that are formed, the inner Helmholtz layer (IHL) and outer Helmholtz 

layers (OHL) [7], are distorted as the current density varies. Concentration 

polarisation takes place due to an interfacial potential difference between the 

electrode surface and electrolyte solution; in particular between the anode surface 

and the adjacent electrolyte solution. The electrode polarisation due to limited 
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depletion of hydroxyl ions near the anode surface can be determined based on the 

Nernst equation 13, and the concentration polarisation is expressed in equation 14 

[64].  

 

100.0592logo
OHelectrode electrodeE E C  (13) [64] 

 

2.3 log 1
aK

c

L

RT i

nF i


 
  

 
 (14) [64] 

 

The OCV depends on capacitance which varies due to charge and gas-bubble 

migration. Thus a rapid drop in current i.e. instantaneous cell shut-down does not 

always result in a rapid drop in the cell voltage as only the Ohmic voltage drops 

rapidly but the activation voltage drops fairly slowly to its equilibrium value. The 

OCV is critical as it determines the minimum electrical energy that is required for 

electrolysis and also indicates internal energy in the alkaline electrolyser. The 

migration of ions and transport of gas-bubbles near the electrode surface influence 

the OCV. The electrochemical process taking place on the electrode and in the 

electrolyte that is on open-circuit can be illustrated in equation 15, and Figure 2-5 

shows that the double-layer capacitance is in series with the Ohmic resistance under 

open-circuit. A quantitative model of the OCV should be carried-out in order to 

better predict the conditions influencing OCV but that is slightly beyond the scope of 

this thesis. Nonetheless, in Chapter 7, qualitative conditions affecting the OCV are 

presented and discussed. 

- -

( ) ( ) ( ) M + OH MOH + es aq aq
 (15) 

Where M is the electrode metal 

 

         

Rs

Cdl

 
Figure 2-5  Electrochemical circuit of the alkaline electrolyser under open-circuit 
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2.3.1 Hydrogen Evolution Reaction (HER) and Oxygen Evolution Reaction 

(OER) Mechanisms on the Electrode 

 

The kinetic mechanism for the hydrogen evolution reaction is widely accepted to be 

a series of steps as described below [65]: 

 

-
2 ads 

-H O + M + e MH + OH (16); which is the Volmer mechanism involving 

water dissociation through a reduction process that leads to metal hydride formation. 

 

This is followed by either the electrochemical desorption: 

-
2 ads 2 

-H O + MH + e H + OH + M  (17); which is the Heyrovsky mechanism 

involving water dissociation through a reduction process that leads to hydrogen 

evolution. 

 

Or by chemical desorption: 

 

ads ads 2 MH + MH H + 2M  (18); which is the Tafel mechanism involving 

combination of atomic hydrides to form hydrogen molecules.      

 

The overpotential for hydrogen formation is generally given by the Tafel equation 19 

[24]: 

2.3 log
cK

cathode

o

RT i

F i



    (19);  

Where the cathodic Tafel constant is 2.3 K
c

RT

F



  (20)  

 

Likewise, the oxygen evolution reaction [61] is known to be a stepwise process: 

 

- -
ads OH OH + e  (21); which involves adsorption of hydroxides followed by: 

 

- -
ads ads 2OH + OH O + H O + e  (22); which involves oxidation to higher oxides, and 
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ads ads 2O + O O  (23); which involves combination of atomic oxides to form oxygen 

molecules. 

 

The overpotential for oxygen formation is generally given by the Tafel equation 24: 

2.3 log
(1 )

aK
anode

o

RT i

F i






 (24);  

Where the anodic Tafel constant is 2.3
(1 )

K
a

RT

F






 (25) 

 

The overall activation overpotential is expressed in equation 26: 

 

2.3 log 2.3 log
(1 )

c aK K
act

o o

RT RTi i

F i F i


 

   
    

   
 (26) 

 

The total electrode overpotential is expressed in equation 27 which accounts for 

activation and concentration polarisations. 

 

2.3 log 2.3 log 2.3 log 1
(1 )

c a aK K K
electrode

o o L

RT RT RTi i i

F i F i nF i


 


     
       

     
  (27) 

 

The activation overpotential is related to the activation energy which depends on 

several factors including: temperature, current density, and exchange current density 

of the electrode. Considering equation 26, it looks like activation overpotential 

increases as temperature increases, but in practise activation overpotential is 

significantly reduced as exchange current density is increased [66-68]. The exchange 

current density is the equilibrium rate constant of the electrode reaction. It is that 

current in the absence of net electrolysis that is a balance of partial anodic and 

cathodic current at the electrode/solution interface. Hence, it accounts for electrode 

activity in the alkaline electrolyser. A good electrode will exhibit a high exchange 

current density and a low Tafel slope, which can be achieved with a high surface area 
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electro-catalyst that has favourable microstructure and good electronic conductivity. 

In the subsequent chapter, method of determining the Tafel slope and exchange 

current density from empirical data is demonstrated.   

 

The Tafel slope is widely reported in the literature [61] for comparing different 

electrodes and also for determining reaction mechanisms. For example in the HER 

mechanism, if the Volmer reaction step i.e. adsorption of hydrogen is the rate 

determining step, the resulting Tafel curve should yield a slope of around 120 mV at 

25 
o
C [69]. On the other hand, if the Heyrovsky step i.e. hydrogen desorption is rate 

determining, the measured Tafel slope should yield a value of about 40 mV or        

50 mV at 25 
o
C. The Tafel slope and exchange current density are determined from 

the current-overvoltage polarisation plot that is generally known as the Tafel curve. 

However, the general method to determine exchange current density from the Tafel 

curve based on the current density at zero overpotential is not reproducible for 

comparing activity of different electrodes. Hence researchers have presented data 

which vary by almost ten orders of magnitude even for the same electrode material 

[70]. In the subsequent chapter, however, a reliable method to determine the 

exchange current density is demonstrated based on EIS measurement of polarisation 

resistance. 

 

Concentration polarisation takes place more readily at the anode in the alkaline 

electrolyser. This partly explains why anodic overpotential is generally higher than 

cathodic overpotential [61]. Although there are other factors responsible for higher 

anodic overpotential such as: (a) formation of oxides on the anode surface (b) 

increase in corrosion rates of electro-catalyst and catalyst support (c) complex 

mechanism of oxygen evolution and reduction, which involves electron and proton 

transfers and (c) relatively slow kinetics of oxygen evolution [70]. During 

electrolysis, negative charged hydroxyl ions (anions) migrate to the positive 

electrode (anode) where they are converted into oxygen and water by the loss of 

electrons. However, transport resistance of hydroxyl ions takes place due to the 

nature of the membrane, the separation distance between the electrodes and 

conductivity of the electrolyte thereby resulting in a concentration gradient and 
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ultimately leading to a concentration polarisation at the anode. In contrast, 

concentration polarisation is less likely to take place at the cathode as there is 

availability of reactant water near the cathode surface. Water molecules are always 

present at the negative electrode (cathode) where they are converted into hydrogen 

and hydroxyl ions by the addition of electrons.  

 

The predominant reaction step for electrode kinetic mechanisms is dependent on the 

surface structure of the electrode as reported by Zeng and co-workers [61]. They 

have proposed that edges and cavities of the electrode surface influence the rate of 

hydrogen adsorption, and that the degree of surface roughness or perforation on the 

electrode surface determines the rate of hydrogen desorption. Therefore the electrode 

surface must provide adequate sites for nucleation of gas bubbles and facilitate the 

escape of gas bubbles in order to prevent gas trapping or gas bubble coverage. 

Typical diameters for electrode perforation are 0.1 mm for the cathode and 0.7 mm 

for the anode [6, 71]. The commercially available stainless steel metal meshes                

(type-304) which has an aperture size of 0.15 mm was investigated predominantly in 

this research as described in the subsequent chapters. 

 

Passivation of the electrode due to oxide formation could result to higher anodic 

overpotential compared to cathodic overpotential that is due to hydride formation. 

Oxide or hydride products that are formed on the electrode surface can be removed 

by neutralisation reaction that takes place by reversing the electrode polarity after 

some time of electrolysis. This method is recognised in the literature as Reverse 

Potential Cycling (RPC) [72]. For example after some time of electrolysis, reversing 

anode to cathode would generate hydrogen on the same electrode thereby removing 

oxide products by neutralisation reaction. Similarly, after some time of electrolysis, 

reversing cathode to anode would generate oxygen on the same electrode thereby 

removing hydride products by neutralisation reaction. For this reason, HER and OER 

electrolysis were carried-out reversibly on the electrodes as evident in the subsequent 

Chapters.   
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2.3.2 Corrosion of the Electrode during Electrolysis and Open Circuit 

Conditions 

 

Corrosion takes place on the electrode due to reversible electrochemical reactions 

that take place during electrolysis and under open circuit as described in equations 28 

and 29. During intermittent operation and under open circuit, commercial alkaline 

electrolysers are prone to mutual depolarisation/ discharge of the bi-polar electrodes 

due to reverse current [6]. Thus reversible reactions of oxidation and reduction take 

place on the same electrode and result in corrosion. For example at the anode, 

oxygen evolution takes place during electrolysis and oxygen reduction takes place 

due to reverse current under open circuit. On the other hand, at the cathode, hydrogen 

evolution takes place during electrolysis and hydrogen oxidation takes place due to 

reverse current under open circuit. This is illustrated in equations 28 and 29 

respectively. 

 

(g) 

(g) 

- -
2 2 (l) (aq)

- -
2 2 (l) (aq)

1
2OH O + H O + 2e  Oxygen evolution during electrolysis

2
Anode (28)

1
O + H O 2e 2OH Oxygen reduction due to reverse current on open circuit

2



 

 

(l) (g)  

(g) (l) 

- -
2 2 (aq)

- -
2 2(aq)

2H O + 2e H + 2OH Hydrogen evolution during electrolysis
Cathode (29)

H + 2OH 2H O + 2e  Hydrogen oxidation due to reverse current on open circuit





 

 

2.4 Introduction to Electrochemical Impedance Spectroscopy (EIS) of Alkaline 

Electrolysers 

 

The electrochemical processes taking place in the alkaline electrolyser can be 

electrically modelled by resistors and capacitors. The electrical resistance is a 

measure of opposition to the flow of electric current. However, the magnitude of 

resistance or opposition to current can be dependent on frequency due to capacitance. 

Therefore the impedance is a measure of opposition to flow of electrical current at an 

applied voltage over a broad range of frequencies. The EIS provides qualitative and 
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quantitative information on reaction rates, reaction mechanisms and corrosion rates 

of electrodes in the alkaline electrolyser.  

 

During impedance measurement, a frequency response analyser (FRA) supplies a 

small sinusoidal AC voltage that is added to a DC bias voltage that is then supplied 

to the electrolyser as illustrated in Figure 2-6. The AC current response is recorded 

and the impedance is then determined over a given frequency range.  

 
                    Figure 2-6 Schematic of EIS measurement 

 

The sinusoidal AC voltage is expressed in equation 30 [73-74]: 

 

  | | sinAC oV V t   (30) 

The current response is shifted in phase by an angle due to capacitance as expressed 

in equation 31: 

 

  | | sinAC oI I t    (31) 

 

The German physicist Georg Ohm defined ‘Ohms Law’ in 1827 that electrical 

resistance is the ratio of potential difference to the current flowing through the 

conductor. The impedance is determined based on Ohms law provided the applied 

AC signal is small enough not to interfere with the linear relation between DC 

    FRA 

DC supply 

source 

Alkaline 

electrolyser 

load 

V/I          VAC  

Voltage and current 

sensing leads 
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voltage and DC current. Hence the impedance is determined as described in equation 

32: 

 

 

 

 

| | e(t)
 ( )

(t) | | e

j t
o

j t
o

VV
Z

I I



 



   (32) 

 

The impedance is resolved into its ‘real’ and ‘imaginary’ components [73] by vector 

representation, complex analysis and trigonometry. The real component accounts for 

the resistance that is independent on frequency while the imaginary component 

accounts for the capacitance that is dependent on frequency. The real and imaginary 

components are expressed in equations 33 and 34 respectively.  

 

 

 

| | cos
'

| | cos

o

o

V t
Z

I t



 



 (33) 

 

 

 

| | sin
''

| | sin

o

o

V t
Z

I t



 



 (34) 

 

The real and imaginary impedance, phase angle and the magnitude of impedance are 

the four basic experimental data that are determined by EIS measurement, and are 

expressed from equations 35 to 37. 

 

 ( ) ' ''Z Z jZ    (35) 

 

''
tan

'

Z

Z
   (36) 

 

2 2 2| | | ' | | '' |Z Z Z   (37) 

 

The various physicochemical processes such as electron and ion transport, liquid-gas 

transport occur at different rates within the alkaline electrolyser and therefore take 
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place at different characteristic time constants and AC frequencies. The overall 

equivalent circuit model of the EIS data is used to extract information about 

physicochemical properties of the electrode. For example as shown in Figure 2-7, the 

simple equivalent circuit model describes the transport resistance of the electrolyte 

solution (Rs) that is in series with a parallel combination of polarisation resistance 

(Rp) and double-layer capacitance ( dlC ) of the electrode.  

 

        
Rp

RS

Cdl

 

  Figure 2-7  Equivalent circuit model for an ideal alkaline electrolyser 

 

For example if a 10 Ω precision resistor (Rs = 10 Ω) is in series with a parallel 

arrangement of 100 Ω precision resistor (Rp = 100 Ω) and 100μF precision capacitor 

( dlC  = 100 μF), the resulting Nyquist and Bode plots are shown in Figure 2-8.  
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Figure 2-8 (A) Nyquist plot showing real and imaginary impedance, (B) Bode plot 

showing phase angle, frequency and magnitude of impedance 

 

As indicated in Figure 2-8(A) the resistance is determined from the Nyquist plot. The 

Ohmic resistance is determined at the high frequency region and the total resistance 

which is sum of polarisation and Ohmic resistances is determined at the low 

frequency region. Thus on the real impedance axis the distance from origin is the 

Ohmic resistance and the diameter of the semi-circle is the polarisation resistance. 

The double-layer capacitance is determined based on the imaginary impedance at a 

specific frequency as expressed in equation 38. 

 

1
''

dl

Z
C j


 (38) 

 

The exchange current density of the electrode can be determined reliably from EIS 

measurement of polarisation resistance. As expressed in equation 39, [64] the 

polarisation resistance is inversely proportional to the exchange current density.  

 

              Rs  + Rp Rs 

                 Low frequency 

High frequency 

        Increasing frequency 
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 (39) 

 

The main advantage of EIS measurements is to accurately determine the Ohmic 

resistance. Under DC measurements, the Ohmic resistance cannot be completely 

isolated because the cell resistance is sum of activation and Ohmic resistances due to 

gas blanketing of the electrode at relatively low or zero frequency. The Ohmic 

resistance however can be determined by EIS measurement at high frequency. The 

Ohmic overvoltage can then be determined based on equation 40. Further, IR 

compensation can be carried-out by subtracting Ohmic overvoltage from the total 

cell voltage as expressed in equation 41, thereby determining the activation 

overvoltage that takes place under relatively low to medium current density of 

operation. 

  

OhmicE JR  (40) 

act cell OhmicE E E   (41) 

 

 

2.5 Comparison of Operational Costs for the Ambient and Conventional 

Temperature Alkaline Electrolysers 

 

The conventional temperature alkaline electrolyser mainly produces hydrogen as an 

energy carrier in the hydrogen energy system. Auxiliary sub-units are required to 

operate the conventional temperature alkaline electrolyser. These units include: 

heaters, heat exchangers, separators, deoxidisers, and driers, which are needed for 

heating and cooling of the electrolyte and to effectively separate the hydrogen gas 

from the liquid-gas or product gas mixtures. However, the auxiliary sub-units incur 

additional investment cost [6, 35]. In particular, the heaters, and heat exchangers 

consume electricity and consequently increase operational costs for hydrogen 

production, in addition with capital and maintenance costs of the equipment. For 

example, Figure 2-9 illustrates an operational system that optimises heating and 

cooling requirement of the conventional temperature alkaline electrolyser. 
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Figure 2-9 Optimised system operation for hydrogen production from the conventional 

temperature alkaline electrolyser 

 

The hydrogen production cost is the ratio of total operational costs to hydrogen 

production rates. Table 2-2 presents commercial data for a conventional temperature 

single-cell alkaline electrolyser, assuming that the efficiency is 86 % (HHV) [28], 

and in Table 2-3 shows the feedstock and utility cost, assuming 70 % efficiency for 

the heater and heat exchanger [28]. The hydrogen production cost is estimated based 

on equations 42 to 52 and presented in Table 2-4.  

 

Table 2-2 Commercial data for the conventional temperature single-cell alkaline electrolysers 

[28] 

Cell energy 

requirement 

(KWh/Kg) 

[28] 

Hydrogen 

production 

rate 

(Kg/hr) 

Outlet 

pressure 

(bar) 

Operating 

temperature 

(
o
C) 

Maximum 

power 

(kW) 

45.62 4.49 1 80 6.6 

 

 

 

 

 

 

 

 

   

H2O+KOH at 
23oC and at 

4.49kg/hr 

  H2O at 80oC 
    

 and 2.2kg/hr 

 

H2O at 23oC 

and at 2.2kg/hr 

 

H2O at 23oC and at 2.2kg/hr 

80oC 

H2O at 24oC 

and at 2.2 kg/hr   

                 Heat exchanger 2  

                 (Cooling of feed)   

Alkaline electrolyser   

Heater         

 

   H2+KOH+H2O                                   H2+H2O                                      

                                        

0.14 kWh   

0.0052 kWh   

Separator    

         H2 

                          

H2O 

 KOH and 

H2O tank 

   H2 storage 

                

Drier  
           

                 

   
 

   Heat exchanger 1 

     (Heating of feed)              

0.29 kWh   

 H2O+KOH 

at 80oC and at 4.49kg/hr 

                   
Deoxidiser 

 

H2O +KOH at 84
o

C and at 4.49kg/hr 

      O
2
 

Separator 

                     H
2
O 

  O2+KOH+H2O                                                                           

                                        

45.62 kWh/kg   
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Table 2-3 Assumptions for feedstock and utility requirement for the conventional temperature 

single-cell alkaline electrolysers [1, 11]* 

2 /H O KOHX

(kg/hr) 
2H OX  

(Kg/hr) 
heaterU  

(kWh) 

U heat exchanger 1 

 

(kWh) 

Uheat exchanger 2 

 

(kWh) 

Industrial 

electricity 

price 

($/kWh) 

Industrial 

heating 

price 

($/kWh) 

Demineralised 

water price  

 

($/kg) 

4.49 2.2 0.14 0.29 0.0052 0.21 0.09 1.61 
*GBP £1= US $1.61 as at the time of writing this report  

 

=  Cell energy requirement Hydrogen production rate  Electricity price  (42)electricityY     

 

 2 2 2353 297= ( ) ( )   (43)heater H O H O H OU H T H T X     

= Heat price × Efficiency  (44)heater heaterY U    

 

    

 

Where 

heat exchanger 1 heat exchanger 1= U Efficiency  (46)Q   

 2 2 2heat exchanger 1 353 296 /U ( ) ( )  (47)H O H O H O KOHH T H T X      

heat exchanger 2 heat exchanger 2= U Efficiency  (48)Q   

 2 2 2heat exchanger 2 357 353 /U ( ) ( )  (49)H O H O H O KOHH T H T X     ; 

 

2min   = Demineralised water cost  (50)de eralised water H OY X   

 e min  (51)Total electricity heater heat xchanger de eralisedwaterY Y Y Y Y     

2

2

H  production cost  (52)
H  production rate

TotalY
   

 

Table 2-4 Operational and hydrogen production costs for the conventional temperature        

single-cell alkaline electrolyser 

electricityY  

($/hr) 

heaterY  

($/hr) 

 exchangerheatY  

($/hr) 

min  de eralised waterY  

($/hr) 

TotalY  

($/hr) 

2  production costH  

($/kg) 

43.02 0.0090 0.081 3.54 46.65 10.39 

 

 

heat exchanger heat exchanger 1 heat exchanger 2= Q Q   Electricity price  (45)Y  
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As can be seen from Table 2-4, heating cost is insignificant compared with electricity 

cost which contributes to about 85 % cost of hydrogen. This means electricity cost 

contributes greatly to hydrogen cost. Therefore the industrial practice is to reduce 

electricity consumption by increasing heat consumption as described based on     

Figure 2-2. This is economical as long as low-cost heat can be sourced as waste              

by-products from industrial plants. However, this is only profitable for the people in 

the business of producing hydrogen that can also be sold as chemical feedstock raw 

material for other industrial applications. In the case of producing hydrogen for 

energy storage applications, electrical heating of electrolyte is the only option 

especially in remote communities where heat sources are not readily available, and 

since the heaters and heat exchangers consume additional electricity, the overall 

operational cost is increased and the alkaline electrolyser is limited for dynamic and 

continuous operation with the electrical grid or wind energy sources. 

 

The remedy to this problem is to develop a hydrogen and oxygen energy system that 

utilises the ambient temperature alkaline electrolyser in order to reduce auxiliary 

utilities. The cost of hydrogen can be reduced in the ambient temperature alkaline 

electrolyser by reducing auxiliary subunits thereby reducing operational, 

maintenance and capital cost investments. Since the alkaline electrolyser is operated 

at the ambient temperature of say 23
o
C, there is minimal or no use of external heaters 

and heat exchangers. Further, as there is internal heat generation, the hot aqueous 

electrolyte can be recycled to the alkaline electrolyser in order to enhance the 

efficiency as illustrated in Figure 2-10. 
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Wind Electricity

KOH +O2 +H2O 

at ~53
o
C

Electrolytic Hydrogen and Oxygen  Production

Electrical grid network or stand-alone generation

SeparatorH2O +KOH at 23
o
C

Electricity

KOH +H2 +H2O 

at ~53
o
C

KOH +H2O at ~53
o
C

KOH +H2O at ~53
o
C

Separator

O2 

Storage

H2 Storage

KOH +H2O

Storage

O2 

H2 

KOH +H2O at ~53
o
C

Drier/

Purifier

Drier/

Purifier

KOH +H2O 

Storage

Figure 2-10: Electrolytic production of hydrogen and oxygen from the ambient 

temperature alkaline electrolyser 

  

It should be noted that based on the model of equation 10, the electrolyte temperature 

is increased to about 53
o
C and as illustrated in Figure 2-10, heat removal from the 

electrolyte is no more necessary thereby eliminating external coolers or heat 

exchangers. It should be noted also that in the conventional temperature alkaline 

electrolyser, as a result of internal heat generation the electrolyte temperature could 

rise up to 100
o
C where there is evaporation of water that can result in increase in 

electrolyte concentration and consequent increase in corrosion rates of the cell 

components. For this reason, external heat exchangers or coolers are required in the 

operation of conventional temperature alkaline electrolysers in order to cool and 
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maintain the electrolyte temperature below the boiling point of water at about             

70
o
C -90

o
C. In the ambient temperature alkaline electrolyser however, as a result of 

internal heat generation the electrolyte temperature could rise up to 53
o
C                        

(see Figure 2-10) which is below the boiling point of water, and since there is no 

evaporation of water, external heat exchangers or coolers and driers are eliminated in 

the operation of ambient temperature alkaline electrolysers. 

 

In Figure 2-11, it is illustrated that the hydrogen and oxygen product gases from the 

alkaline electrolyser can be directly utilised as energy source for the operation of 

alkaline fuel cell to essentially generate back electricity. This type of arrangement of 

an alkaline electrolyser and an alkaline fuel cell is a regenerative alkaline fuel cell, 

and it is evident that auxiliary sub-units such as separators, gas driers, and 

deoxidisers are eliminated in the operation of a regenerative alkaline fuel cell.  
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Alkaline 

Electrolyser 

Wind Electricity

KOH +O2 +H2O at 

~53
o
C

Hydrogen and Oxygen  Energy System

Electrical grid network or stand-alone generation

Alkaline Fuel Cell

StorageH2O +KOH at 23
o
C

Electricity

Electricity

KOH +H2 +H2O 

at ~53
o
C

KOH +O2 +H2O at 

~53
o
C

KOH +H2 +H2O 

at ~53
o
C

Storage

KOH+ H2O 

Storage

Figure 2-11: Hydrogen and Oxygen Energy System utilising the ambient temperature 

alkaline electrolyser 

 

 

Further, in Figure 2-12, it is illustrated that the ambient temperature regenerative 

alkaline fuel cell is potentially suitable as a flexible and portable technology for 

micro-generation applications such as in stationary, portable and transport systems. 

Example of these applications include: CHP generation for residential and/or 

commercial buildings, portable electronics such as laptop and mobile phone devices, 

and ‘true’ hybrid fuel cell electric vehicles. 
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KOH/H2O 
Tank Alkaline electrolyser 

½ O2/KOH

H2/KOH

DC Load
H2O /KOH ~25oC

Combined Heat and Fuel generation Combined Heat and Power generation
Micro-generation

DC supply

Alkaline fuel-cell 

Storage

H2/KOH
~25oC

~23oC

~25oC

~25oC

½ O2/KOH

Storage

 
Figure 2-12 Micro-generation application of the ambient temperature alkaline electrolyser 
 

As the auxiliary units as well as auxiliary electricity consumption are significantly 

minimised in the ambient hydrogen and oxygen energy system, the ambient 

temperature alkaline electrolyser can be operated continuously under dynamic wind 

electricity input. This implies that the ambient temperature alkaline electrolyser is 

potentially capable of wider operational range of 5%-100% of the rated electrical 

power capacity and faster response time less than a second compared to the 

conventional temperature alkaline electrolyser.   

 

The hydrogen and oxygen that is produced from the alkaline electrolyser is in the 

ratio of 2:1 respectively, thus the product gases can be directly utilised in the alkaline 

fuel cell for energy conversion and for distributed electricity generation. By 

increasing rates of hydrogen and oxygen production from the alkaline electrolyser- 

which can be achieved by electro catalysis and good electrochemical engineering of 

the cell, it is anticipated that round trip-energy efficiency can be increased. Hence, 

the regenerative alkaline fuel cell can be utilised for micro-generation applications, 

as one unit serves for combined heat and fuel (CHF) generation while the other unit 

serves for combined heat and power (CHP) generation. Although considering the 

model of equation 10, internal heat generation will be relatively higher in the 

ambient temperature alkaline electrolyser due to relatively higher overpotential. 

Nonetheless, as the electrolyte temperature is not up to the boiling point of water, the 

electrolyte can be directly recycled to enhance the efficiencies for hydrogen and 

53oC 53oC 

53oC 53oC 
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oxygen production thereby eliminating any need for heat removal or electrolyte 

cooling. 

 

The hydrogen and oxygen production costs are estimated as the ratio of the total 

operational cost to their respective production rates. For example assuming 80% 

efficiency for the ambient temperature alkaline electrolyser, Tables 2-5 and 2-6 

present preliminary operational data for the electrolyser and based on equations 53 to 

59 the operational costs as well as hydrogen and oxygen production costs are 

estimated and presented in Tables 2-7 and 2-8 respectively. It is reasonable to 

assume 80 % efficiency for the ambient temperature alkaline electrolyser considering 

that- as demonstrated in this research from Chapters 3 to 8, the efficiency can be 

increased by electro-catalysis, and good electrochemical engineering of the cell 

involving ‘zero-gap’ cell configuration, forced or natural circulation of the 

electrolyte and product gases in order to enhance ionic conductivity and facilitate 

gas-bubble removal from the electrode surface. 

 

Table 2-5  Assumed data for the ambient temperature alkaline electrolyser 

Cell energy 

requirement 

(KWh/Kg) 

Hydrogen 

production 

rate 

(Kg/hr) 

Oxygen 

production 

rate 

(Kg/hr) 

Outlet 

pressure 

(bar) 

Operating 

temperature 

(
o
C) 

49.26 4.49 2.24 1 23 

 
Table 2-6 Assumptions for feedstock and utility for the ambient temperature alkaline 

electrolyser 

2 /H O KOHX  

(kg/hr) 

2H OX  

(Kg/hr) 

Industrial 

electricity 

price 

($/kWh) 

Demineralised 

water/KOH 

price ($/kg) 

4.49 2.2 0.21 1.61 

 

2electricity for H  production  = Cell energy requirement  Hydrogen production rate  Electricity price  (53)Y  
 

2electricity for O  production  = Cell energy requirement  Oxygen production rate  Electricity price  (54)Y    

2min   = Demineralised water price  (55)de eralised water H OY X   
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2cost for H  production electricity for hydrogen production emineralised water  (56)dY Y Y 
 

2cost for O  production electricity for oxygen production demineralised water  (57)Y Y Y   

2cost for H  production

2

2

 production cost  (58)
 production rate

Y
H

H
   

2cost for O  production

2

2

 production cost  (59)
 production rate

Y
O

O


 

 

Table 2-7: Operational costs for the ambient temperature alkaline electrolyser 

2electricity for H  productionY

 ($/hr) 

2electricity for O  productionY   

($/hr) 

min  /de eralised water KOHY  

($/hr) 
2cost for H  productionY  

($/hr) 

2cost for O  productionY
 

($/hr) 

46.45 23.17 3.54 49.99 26.71 

 

 

Table 2-8: Production costs for the ambient temperature alkaline electrolyser 

2  production costH  

($/kg) 

2  production costO  

($/kg) 

11.13 11.92 

 

It should be noted that based on Table 2-5, the hydrogen production rate is                  

107.7 kg/day which is in the category of small forecourt size conventional 

electrolysers [46]. By comparing Table 2-8 and Figure 1-5, it is estimated that the 

cost of hydrogen production from the ambient temperature alkaline electrolyser is 

lower by about $2.48 /kg compared with the selling cost of hydrogen from small 

forecourt size conventional electrolysers. However, the hydrogen production cost 

from the ambient temperature alkaline electrolyser is higher by about $8.28 /kg 

compared with the US DoE target of $2.85 /kg for hydrogen selling price by the year 

2015. It is still unclear whether the US DoE target for hydrogen selling price is 

relevant to compare with production costs from the alkaline electrolyser. This is 

because the hydrogen selling price only takes account of the production of hydrogen, 

whereas the alkaline electrolyser produces both hydrogen and oxygen. The hydrogen 

and oxygen gases can be directly utilised in the alkaline fuel cell to essentially 

generate back electricity, therefore the hydrogen and oxygen production costs should 

be accounted as shown in Table 2-8 which indicates that there is an added value for 
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producing and storing oxygen thereby ultimately reducing the overall cost of 

production.  

 

The energy that is stored in the hydrogen and oxygen product gases can be converted 

back into electricity, and based on 70% efficiency for each of the alkaline 

electrolyser and alkaline fuel cell, the overall efficiency can be up to 49 %. This 

means that at least 49 % of electricity that is consumed in the ambient temperature 

alkaline electrolyser can be recovered. The remaining 51% is converted into heat that 

can be inherently utilised by recycling the electrolyte in order to enhance efficiency 

of the cell. The overall efficiency can be increased further by increasing rates of 

hydrogen and oxygen production from the ambient temperature alkaline electrolyser, 

which can be achieved by electro-catalysis and good electrochemical engineering of 

the cell. 

  

The overall efficiency can be increased further by increasing the kinetic efficiency of 

the electrodes and electro-catalysts at the ambient temperature. The kinetic efficiency 

can be increased by minimising reaction resistances, transport resistances due to              

gas-bubble coverage on the electrode surface and concentration polarisation at the 

high current density of operation. In general, efficiency improvement and heat 

management should be considered in order to improve performance and reduce the 

cost of the ambient temperature alkaline electrolyser. 

  

Gas losses can be reduced by eliminating the gas drier in the hydrogen and oxygen 

energy system that utilises the ambient temperature alkaline electrolyser. About 4 % 

of gas losses from the drier regeneration unit have been reported [7] for a 

conventional alkaline electrolyser system. The drier unit is no longer required in the 

ambient hydrogen and oxygen energy systems that are illustrated in Figures 2-10 and 

2-11. This is because at the ambient operating temperature, although there might be 

internal heat generation, the electrolyte temperature would not rise up to the boiling 

point of water so that the product gases are not mixed with water vapour. Moreover, 

the alkaline electrolyser produces hydrogen and oxygen product gases that can be 

directly utilised in the alkaline fuel cell as shown in Figures 2-11 and 2-12. Since gas 
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losses are reduced, the hydrogen and oxygen production rates will be higher in the 

ambient hydrogen and oxygen energy system compared to the conventional 

hydrogen energy system. Table 2-9 summarises the comparison between the ambient 

and conventional temperatures alkaline electrolysers. 

 

Table 2-9: Comparison of the ambient and conventional temperatures alkaline 

electrolysers 

Conventional temperature alkaline 

electrolysers 

Ambient temperature alkaline 

electrolysers 

Requires external heating of the 

electrolyte solution 

No need for external heating of  the 

electrolyte solution 

Requires cooling of the unreacted  

electrolyte solution 

No need for cooling of the unreacted 

electrolyte solution.  

Requires ‘auxiliary’ electricity 

consumption in heaters, heat exchangers 

and driers.  

‘Auxiliary’ electricity consumption is 

significantly reduced by eliminating or 

reducing auxiliary equipment such as 

heaters, heat exchangers and driers. 

Requires dryers to remove water vapour 

or moisture from the product gases. 

No need for dryers as there might not be 

water vapour in the product gases. 

Relatively higher capital, operating and 

maintenance costs. 

Relatively lower capital, operating and 

maintenance costs. 

Relatively higher efficiency for 

production of hydrogen and oxygen. 

Relatively lower efficiency for 

production of hydrogen and oxygen 

Relatively higher rates of corrosion or 

degradation of the cell components Relatively lower rates of corrosion or 

degradation of the cell components. 

Limited to operational range within 20% 

and 100% of the rated electrical power 

capacity.  

Wider operational range potentially 

within 5% and 100% of the electrical 

power capacity. 

Slower response time for optimum 

performance at start-up. Faster response time for optimum 

performance at start-up 

Too complex for flexible applications 
More compact for portable, stationary 

and transport applications. 
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2.6 Cell Design, Configuration and Geometry 

 

The two main types of cell designs are monopolar or tank type and bi-polar filter 

press. Hydrogenics are recognised to be leaders in monopolar cell design [6, 28]. 

However, the cell design based on the bi-polar principle is common with the 

commercial alkaline electrolyser manufacturers as shown in Table 2-10. 

 

 Table 2-10 Data for the industrial alkaline electrolysers [6, 75 - 77] 
Manufacturer Cell type Operating 

temperature 

(oC) 

Operating 
pressure 

(bar) 

Electrolyte 
(% wt) 

Current 
density 

(kAm-2) 

Cell 
voltage 

(V) 

Cell 
efficiency 

Electrode 
surface 

structure and 

composition 

Hydrogenics Monopolar 

tank 

70 1 28 1.34 1.90 64.70 Nickel-plated 

steel 

Norsk Hydro Bi-polar 
filter press 

80 1 25 1.75 1.75 70.28 Perforated 
sheet metal 

activated by 

NiS coating 

DE Nora 

S.P.A 

Bi-polar 

filter press 

80 1 29 1.5 1.85 66.49 Expanded 

metal made of 

nickel-plated 
mild steel and 

sulphide-

activated  

LURGI, 
GmbH 

Bi-polar 
filter press 

90 30 25 2 1.86 66.13 Honey comb 
nickel-plated 

steel 

  

In the monopolar cell design, each individual electrode and its feed line is either an 

anode or a cathode having only one polarity such that a number of single separate 

cells are electrically connected in parallel to one another as shown in Figure 2-13. 

The electrical connection however involves relatively long electrical cables which 

increases the electrical resistance. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

H2 O2 H2 O2 

- 

+ 

             Separator 

              Current Flow 

             Single-cell 
             Single-cell 

Figure 2-13  Schematic diagram of the monopolar cell design  
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In the bi-polar cell design, each individual metallic electrode serves as a                    

current-carrying element supplying on one side the cathode and on other side the 

anode and as a partition wall separating one cell from the next. Each electrode is 

electrically in series with its neighbour. Thus the cathode and anode are integrated in 

one single metallic part which simultaneously separates the anode and cathode 

chamber of two adjacent cells that are all connected in series via the electrolyte 

solution [28]. The bi-polar cell has the advantage of increasing the number of 

electrodes as shown in Figure 2-14 but the electrical cables for current collection are 

long, which can increase the electrical resistance [6]. However, the electrical cables 

in the bi-polar cells are relatively shorter than in the monopolar cells as also 

indicated in Table 2-11. 
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Figure 2-14  Schematic illustration of the bi-polar cell design 
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Table 2-11  Comparison of monopolar and bi-polar cell designs 

Monopolar cell design Bi-polar cell design 

Simple design structure   Requires precise method of fabrication 

Common for atmospheric electrolysers 

that are designed as tank-type and 

immobilised aqueous electrolyte 

solution.   

Common for pressurised electrolysers 

that are designed as flow-type for 

circulation of the aqueous electrolyte 

solution. 

Not easily adaptable for compact systems Easily adaptable for compact systems 

Higher electrical resistance due to 

relatively longer current path length of 

electrical wiring. 

Lower electrical resistance due to 

relatively shorter current path length of 

electrical wiring. 

Relatively safe by natural circulation of 

the electrolyte. 

Pressure operation can result in 

electrolyte and gas leakage between the 

cells. 

Complete cell shut-down can be           

carried-out by disconnecting adjacent 

cells from the electrical power source. 

Cell shut-down is partial due to parasitic 

or residual currents that can cause mutual 

depolarisation of electrodes [6, 28]. 

Typical operating voltage is 2.2 V for a 

single-cell [28]. Typical operating voltage is 2.2(n-1)V, 

where n is the number of electrodes [28]. 

 

The bi-polar filter press is an advanced electrolyser cell design that is a hybrid of the 

monopolar and bi-polar cell designs. It has the main advantage of relatively short 

current path length of the electrical input terminals. In other words, the electrical 

resistance is reduced by reducing the length of electrical wiring for current 

collection. The electrical source is connected ‘point-wise’ in order to reduce the 

current path length. The direction of the current is from one end of the ‘cell pack’ to 

the other. This means only the two end monopolar electrodes are connected to the 

electrical power source. The bi-polar filter press permits use of electrodes that have a 

high surface area. The electrode chamber may consist of a single massive assembly 

of relatively large number of monopolar or bi-polar electrodes that are held together 

by heavy longitudinal tie rods. The assembly of cells has superficial resemblance to a 

filter press because the electrolyte is manifolded to flow through each cell as well as 

the hydrogen and oxygen exit lines. Figure 2-15 illustrates the filter-press cell 

construction that was developed in this study for characterising the electrode. 
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Figure 2-15  Schematic illustration of the bi-polar filter-press cell construction 

 

 

The cell design permits use of high surface area electrodes in order to uniformly 

distribute the current and minimise overvoltage losses. For example based on 

equation 58 [6], the voltage drop can be minimised for the electrode mesh that has 

three dimensional surface area and reduced distance of separation between adjacent 

wires. 

                                 
2

electrode

E

L J
E

t


   (58) 

2.6.1 Cell Geometry 

 

The method of constructing the ‘zero-gap’ cell geometry involves sandwiching of 

anode and cathode together with the membrane separator as shown in Figure 2-16           

[6, 78]. 
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Figure 2-16 Schematic illustration of ‘zero-gap’ cell construction 
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The gap between the electrodes or adjacent cells of the electrolyser is important 

because it determines the travel distance of electro-active ions in the electrolyte, and 

mass transport of gas-bubbles which influence on transport resistance [79]. A smaller 

gap would reduce internal resistance for ionic transport, minimise concentration 

polarisation of electro-active ions and facilitate mass transport of produced                

gas-bubbles from the electrode surface. However, the gap needs to be not too small 

in order to allow space for gas bubble movements [61]. 

 

Nagai et.al [80] has reported an optimum gap of 1-2 mm between the electrodes at an 

operational current density of over 0.5 A/cm
2
. This has been recognised as the               

‘zero-gap’ cell configuration. They have observed that separation distance between 

the electrodes do not only influence ionic transport but also the rate of bubble 

formation especially at a high current density of operation. Their results indicate that 

cell voltage efficiency increases with reduced space between the electrodes and 

reduced height of each electrode. By reducing the height of the electrodes the current 

path length is minimised thereby improving uniform current density distribution in 

accordance with equation 59 that also permits the use of thin membranes in order to 

minimise internal cell resistance.  

 

membrane

anode cathodeE E
J

h


  (59) 

 

 

The micro-porous polypropylene membrane that is manufactured by Celgard® [81] 

was used for this research. A comparison of this membrane with other types of 

diaphragm material is given in Table 2-12. 
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Table 2-12  Comparison of membranes in the alkaline electrolyser [ 6, 75, 81] 

Material *Gas 

breakthrough 

pressure/bar 

Surface-specific 

electrical 

resistance  

(Ohm-m
2
) 

Remarks 

Polypropylene (Celgard
®

 5550) 0.012 ~1×10
-5

 Stable in KOH up 

to 80
o
C 

Asbestos polymer reinforced 0.03 3×10
-5

- 4×10
-5

 Not stable in 

concentrated 

KOH above 90
o
C 

Polysulphone  0.10 2×10
-5

- 3×10
-5

 Stable in KOH up 

to 120
o
C 

NiO ceramic supported on 

nickel metal net 

0.25 1×10
-5

- 2×10
-5

 Manufactured by 

oxidative 

sintering process 

Ba(Ca)TiO3 ceramic supported 

on nickel net 

0.30 1×10
-5

- 2×10
-5

 Manufactured by 

reductive 

sintering process 

Polyphenylene sulphide 

(Ryton)/Polytetrafluoroethylene  

0.02 1×10
-5

- 2×10
-5

 Stable in KOH up 

to 160
o
C 

* The minimum differential pressure across the membrane for gas to pass through; it depends on pore size and porosity of the 

membrane.  

 

The pore size, porosity, surface-specific resistance, thickness, mechanical strength 

and chemical stability of the membrane are important for application in the alkaline 

electrolyser. The pressurised operating environment increases supersaturation of the 

electrolyte with gases which can occlude in the pores of the membrane, and 

consequently increase internal Ohmic resistance [6]. The membrane should therefore 

be hydrophilic, possess appropriate pore size, and porosity that allow ionic transport 

of hydroxyl ions, and prevent mixing of hydrogen and oxygen gas molecules or 

clogging of the pores by gas bubbles. It should also be chemically and structurally 

stable in the corrosive environment and filter-press system. Thus a pore size lower 

than 10 μm and porosity of at least 50 % is recommended [6] for the membrane in an 

alkaline electrolyser. The Celgard
®
5550 membrane [81] meets these requirements as 

it possess pore size of 0.064 μm, porosity of about 55 %, thickness of 110 μm and a 

tensile strength of 1600 kg/cm
2
. Moreover, the Celgard

®
5550 membrane has a 

surface–specific resistance that is lower by 0.1 Ω-cm
2 

compared to the allowable 

maximum surface-specific resistance of membrane
 
[6] in the electrolyser. Also, the 
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membrane is structurally and chemically stable in KOH electrolyte at the ambient 

and conventional operating temperature of alkaline electrolysers. The conductivity of 

KOH electrolyte solution increases with temperature by about 2 % -3 % per degree 

Celsius [6], however, corrosion rate due to the KOH electrolyte solution also 

increase with temperature at the same rate. A good membrane however, should 

withstand corrosion as the electrolyte temperature changes.   

 

2.7 Efficiency and Corrosion Rates of Electrode Materials in the Conventional 

Temperature and Ambient Temperature Alkaline Electrolysers 

 

Electrolyser efficiency gains must be balanced against any additional capital cost 

incurred for the electrode [82]. For this reason, nickel plated steel [83] and nickel 

alloys [84-85] are widely used as electrode materials to minimise HER overpotentials 

and to increase the efficiency of the alkaline electrolyser. Nickel (Ni) metal is not 

used in its pure metallic form because of its higher cost compared to stainless steel 

(SS) metal [28] as shown in Figure 2-17, therefore stainless steel that is relatively 

lowest-cost is the choice electrode substrate for nickel based electro-catalyst.  

 

 

Figure 2-17  Comparison of electrode material cost
 
[86] 

 

However, hydrogen embritlement is accelerated in steel electrodes under cathodic 

polarisation in hot KOH electrolyte [6]. As a consequence, steel electrodes are not 

stable at the higher operating temperature of alkaline electrolysers. Steel is more 

in $/wt 
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susceptible to corrosion at the higher temperature of 100
o
C than at the ambient 

temperature of 25
o
C as shown in the Pourbaix diagram

9
 in Figure 2-18 [87]. Nickel 

however has better resistance to cathodic corrosion than steel [6], thus a nickel-plated 

steel cathode and a nickel alloy anode are common electrodes in commercial alkaline 

electrolysers. 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 2-18 Potential-pH (Pourbaix
10

) diagrams for steel. Corrosion of steel takes place due to 

hydride formation (HFeO2
-
), which increases at higher operating temperature up to 100

o
C; 

Source [6]. 

 

The voltage efficiency is increased by increasing the conductivity of the KOH 

electrolyte at relatively higher operating temperature. The conductivity of 30 % (by 

weight) of the KOH electrolyte is increased by up to 3 % per degree Celsius [83] as 

shown in Figure 2-19. As can be seen, the conductivities of caustic potash (KOH) 

and caustic soda (NaOH), which are commonly used as electrolytes in commercial 

electrolysers, increase with temperature as well as concentration and reach optimum 

values at around 150
o
C and then the conductivities begin to decrease. This implies 

that 150
o
C is the operational limit for higher temperature alkaline electrolysers. 

                                                 
10

 A Pourbaix diagram is a potential-pH plot that describes the regions of thermodynamic stability and corrosion of an electrode 

in contact with the electrolyte solution. 
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Figure 2-19  Temperature dependence of the electrical conductivity of aqueous solution of KOH 

and NaOH; Source [6] 

 

The energy losses due to overpotential are minimised by raising the operating 

temperature of the alkaline electrolyser. However, the electrode and electro-catalyst 

materials are less stable at the higher operating temperature [28]. As such, 

researchers [88-90] are aiming to develop electrodes and electro-catalysts that exhibit 

maximum electrical conductance, minimum overvoltage and long-term durability. 

For example, Martin et al [91] have reported that Raney nickel (an alloy of nickel 

and aluminium or zinc) impregnated with cobalt oxides has a better performance due 

to a reduction of anodic overpotential by more than 130 mV after 24 hr of 

electrolysis at 80 
o
C and at a current density of 1000 mA/cm

2
. 

 

2.7.1 Research Trends on Electrode and Electro-catalyst Materials 

 

In general, it is desirable to make the electrode surface area as large as possible in 

order to maximise the reaction area and minimise the overpotential losses. Large 

surface areas can be achieved by fabricating the metal electrode in the form of 

perforated flat plates, large-area sheets, strips or mesh. For example in Figure 2-20, it 

can be seen that the electrode activity is influenced by the electrode surface structure, 

hence the nickel split sheet type 2 shows the highest activity because its overvoltage 

is lowest. Bailleux [92] reported these results on the effect of surface structure of 

nickel electrodes in 40% KOH at 120
o
C-160

o
C and 20 bar. The best result was 

obtained on a split sheet nickel metal that has a reticulated surface structure in the 
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form of a mesh. The anodic overpotential was reduced by 0.1 V in 2000 hr of 

electrolysis. 

 

 

Figure 2-20 Electrode efficiency by Bailleux and comparison with commercial target;        

Source [92] 

 

 

Catalytic active materials such as nickel alloys and molybdenum are applied to the 

electrode in order to reduce energy consumption and increase effective current 

density. Nickel based alloys are widely employed not only due to relatively low cost 

but the increased surface area of nickel oxides and ability of nickel to form complex 

compounds with other transition metals such as cobalt and molybdenum thereby 

enhancing the catalytic active sites [93-94].  

 

The method of manufacturing nickel electro-catalyst by thermal spraying or sintering 

at extremely high temperatures >800 
o
C requires significant energy expenditure, 

although these electro-catalysts developed by thermal methods are reported to be 

highly efficient. For example Balej [95] has achieved up to 1 A/cm
2
 at 2 V on a 

nickel flame-sprayed electrode in 40 % KOH at 100 
o
C as shown in Figure 2-21. 
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  Figure 2-21 Electrode efficiency by Balej and comparison with commercial target; Source  [95] 

 

 

The electrodes that were made by sintering are particularly suitable for high pressure 

electrolysis up to 30 atm [28]. This was partly due to porosity of the electrode. The 

oxygen overpotential for sintered porous nickel anodes was about 100 mV lower 

compared to smooth nickel anodes at current densities of 500-1500 mA/cm
2
 in 35 % 

KOH electrolyte [28]. The morphology of the nickel coatings is dependent on the 

sintering temperature and, to a lesser extent the sintering time [96]. For example a 

nickel electrode sintered by thermal cycling at 980
o
C-760

o
C for 30-35 min resulted 

in anodic overpotential being reduced by about 70 mV under electrolysis at                    

200 mA/cm
2
 in 30 % KOH electrolyte at 80

o
C. 

 

The activity of a coated nickel-foam anode has been reported [97]. The anodes were 

operated at 500 mA/cm
2
 in 40 % KOH electrolyte at 90 

o
C and the overpotential was 

reduced by 50-100 mV compared with the uncoated foamed nickel electrodes. 

 

Raney nickel that was made by electrodeposition from chloride electrolyte [98] has a 

high electrochemical activity due to a high surface area structure that was obtained 

by leaching of the alloying metals in an alkaline solution. The BET
11

 specific surface 

                                                 
11

 Brunauer-Emmett-Teller method for determining specific surface area of a material 
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area was greater than 25 m
2
/g for the leached anode at a deposition potential of           

1.07 V/SCE
12

 [97].  

 

The Raney nickel electrodes were further improved by doping with either lithium or 

cobalt. The best results were obtained by impregnating Raney nickel with cobalt 

oxides in order to reduce overpotentials by more than 130 mV after 24 hr of 

electrolysis at 80 
o
C and current density of 1000 mA/cm

2
 [92]. 

 

Similar result was reported by Ganley [99] for a cell that was operated at 400 
o
C and 

8.7 MPa. However, Ganley has observed limitations of the cell performance at higher 

temperatures due to electrode oxidation which results in deactivation. At a higher 

temperature, the electrolyte becomes more corrosive as water is evaporated and lost. 

It was observed [100] that at 200 
o
C the electrolyte is dehydrated to the point at 

which co-deposition of sodium, potassium and hydrogen atoms result in corrosion of 

the cathode electrode. 

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
1.6

1.7

1.8

1.9

2

2.1

2.2

2.3

Current density (A/cm2)

E
le

ct
ro

d
e
 s

u
rf

a
ce

 p
o
te

n
tia

l(
V

) Jason C.Ganley (2009)

 

 

US DOE Target

Nickel

Monel

Lithiated nickel

Cobalt plated nickel

 
Figure 2-22 Electrode efficiency by Ganley and comparison with commercial target;          

Source [100] 

 

The corrosion rate for high purity nickel in oxygenated KOH electrolyte has been 

reported [101] to be 10-15 µm/yr at 180
o
C, and for nickel mesh it is 30-45 µm/yr at 

130 
o
C. The corrosion products at 180 

o
C and 130 

o
C were NiO and Ni(OH)2 

respectively. Ni(OH)2 is the electro-catalyst precursor [102] and has optimum 

loading of about 1-4 mg/cm
2 

on the apparent anode surface area. As a result, the 

                                                 
12

Standard Calomel Electrode is a reference electrode that consists of mercury chloride. 
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oxygen evolution overpotential was 45-60 mV lower in Ni(OH)2-impregnated anodes 

compared to un-catalysed anodes at 200 mA/cm
2
 in 30 % KOH electrolyte and                 

80 
o
C. At higher loadings, however, overpotentials rose as the outer pores of nickel 

coatings became plugged with Ni(OH)2 resulting in the loss of effective anode 

surface area.   

 

Lithiated NiO electro-catalyst was prepared by vacuum decomposition of a mixed 

slurry of Ni(OH)2 and LiOH [103-108] followed by mixing the catalyst with 

tetraflouroethylene (TFE) binder and sintering onto nickel mesh. The BET specific 

surface area of the finished catalyst was 100 m
2
/g and the electronic resistivity 

reduced from >10
8
 Ω-cm to 100 Ω-cm. 

 

NiCO2O4 is a type of anode catalyst that was prepared by freeze-drying mixed          

Ni and Co nitrates, followed by vacuum decomposition at 250
o
C and final                          

heat-treatment for 10 hr at 400 
o
C in air. The resulting catalyst had a BET specific 

surface area of 70 m
2
/g and an electrical resistivity of 10 Ω-cm [103]. 

 

Chemical vapour deposition (CVD) of Ni(CO)4 gas followed by sintering at               

800 
o
C-1000 

o
C was the method used to prepare nickel whisker anodes [28,104-105]. 

The whisker anodes have a porosity of 90 % with a specific surface area of up to         

0.5 m
2
/g. The anodes were tested in 30 % KOH electrolyte at current densities of     

100 mA/cm
2 

to 1000 mA/cm
2
. The oxygen evolution overpotential was about 100mV 

lower on whisker anodes compared to multilayer nickel screens and there was no loss 

of structural integrity for up to 48 hr of electrolysis at 1000 mA/cm
2
. 

 

Appleby et al [106] have investigated oxygen evolution on smooth platinum and 

iridium electrodes compared to oxygen evolution on pure nickel. In 25 % KOH 

electrolyte, Ir was markedly superior to Pt in the temperature range of 25
o
C-90

o
C. 

However, neither Ir nor Pt was more effective than pure nickel as electro-catalysts. 

 

Pt, Pd, Rh and Ni coatings were electrodeposited onto foamed Ni anode supports and 

tested at a current density of 200 mA/cm
2
 in 30 % KOH electrolyte at 90 

o
C [99]. 
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The rhodium coating performed best providing a cell voltage of 1.72V, followed by 

Pd (1.74 V), Ni (1.75 V), and Pt (1.80 V). 

 

The work of Rosalbino et al [107] has demonstrated the unique synergy on electro-

activity of the transition metal alloys. On the basis of the Brewer-Engel valence bond 

theory [108 -109], the HER is enhanced over a wide range of current densities by 

alloying appropriate combinations of the transition metals. The HER takes place on 

the electrode surface and free electrons facilitate the electron transfer mechanism for 

adsorption of reactant water (i.e. the Volmer step). Also, empty orbitals facilitate the 

electron transfer mechanism for hydrogen desorption (i.e. the Heyrovsky step). This 

synergy of electron transfer process for the HER can be achieved by alloying 

different d-series of the transition metals. Thus the HER can be enhanced by alloying 

metals of filled d-orbitals that are on the right-half of the transition metal series with 

metals of empty d-orbitals that are on the left-half of the transition metal series. For 

example, alloying of metals such as Fe, Co or Ni with metals such as W, Mo, La, Hf 

and Zr. The lattice energy of the alloy determines its stability and depends on the 

electrostatic forces and inter-atomic distance between the alloying elements. By 

alloying metals from the left and right half-sides of the transition series, the 

electrostatic forces of attraction might increase and inter-atomic distance might 

reduce due to overlap of the electron orbitals of neighbouring atoms, and thereby 

increase the lattice energy as well as stability of the alloy. The extent of overlap of 

electron orbitals however can influence on catalytic activity of the individual 

hyperelectronic (i.e. the metal with high electron density e.g. Ni) and hypoelectronic 

(i.e. the metal with low electron density e.g. Mo) and ultimately influence                  

electro-activity of the alloy.  

 

The transition metals have the unique property to form complex metal oxides that 

have high surface area and high electrochemical activity. For example nickel metal 

has electronic configuration of [Ar] 4s
2
 3d

8
  that can form stable Ni

2+
 complexes 

such as Ni(OH)2 and NiO thereby increasing the electrode surface area.  For this 

reason, nickel can be suitable as an anode and cathode electro-catalyst in the alkaline 

electrolyser. By alloying of nickel and molybdenum that has electronic configuration 



 

 

 70 

of [Kr] 5s
1
 4d

5
, the electro-activity of Ni-Mo alloy is enhanced due to synergy. 

Nickel metal has free electrons to facilitate adsorption of reactant water on the 

electrode surface and molybdenum has vacant orbitals to facilitate desorption of 

hydrogen from the electrode surface. Moreover, Ni-Mo is relatively low-cost 

material that is suitable for large-scale applications. 

  

The method of electro-depositing Ni-Mo on the electrode substrate was described by 

Luciana et al [110]. Ni-Mo was electroplated on platinum electrode substrate at                 

30mA/cm
2
 for 1-2 hours under continued stirring of the plating solution at 25 

o
C. The 

plating bath composition is shown in Table 2-13, and it consisted of sodium citrate 

and citric acid. Citric acid was added to control the solution pH at 4.0, and sodium 

citrate was added to form complex compounds with nickel and molybdenum in the 

form of [Ni(II) LMoO2]ads intermediate where L is the ligand that is the organic 

compound [111-113]. The NiSO4 that is present in the plating bath induce                        

co-deposition of molybdenum as an intermediate of Mo(IV) [114-116]. The                       

co-deposition mechanism involves soluble nickel as catalyst and molybdenum as a 

co-catalyst that are deposited through an absorbed intermediate species on the 

electrode surface [114]. According to the authors [110, 116], the solution pH was 

maintained in acidic conditions in order to induce homogenous deposition of Ni-Mo 

on the electrode substrate. They observed that an increase in Ni (II) concentration 

facilitates the deposition process leading to films with greater thickness. Hence the 

composition of bath 2 (10:1 mixture of nickel sulphate and disodium molybdate 

respectively) was recommended for optimum electrodeposition of Ni-Mo catalyst. 

 

Table 2-13  Composition of plating solution for Ni-Mo catalyst prepared by Luciana et al  

Bath 

number 

[Ni (II)] 

(mol L
-1

) 

[Mo (VI)] 

(mol L
-1

) 

[Ni(II)/Mo(VI)] Sodium Citrate              

(mol L
-1

) 

pH 

1 0.01 0.01 1:1 0.02 4.0 

2 0.1 0.01 10:1 0.02 4.0 

3 0.01 0.1 1:10 0.02 4.0 

 

However, Weikang observed [117] that the Ni-Mo electro-catalyst is not highly 

stable under anodic oxidation due to leaching of it in a strong alkali solution. They 

observed that the nickel and molybdenum content in Ni-Mo have reduced by up to 
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15 % and 17 % respectively after oxidation treatments in KOH electrolyte at 70 
o
C. 

The work of Divisek and co-workers [118-119] have also reported loss in the activity 

of Raney nickel and Ni-Mo electrodes after long periods of continuous electrolysis 

due to oxidative dissolution of Al and Mo from the alloys respectively. As a result, 

there was visible destruction on the electrode surface after electrolysis. 

 

Weikang has developed the Ni-Mo electro-catalyst that consists of hydrogen storage 

intermetallic alloys which impart the properties of hydrogen adsorption to form 

hydrides and hydrogen desorption to form hydrogen molecules. This electro-catalyst 

significantly improves the voltage efficiency >100%, as the cell voltage is 

significantly reduced below the thermoneutral equilibrium cell voltage, and also 

lower than the commercial target for low cost hydrogen as shown in Figure 2-23. The 

hydrogen storage alloy electro-catalyst also imparted better time stability under 

intermittent and continuous operation in the conventional temperature alkaline 

electrolyser. It is believed that the hydrogen storage alloys prevent corrosion through 

a series of electrochemical steps involving adsorption of hydrogen during electrolysis 

to form metal hydrides and release of hydrogen during stand-by conditions to form 

water. However, the hydrogen storage alloys are made of rare-earth metals that are 

relatively high cost materials and therefore are not economical for large-scale 

commercial applications.  
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Figure 2-23 Electrode efficiency by Weikang and comparison with commercial target;        

Source [117] 
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Kaninski et al [120] have reported the method of depositing a Ni-Mo catalyst on the 

electrode by in-situ
13 

electrodeposition. The authors claim that by this method the 

electro-catalyst increase HER efficiency by about 20 %, and the activity is stable at 

the conventional temperature. A nickel complex salt; tris(ethylenediamine) Ni (II) 

chloride  (Ni (en) Cl2) and molybdenum salt; sodium molybdate (Na2MoO4) were 

mixed in a proportion of 10:1 respectively as optimum combination of the d-metal 

electro-catalysts. 

 

The alkaline electrolyser that was used in the HARI project consisted of nickel 

electrodes. It was reported that the efficiency increased by operating at the 

conventional temperature and high pressure, and the efficiency is lower than the DoE 

target for low cost hydrogen production as shown in Figure 2-24 [7]. However, the 

authors reported corrosion of the electrode due to hydrogen embrittlement [121]. 
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Figure 2-24 Electrode efficiency by Amitava and comparison with commercial target;         

Source [7] 

 

 

 

 

 

 

                                                 
13

In-situ electrodeposition is addition of catalyst in the electrolyte solution during electrolysis at a certain electrode potential or 

current density for depositing the catalyst on the electrode. 
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2.8 Conclusion of Chapter  

 

The primary focus is not only to increase efficiency but to increase stability of the 

electrode and electro-catalyst in the alkaline electrolyser. The longevity of 

electrolysers is important in order to minimise operational and maintenance costs as 

well as to increase the return on investments. However, the operational conditions of 

conventional temperature alkaline electrolysers accelerate corrosion of the electrode; 

particularly on stainless steel metal that is prone to hydrogen embritlement, and 

thereby reduce the lifetime of the electrolyser. The stability of stainless steel metal is 

relatively enhanced in the ambient temperature alkaline electrolyser, as the rate of 

hydrogen embritlement is minimised. Moreover, the ambient temperature alkaline 

electrolyser is capable of dynamic and fast response of operation, as well as efficient 

and low cost production of hydrogen and oxygen.  

 

Ni-Mo is the alloy catalyst of choice due to its superior electroactivity, high active 

area and relatively low cost. For this reason, extensive studies have been carried-out 

on the Ni-Mo catalyst, which are mostly in the conventional temperature alkaline 

electrolysers. However, in the next chapter the activity of this catalyst is investigated 

at both ambient and conventional operating temperatures, in order to provide 

evidence to support the case for utilising this catalyst in the ambient temperature 

alkaline electrolyser.  
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Chapter 3 

Comparative Thermal Investigation of the Electrode and Catalyst in 

a Conventional Alkaline Electrolyser 

 

3.1 Background and Theory 

As discussed in section 2.7.1, several of the research papers  [107,117,122-125] are 

investigating trying to increase the HER activity of the cathode electrode in order to 

increase the rate of hydrogen production and improve the electrolyser energy 

efficiency. Table 3-1 summarises the HER activity of the cathode electrode by some 

of the authors: 

Table 3-1: Summary of HER activity of investigated cathode electrodes in the 

conventional temperature alkaline electrolyser 

Reference source Type of                

electro-catalyst 

HER voltage (V) at 

200 mA/cm
2
 

Efficiency (%) 

[95] Nickel flame 

sprayed 

1.95 76 

[100] Cobalt plated 

nickel 

2.1 70 

[117] Mishmetal alloy 

containing Ni-Mo 

1.28 116 

 

A few authors [95,126] have claimed to develop electrodes that are highly stable 

under OER in an alkaline electrolyser. In the literature, activity of the electrode for 

HER and OER are treated separately, however in this chapter and subsequent ones 

the electrodes are characterised under HER and OER in view of enhancing the 

efficiencies for both hydrogen and oxygen production. The author’s flow-cell 

alkaline electrolyser was constructed to be able to capture the product gases that can 

be reused for fuel-cell operation. 

The exchange current density is commonly reported in the literature for evaluating 

and comparing activities of different types of electrode and electro-catalyst material. 
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But the Tafel method for determining exchange current density is unreliable as  

different researchers are obtaining wide varying results in the orders of tens of 

magnitude [70]. However, in this study the exchange current density is determined  

by EIS measurement of polarisation resistance as described by equation 39 under 

section 2.4. The exchange current density is the equal anodic and cathodic partial 

current densities under open-circuit. The exchange current density depends on the 

nature of electrode, and is determined to assess a suitable electrode for operation in 

the alkaline electrolyser. 

The reversible potential and ohmic overpotential can both be reduced by operating at 

the conventional electrolyser temperatures of 70-80
o
C. However, the activation 

overpotential is weakly dependent on temperature compared with the effect of 

exchange current density. In other words, the exchange current density significantly 

influence on the electrode kinetics and consequently enhance the rate of reaction. For 

example, although the overpotential is reduced by about 200 mV by increasing the 

operating temperature from 23
o
C to 80 

o
C, the overpotential however is reduced by 

more than 200mV by employing an electro-catalyst that increase the exchange 

current density [66-68,70]. Therefore energy efficiency can be improved 

thermodynamically in the conventional temperature alkaline electrolyser, and 

kinetically by employing electro-catalysts in the ambient temperature alkaline 

electrolyser. This chapter provides an overview of a general approach to characterise 

the electrode in the ambient and conventional temperatures, with a view to enhance 

efficiency as well as lifetime viability of the alkaline electrolyser. It also provides a 

brief insight on the open-circuit voltage (OCV) of alkaline electrolyser. Further 

details about activity of electrodes and electro-catalyst materials in an ambient 

temperature alkaline electrolyser are discussed in subsequent Chapters. 

The charge transfer resistance or reaction resistance (Rp) (see Figure 2-2) is the 

inherent resistance to the HER and OER  that take place on the electrode [61]. The 

basic electrical circuit elements of resistances and capacitance are determined by DC 

polarisation and EIS analysis. The reaction and ohmic resistances result in lost 

energy (i.e. heat generation) in the alkaline electrolyser, and both the ohmic and 

reaction resistances can be determined directly from the Nyquist impedance plots. At 
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low frequency (DC conditions) the double-layer capacitance (Cdl) is open circuit, 

however, at intermediate or high frequency the impedance due to capacitance is 

purely reactive thus the capacitance is determined based on the imaginary impedance 

as expressed in equation 38 in section 2.4. 

The corrosion rates of electrodes are critical in assessing continuous operation and 

lifetime viability of the alkaline electrolyser. Therefore corrosion current density of 

the electrodes is determined by the resistance polarisation method [127] which 

involves substituting the Tafel parameters and polarisation resistance into equation 

60.                                        
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3.2 Experimental Measurements 

DC polarisation and EIS measurements were carried out using the electrolyser cell 

arrangement that is shown in Figures 3-1 and 3-2. The Solartron 1287 

(potentiostat/galvanostat) and 1255B frequency response analyser (FRA) have been 

used to carry-out these measurements. For DC measurement, the 

potentiostat/galvanostat supplies a voltage/current respectively, the signal gain is 

adjusted through a differential amplifier and then supplied to the cell. The sensed 

current/voltage response from the cell is then input through another differential 

amplifier and received back to the potentiostat/galvanostat. These differential 

amplifiers adjust the signal outputs so that the potentiostat/galvanostat receives 

signals that are in its rated capacity range of 0-2 A. For EIS measurement, the FRA 

generates an AC voltage signal that is superimposed on a DC voltage from the 

potentiostat/galvanostat, which is then supplied to the cell through a differential 

amplifier. The corresponding voltage and current response is received back at the 

FRA where the data is translated in the frequency domain. 



 

 

 77 

A personal computer that runs the applications (CorrWare , Zplot and Zview) for 

windows is used to communicate with the Solartron instruments through a GPIB 

interface board and to perform DC and EIS measurements as well as recording of the 

data. The algorithm and equipment have been verified to conform with the ASTM 

international standard practice: G106-89 [128]. Therefore the results are comparable 

with other laboratories. 

Figure 3-1 Schematic representation for DC and EIS measurements of the alkaline electrolyser 

cell
14
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                Figure 3-2 Image of the ‘open-system’ alkaline electrolyser cell 

 

WE + RE 

‘Open system’ alkaline 

electrolyser 

CE + RE 

Celgard® 5550 PP 

membrane separator 



 

 

 79 

                     

Figure 3-3 Image of the ‘open-system’ alkaline electrolyser cell under a fume hood  

 

The working electrodes (WE) were nickel and stainless steel meshes. The geometric 

active area of the nickel and stainless steel meshes were 2.52 cm
2
 and 2.46 cm

2
 

respectively, and the applied current density was estimated based on this geometric 

active area. The counter electrode (CE) was a stainless steel sheet that had a 

geometric area of about 15 cm
2
. Polarisation of the working electrode was               

carried-out for HER (cathodic) and for OER (anodic) operations at a scan rate of               

5 mA/sec. The data were collected in triplicate measurements and the steady-state 

potentials were recorded as average of the triplicate measurements. The EIS 

measurements were carried out at steady-state DC potential of 2 V and at constant 

AC amplitude of 10 mV. The frequency was in the range of 100 kHz to 0.1 Hz. The 

electrolyte was 30% (vol/vol) aqueous KOH  and a separation distance of about 1mm 

was maintained between the WE and CE. After the experiments, the cell was emptied 

and washed. The catalyst (Ni-Mo) was obtained from nickel sulphate heptahydrate 

(NiSO4.7H2O) and sodium molybdate dihydrate (Na2MoO4.2H2O) in a composition 

Fume hood as a safety 

measure to minimise 

discharge of gases 

directly to the 

atmosphere 

Evolved hydrogen 

and oxygen gases are 

mixed in water 
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ratio of 10:1 respectively, which was added to the electrolyte solution during 

electrolysis with continued stirring. All the chemicals were of analytical grade and 

were supplied by Sigma-Aldrich [129]. The electrodes were supplied by Advent 

Research Material
 
[86]. 

3.3 Discussion of the Results: Investigation of the Electrodes and Catalyst under 

Variable Electrical Power of Operation 

The HER and OER polarisation on the electrodes is shown in Figure 3-4a in 

comparison with the commercial targets for low cost hydrogen production and it is 

obvious that the overvoltages are reduced at the conventional operating temperature.  
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Figure 3-4 (A) HER and OER polarisation on the electrodes in the ambient and conventional 

temperatures alkaline electrolysers. The electrode surface potential is the half-cell voltage of the 

working electrode; (B) Tafel relation. The electrode over-potential was obtained by subtracting 

the reversible voltage from the electrode surface potential. 

 

The Tafel parameters (βa and βc) that are shown in Table 3-2 were obtained from 

Figure 3-4b. The Tafel constants are reduced at high temperature which indicates 

increase in the rate of reaction. At the conventional temperature, the total cell voltage 

DoE target for low cost hydrogen production 
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or energy consumption is slightly reduced at a specific current density to produce a 

given amount of oxygen and hydrogen. Therefore it is obvious that efficiency is 

slightly enhanced at the conventional operating temperature of alkaline electrolysers. 

Table 3-2 Summary of kinetic parameters for the electrodes in the ambient and conventional 

temperatures alkaline electrolysers 

Electrode βa  

(mV) 

βc 

(-mV) 

200E
*
  

(V) 

200E

**
   

(-V) 

SS mesh at 23
o
C 218.23 162.80 2.3 2.3 

SS mesh at 80
o
C 177.78 102.65 2.0 2.0 

Ni mesh at 23
o
C 266.59 292.73 2.4 2.1 

Ni mesh at 80
o
C 267.17 107.18 2.0 1.9 

*Half-cell voltage for oxygen production at 200 mA/cm
2
, **Half-cell voltage for hydrogen production at -200 mA/cm

2
 

 

The corresponding Nyquist impedance plot is shown in Figure 3-5. The semi-circle is 

depressed at the conventional temperature thereby indicating increased reaction rates 

on the electrode surface. As a consequence, the Ohmic and polarisation resistances 

are significantly reduced at higher operating temperature. The existence of a 

capacitance indicates that the electrode reactions are controlled by charge transfer 

mechanisms. Hence, the polarisation resistance is generally lower especially for the 

cathodic reactions that take place through the characteristic step-wise electron 

transfer mechanism (Volmer-Heyrovsky) that was described in section 2.3.1. The 

capacitance was estimated at intermediate frequencies (10 kHz to 50 kHz), and has 

generally increased at the conventional temperatures possibly due to an increase in 

conductivity of the double-layer interface and consequently increase in the 

electrochemical accessible surface area.  
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Figure 3-5 Nyquist impedance plot for electrodes in the ambient and conventional temperatures 

alkaline electrolysers 

 

As shown in Table 3-3, the exchange current density is generally increased at the 

conventional temperature. Nickel and SS metals exhibit similar kinetic properties in 

all the investigated conditions, although the geometric active area of nickel metal is  

2 % higher (see section 3.2), and because of the favourable electronic property of 

nickel metal, it is able to reduce the polarisation resistance and enhance the HER 

activity. The polarisation resistance is reduced at the higher temperature due to an 

increase in electrolyte conductivity and gas-bubble migration from the electrode 

surface. The polarisation resistance differs for both OER and HER as these reactions 

take place through different mechanisms (see section 2.3.1). 

Table 3-3 also indicates that corrosion current density is generally increased at the 

conventional temperature. In particular, the corrosion current density is increased by 

up to 60 % on SS mesh under cathodic polarisation at the conventional temperature 

compared with the ambient temperature. This could be due to hydrogen embritlement 

of steel, which is accelerated at high temperature and consequently extending the 
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corrosion area to the active-passive transition region as described in Figure 2-15 [6] 

which is the Pourbaix diagram for steel in KOH electrolyte.   

Table 3-3 Resistance, exchange current density and corrosion rates of electrodes in the ambient 

and conventional temperatures alkaline electrolysers 

Electrode ROhm  

(Ω) 

At 2V   

RP  

(Ω) 

At 2V   

io   

(A/cm
2
) 

At 2V   

*Jcorr   

(A/cm
2
) 

At 2V   

ROhm  

(Ω)  

 At -2V   

 

RP  

(Ω)   

At -2V   

 

io   

(A/cm
2
) 

At -2V   

*Jcorr 

(A/cm
2
) 

At -2V   

 

SS mesh at 23 
o
C 0.37 0.31 0.04 0.13 0.34 0.26  0.05 0.15 

SS mesh at 80 
o
C 0.22 0.11 0.14 0.17 0.19 0.05  0.30 0.38 

Ni mesh at 23 
o
C 0.35 0.64 0.02 0.06 0.37 0.16  0.08 0.23 

Ni mesh at 80 
o
C 0.18 0.08 0.19 0.38 0.17 0.05  0.30 0.60 

* The corrosion current density was determined based on equations 60 and 61 in section 3.1. 

 

Similarly, the HER and OER polarisation on the electrodes with a Ni-Mo catalyst is 

shown in Figure 3-6. At the conventional operating temperature, the polarisation 

behaviour of Ni-Mo catalysed SS mesh is similar to the DoE commercial targets for 

low cost hydrogen production, therefore there is significant increase in efficiency on 

Ni-Mo catalysed SS mesh at the conventional temperature.  
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Figure 3-6 (A) HER and OER polarisation on the electrode and catalyst in the ambient and 

conventional temperatures alkaline electrolysers; (B) Tafel relation 

 

By comparing Tables 3-2 and 3-4 for the SS mesh, it is clear that energy 

consumption is reduced for a fixed amount of hydrogen and oxygen production on 

Ni-Mo catalysed SS mesh. For example at 200mA/cm
2
 and at the ambient 

temperature, the voltage efficiency is increased by 4 % and 9 % for oxygen and 

hydrogen production respectively on Ni-Mo catalysed SS mesh. Likewise, at 

200mA/cm
2
 and at the conventional temperature, the voltage efficiency is increased 

by 10 % and 5 % for oxygen and hydrogen production respectively on Ni-Mo 

catalysed SS mesh. Hence, efficiency is increased on Ni-Mo catalysed SS mesh at 

both the ambient and conventional operating temperatures. This is attributed to the 

presence of the catalyst in the alkaline electrolyser. The Tafel constants in Table 3-4 

are not consistent with temperature thereby suggesting that the increase in efficiency 

at high temperature is mainly due to an increase in reaction rates based on exchange 

current density. 
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Table 3-4  Summary of kinetic parameters for the electrodes and catalyst in the both ambient 

and conventional temperatures alkaline electrolysers 

Electrode metal and catalyst βa  

(mV) 

βc 

(-mV) 

200E * 

(V) 

200E
** 

(-V) 

Ni mesh + Ni-Mo at 23 
o
C 359.02 295.74 2.4 2.1 

Ni mesh + Ni-Mo at 80 
o
C 486.92 164.63 2.0 1.9 

SS mesh + Ni-Mo at 23 
o
C 338.27 150.19 2.2 2.1 

SS mesh + Ni-Mo at 80 
o
C 161.99 187.20 1.8 1.9 

*Half-cell voltage for oxygen production at 200 mA/cm
2
, **Half-cell voltage for hydrogen production at -200 mA/cm

2
 

 

The corresponding Nyquist impedance plot is shown in Figure 3-7 for the catalysed 

electrodes, and by referring to Table 3-5 it is clear that polarisation resistance is 

significantly reduced and exchange current density is significantly increased on                 

Ni-Mo catalysed SS mesh at the conventional temperature. This indicates that 

efficiency is increased for hydrogen and oxygen production due to an increase in the 

reaction rates of Ni-Mo catalysed SS mesh. It is likely that the exchange current 

density plays a significant role to enhance the kinetics for HER and OER. In 

particular, the HER activity is enhanced on the Ni-Mo catalysed SS mesh due to 

synergy of the metal and catalyst material, favourable electronic property of the 

alloying metals and an increase in ionic conductivity of the electrolyte solution. It is 

also possible that a higher concentration of the catalyst might have resulted in higher 

activity of the Ni-Mo catalysed SS mesh. Nevertheless, the result indicates the effect 

of utilising catalyst materials to enhance the efficiency of electrolysis. The corrosion 

current density, however, is significantly increased on Ni-Mo catalysed SS mesh at 

the conventional temperature as was observed previously for the uncatalysed SS 

mesh. It is evident that SS mesh degrades relatively faster due to hydrogen 

embritlement which takes place rapidly in hot KOH electrolyte [6] (see also Figure 

2-15 in section 2.7). 
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Figure 3-7 Nyquist impedance for the electrode and catalyst in the ambient and conventional 

temperatures alkaline electrolysers 

 

Table 3-5   Resistance, exchange current density and corrosion rates of the electrode and 

catalyst in the ambient and conventional temperatures alkaline electrolysers 

Electrode ROhm  

(Ω)   

At 2V 

RP  

(Ω) 

At 2V 

io  

(A/cm
2
) 

At 2V 

*Jcorr  

(A/cm
2
) 

At 2V 

ROhm 

 (Ω)  

At -2V 

RP  

(Ω)  

At -2V  

io  

(A/cm
2
) 

At -2V 

*Jcorr  

(A/cm
2
) 

At -2V 

Ni mesh + Ni-Mo at 23
o
C 0.43 0.58 0.02 0.074 0.48 0.13 0.10 0.33 

Ni mesh + Ni-Mo at 80
o
C 0.29 0.09 0.17 0.37 0.29 0.06 0.25 0.56 

SS mesh + Ni-Mo at 23
o
C 0.57 0.18 0.07 0.21 0.55 0.22 0.06 0.18 

SS mesh + Ni-Mo at 80
o
C 0.28 0.04 0.38 0.70 0.28 0.03 0.51 0.93 

* The corrosion current density was determined based on equations 60 and 61 in section 3.1. 
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3.4 Investigation of the Electrodes under Intermittent Electrical Power of 

Operation  

The on/off switching cycle was investigated for the electrodes at both ambient and 

conventional temperatures. A constant current load of 200 mA/cm
2
 was applied for 5 

minutes; the current was switched off for about 10 minutes and then re-applied for 

another 5 minutes. This test was repeated several times and all the data points were 

plotted as shown in Figures 3-8 and 3-9. It is evident that the cell voltages are 

relatively more stable at the ambient temperature. The cell voltages are not stable at 

high temperature, and this is attributed to fluctuating temperature of the hot plate. 

The overvoltage however is reduced by about 13 % and 11 % on Ni and SS mesh 

respectively at the conventional temperature. However, the OCV is reduced by about 

47 % and 38 % on Ni and SS mesh respectively at the conventional temperature. A 

reduction in OCV indicates that free energy is reduced in the alkaline electrolyser 

that is operated at the conventional temperature. This free energy can be useful under 

fuel-cell operation, and is higher at the ambient temperature thereby suggesting that 

round-trip or overall efficiency will be increased for the ambient temperature 

regenerative or unitised regenerative alkaline fuel-cell. 
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Figure 3-8 Stability of Ni mesh under intermittent electrical power supply: (A) at 23 

o
C, (B) at 

80 
o
C and (C) Applied current load profile 
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Figure 3-9 Stability of SS mesh under intermittent electrical power supply: (A) at 23 
o
C, (B) at 

80 
o
C. (C)  Applied current load profile 

 

 

 

3.5 Investigation of the Electrode and Catalyst in a Flow-Cell Alkaline 

Electrolyser 

  

Figure 3-10 shows the flow-cell alkaline electrolyser that is operated at the ambient 

temperature and consisted of SS mesh electrode and Ni-Mo catalyst. The Ni-Mo 

catalyst was added into the electrolyte solution in a proportion of 10:1 respectively to 

induce in-situ electrodeposition that is similar with [120]. The separation distance 

between the electrodes was about 3cm, and the electrolyte was 30% (vol/vol) 

aqueous KOH. Basically, the cell was designed to collect and capture the hydrogen 

and oxygen product gases that can be subsequently utilised in the alkaline fuel-cell to 

generate back electricity. By comparison and referring to section 2.6, the flow-cell  

in Figure 3-10 was constructed similar with the bipolar cell configuration, whereas 

the ‘open-system’ alkaline electrolyser cell in Figure 3-2 was constructed similar 

with the monopolar cell configuration.     
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The flow-cell was constructed by assembling end plates, electrode and electrolyte 

compartments with gaskets and longitudinal tie rods. Further details about the cell 

construction and its performance are given in Chapter 7. It should be noted that due 

to the relatively large separation distance between the electrodes, the performance of 

this flow-cell was not compared with the ‘open-system’ alkaline electrolyser. 

Nonetheless, the main purpose of this experiment was to investigate the electrode 

performance in a flow-cell alkaline electrolyser that is operated by circulation of 

electrolyte in order to capture the product gases.       

 

 

                      
 

Figure 3-10 Image of the flow-cell ambient temperature alkaline electrolyser which consists of 

SS mesh, and Ni-Mo catalyst added to the electrolyte solution 

 

 

The polarisation and EIS results on SS mesh and Ni-Mo catalyst in the flow-cell 

ambient temperature alkaline electrolyser are shown in Figures 3-11 and 3-12 

respectively. Obviously, energy consumption is significantly higher in this 

alkaline electrolyser cell compared with the commercial targets for low-cost 

hydrogen production. The internal cell resistance is relatively high, which has 
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resulted in a sudden increase in the overvoltages at high current densities                    

(at about 400 mA/cm
2
). This is also evident in the Nyquist plot of Figure 3-12, 

which indicates relatively high Ohmic and polarisation resistances. The increase 

in internal cell resistance could be due to several factors including: the physical 

set-up of the cell, electrode surface that is partially covered by gas-bubbles, and 

overpolarisation on the electrode due to relatively low surface area. Therefore, 

the internal cell resistance can be minimised by increasing the electrode active 

area, reducing the separation distance between the electrodes, use of appropriate 

membranes, and modification of the flow-channels in order to promote mass 

transport of electrolyte and to facilitate removal of gas bubbles from the electrode 

surface.  
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Figure 3-11 Polarisation of SS mesh and Ni-Mo catalyst in the flow-cell ambient temperature 

alkaline electrolyser 
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Figure 3-12 Nyquist impedance plot for SS mesh and Ni-Mo catalyst in the flow-cell ambient 

temperature alkaline electrolyser  

 

 

From analysis of Figure 3-6, it is clear that higher operating temperature improves 

the cell performance. The cell voltage is reduced by 0.3 V at the conventional 

operating temperature for Ni-Mo catalysed SS mesh in the monopolar alkaline 

electrolyser cell. If the effect of temperature is taken into account, it is likely that the 

cell voltage will be 2.2 V at 200 mA/cm
2
 for Ni-Mo catalysed SS mesh in the         

flow-cell conventional temperature alkaline electrolyser. This will be a significant 

reduction of the cell voltage by about 0.7 V at the conventional operating 

temperature compared with the ambient temperature. However, based on Table 3-5, 

the corrosion rate is increased by 70 % and 80 % at the anode and cathode 

respectively for Ni-Mo catalysed SS mesh. This means that for the flow-cell alkaline 

electrolyser, although efficiency will be increased at the conventional operating 

temperature, there will be a significant reduction in lifetime durability of the 

electrodes and catalyst material at the conventional operating temperature. 
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3.6 Conclusion of Chapter 

 

The overvoltages are significantly minimised by operating the alkaline electrolyser at 

the conventional temperature of 80
o
C. The efficiencies for hydrogen and oxygen 

production are increased at the conventional operating temperature. This is mainly 

due to an increase in exchange current density which increases the kinetics for HER 

and OER. However, the corrosion rate is significantly increased especially on the 

stainless steel electrode at the conventional temperature. Hydrogen embrittlement is 

accelerated on stainless steel electrode at the conventional operating temperature for 

hydrogen production. Conversely, efficiency can be increased and corrosion rate can 

be minimised by the addition of a catalyst to the electrode at the ambient 

temperature. The catalyst has the advantage of increasing the exchange current 

density and enhancing efficiency particularly for hydrogen production. Moreover, the 

catalyst is more stable at the ambient temperature.  
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Chapter 4 

 

         Fabrication and Characterisation of the Electrode  

 
 

In this chapter, the kinetic efficiency and time stability of commercially available SS 

alloys were investigated in the ambient temperature alkaline electrolyser. The surface 

structure of the electrode is modified by etching in order to increase the surface area 

or active sites, and to enhance the rates of HER and OER. It is expected through this 

analysis to identify the most efficient form of the SS alloy that can be subsequently 

developed into an electro-catalyst material. 

 

4.1 Background  

 

Stainless steel (SS) is an alloy of iron and consists of a minimum of 10 % chromium 

which makes it corrosion resistant. In particular, SS-304 consists of: Cr (17-20 %), 

Ni (8-11 %), and Fe (balance), and in contrast, SS-316 consists of: Cr (16-18 %),               

Ni (10-14 %), Mo (2-3%), and Fe (balance) [86]. The commercially available SS 

alloys are supplied in various physical forms and dimensions [86] that influence on 

kinetic efficiency of the electrolyser under variable and intermittent electrical power 

of operation. SS has the unique property of exhibiting passivation in an oxygen 

environment which can influence the kinetic efficiency of the electrolyser, and the 

degree of passivation and time stability depend on the electrode surface structure 

[117-118]. For this reason, the OER and HER processes were investigated on the 

commercially available types of SS electrodes. The most suitable electrode substrate 

is identified based on efficiency, stability, cost and manufacturing scale-up. 

 

4.1.1 Physical Dimensions and Electrical Resistance of Stainless Steel 

 

The electrical resistance is directly proportional to the length and resistivity of the 

metallic conductor and inversely proportional to its cross-sectional area. It is 

expressed in equation 62.                             
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L

R
A


  (62) 

 

The electrodes that are investigated have a circular shape of 2 cm diameter. The 

electrical resistivity of stainless steel grades: SS-304 and SS-316 are 

76.897 10 m    and 77.496 10 m    respectively
 
[130]. The geometric active 

area for the SS mesh 304 is increased by 19 % compared to the SS smooth sheet 304 

as shown in Table 4-1. 

 

Table 4-1  Physical dimensions and electrical properties of the commercial SS electrodes 

Electrode  Surface 

structure 

*Geometric 

surface area 

(cm
2
) 

Thickness 

(mm) 

Electrical 

resistance 

(  ) 

Aperture 

size 

(mm) 

SS mesh 

type-304 

Plain 

weave 

3.88 0.1 3.55 × 10
-5

 0.15 

SS mesh 

type-316 

Twill 

weave 

4.86 0.025 3.08× 10
-5

 0.026 

SS sheet 

type-304 

Smooth 

sheet 

3.143 1.0 4.38 × 10
-5

 N/A 

* See Appendix B for the method of calculating geometric surface area and electrical resistance of the mesh electrode 

 

4.2 Experimental Measurements 

 

The ‘open-system’ monopolar cell that is shown in Figure 3-2 was used for this 

experiment. DC polarisation and EIS were recorded on the SS working electrode 

(WE) in 30% KOH electrolyte at an ambient temperature of 23
o
C. The current 

densities were estimated based on the geometric surface area of the electrodes as 

stated in Table 4-1.  

 

The counter electrode (CE) was a SS sheet that has a geometric area of 13.5cm
2
. A 

separation distance of 1mm was maintained between the WE and CE in all of the 

experiments and a Celgard
®
5550 micro-porous polypropylene (PP) membrane was 

used to separate the electrodes. Celgard
®
 supplied three (3) types of membrane: 

3401, 3501 and 5550 but the 5550 membrane was used because Celgard
®
 [81] claims 

that it has good surface wettability; i.e. it is hydrophilic to allow ionic transport, and 

has porosity of 50%-55% and pore size of 0.064µm. Moreover, the 5550 type of 
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membrane is laminated and woven which makes it structurally stable to withstand 

compression in the filter-press cell design. 

 

The test methods are essentially aimed to determine electrochemical efficiency of the 

electrode under variable electrical power input, stability of the electrode under 

intermittent and constant electrical power input. These test methods were undertaken 

in order to simulate the alkaline electrolyser that is powered by: (a) variable and/or 

intermittent electrical power from the wind turbine, and (b) constant electrical power 

from the electrical grid. The open-circuit stability of the electrode was measured by 

repeated on/off switching cycle under a constant current load of about 200 mA/cm
2
. 

The oxygen and hydrogen evolution rates were determined based on the electrode 

current density in relation with the Faraday’s equation 12 under potentiostatic 

(constant voltage) mode of operation. 

 

4.3 Discussion of the Results 

 

4.3.1 Kinetic Efficiency under Variable Electrical Power of Operation 

 

Figure 4-1 shows the polarisation comparison of SS mesh (304) and SS sheet (304) 

types of electrode. There is no significant difference in kinetic efficiency of the 

electrodes. However, the Tafel relation does indicate relatively lower activation 

overpotential (Tafel slope) on SS mesh cathode and SS smooth sheet anode. This 

means that rate of hydrogen evolution is enhanced on SS mesh, which could be 

attributed to its porosity or aperture size that increase the surface area and facilitates 

detachment of the hydrogen gas-bubbles. 
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Figure 4-1 Comparison of kinetic efficiency of SS mesh type-304 and SS sheet type-304 

electrodes in 30% KOH at 23
o
C: (A) DC polarisation, (B) Tafel relation 

 

 

The corresponding complex plane impedance is shown in Figure 4-2 which indicates 

a reduction in Ohmic resistance on SS mesh. 
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Figure 4-2 Nyquist impedance comparison of SS mesh type-304 and SS smooth sheet type-304  
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In particular, polarisation resistance is reduced for the cathodic reaction on SS mesh. 

The surface structure and relatively higher surface area of SS mesh type-304 (see 

Table 4-1) favour nucleation and detachment of the hydrogen gas-bubbles. The 

existence of capacitance is evidence that the electrode reactions are controlled by 

charge transfer mechanisms as described in section 2.3.1. 

 

The polarisation behaviour of SS mesh type-304 was carried-out as shown in               

Figure 4-3 in order to determine the resistance under variable electrical power input.  
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Figure 4-3 Kinetic efficiency of SS mesh in 30% KOH at 23

o
C: A. DC polarisation, B. Tafel 

relation  

 

 

 

Figures 4-4 and 4-5 show the corresponding impedances for OER and HER 

respectively. The polarisation resistance increases at relatively lower potentials under 

OER and HER due to oxygen and hydrogen gas-bubble coverage on the SS mesh 

respectively. The polarisation resistance, however, is reduced at relatively higher 

potentials under OER and HER because sufficient energy is supplied to drive the 

electrochemical processes and thereby facilitate detachment of oxygen and hydrogen 

gas-bubbles from the surface of the SS mesh. In other words, at low to medium 
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electrical power of operation, the cell performance is dominated by activation and 

Ohmic resistances respectively. The Nyquist impedance for HER shows double 

capacitive arcs at relatively low potentials. The smaller capacitive arc can be 

attributed to adsorbed hydrogen gas-bubbles on the SS mesh [66]. At higher cathodic 

potentials however, there is a single capacitive arc because the reaction rate is 

increased and the hydrogen gas-bubbles migrate faster. In general, as the potential is 

increased the capacitance as well as the electrochemical active area is increased [66].   
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Figure 4-4   Nyquist impedance for OER on SS mesh  
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Figure 4-5   Nyquist impedance for HER on SS mesh. 

 

 

Figure 4-6 shows DC polarisation on the two common commercial types of SS mesh 

(types 304 and 316). The kinetic efficiency is slightly increased on SS mesh-304 at 

higher current density and the Tafel relation also indicates better kinetic property of 

this type of electrode. The corresponding impedance is shown in Figure 4-7 which 

indicates reduction of Ohmic resistance on the SS mesh-304.  
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Figure 4-6 Comparison of kinetic efficiency of SS mesh (types 304 and 316) in 30% KOH at 

23
o
C: A. DC polarisation, B. Tafel relation 
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Figure 4-7  Comparison of Nyquist impedance on SS mesh (types 304 and 316) 
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The Ohmic resistance is increased on SS mesh-316. This was not expected 

considering that in Table 4-1 SS-mesh 316 has a higher geometric area and lower 

electrical resistance compared with SS mesh-304. However, the SS mesh-316 readily 

passivates which increases the resistance. Ordinarily the chromium component (see 

section 4.1) prevents passivation of iron component in steel, but the SS mesh-316 

was highly passivated which could be due to impurities or passive oxide films on its 

surface. 

 

It is apparent that the SS mesh type-304 has better kinetic efficiency under variable 

electrical power input compared with SS mesh type-316 and SS smooth sheet          

type-304. This could be attributed to the higher electrochemical surface area of the 

electrode, and favourable micro-structure that facilitates gas-bubble migration 

thereby preventing gas-bubble coverage on the electrode. Nevertheless, it was 

necessary to carry-out pre-treatment of the electrodes in order to reduce passivation 

and increase the electrochemical active area. This was carried-out by etching the 

electrodes followed by characterisation as described in the following section 4.3.2.   

 

4.3.2 Etching of the Electrode and Kinetic Efficiency under Variable Electrical 

Power of Operation  

 

The SS electrodes were immersed in 95 % sulphuric acid for 24 hours and the 

cathodic current density of 5 mA/cm
2
 was applied for 5 minutes at 23

o
C. As shown 

in Figure 4-8, the kinetic efficiency is slightly increased on the etched-SS mesh (type 

304) at high current density compared with ordinary SS mesh (type 304).  
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Figure 4-8  Comparison of kinetic efficiency of etched-SS mesh (type 304) and ordinary SS mesh 

(type 304) in 30 % KOH at 23 
o
C: (A). DC polarisation, (B). Tafel relation 

 

 

The corresponding impedance is shown in Figure 4-9 which indicates that Ohmic 

resistance is reduced and capacitance is slightly increased on etched-SS mesh          

(type 304). 
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Figure 4-9 Comparison of Nyquist impedance on etched SS mesh (type 304) and ordinary SS 

mesh (type 304) 

 

Etching the electrode is a form of chemical roughening of the electrode in order to 

increase the active sites or electrochemical surface area. Acidic treatment of the 

electrode is a pre-treatment method that is commonly adopted                                          

[66, 68,120,122,123,133] to roughen the surface prior to electrodeposition, and 

thereby increase electrochemical active sites. This facilitates the charge transfer 

process. Thus, the polarisation resistance is reduced by increasing surface roughness 

of the electrode.  

 

As shown in Figure 4-10, kinetic efficiency is slightly improved due to etching of SS 

mesh (type 316). In particular, kinetic efficiency is enhanced for hydrogen 

production on etched-SS mesh (type 316).  
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Figure 4-10  Comparison of kinetic efficiency of etched SS mesh-type 316 and ordinary SS 

mesh-type 316 in 30% KOH at 23
o
C: A. DC polarisation, B. Tafel relation 

 

The corresponding Nyquist impedance is shown in Figure 4-11, which indicates that 

the improvement in kinetic efficiency is due to a reduction in Ohmic and polarisation 

resistances by about 8 % and 50 % respectively.  
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Figure 4-11 Comparison of Nyquist impedance on etched SS mesh-type 316 and ordinary SS 

mesh-type 316   

 

 

The Ohmic resistance is reduced for oxygen and hydrogen production on etched-SS 

mesh (type 316), and this could be attributed to an increase in the electrochemical 

active area. The polarisation resistance is reduced as the electrode surface is modified 

to increase active sites.   

 

Similar investigations were made on etched-SS sheet electrodes. As shown in Figure 

4-12, the kinetic efficiency is slightly improved for anodic and cathodic processes on 

etched-SS sheet.  
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Figure 4-12 Comparison of kinetic efficiency of etched SS sheet and ordinary SS sheet in 30 % 

KOH at 23 
o
C: A. DC polarisation, B. Tafel relation 

 

 

The corresponding Nyquist impedance is shown in Figure 4-13 which indicates that 

the improvement in kinetic efficiency is mainly due to reduction in polarisation 

resistance by about 37 % and 9 % for the anodic and cathodic processes respectively. 
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Figure 4-13  Comparison of Nyquist impedance on etched SS sheet and ordinary SS sheet 

 

At the start of electrolysis, polarisation resistance was significantly high on ordinary 

SS sheet that is passivated and non-activated. In contrast, the polarisation resistance 

is significantly reduced on etched SS sheet due to increased surface roughness. The 

electrode surface structure determines the electrode active area which plays a more 

important role in influencing its activity. This is also evident as shown in Figure 4-1 

(A) which compares between the SS smooth sheet (type 304) and SS mesh (type 

304) whereby the activity is increased on the latter for both hydrogen and oxygen 

production due to its higher surface roughness and porosity.       

 

4.3.3 Stability under Intermittent Electrical Power of Operation 

 

The open-circuit time stability of the electrodes was investigated by on/off switching 

of the electrolyser at a constant current load of 200 mA/cm
2
 for 15 minutes; the 

power was switched off for about 30 minutes, and supplied again for 15 minutes. 

This was repeated for up to 5 cycles. As shown in Figure 4-14, for SS sheet and SS 

mesh the over-voltages are unchanged after open-circuit thereby indicating that the 

electrodes are essentially stable under intermittent electrical power of operation.  
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Figure 4-14 Comparison of open-circuit test on the electrodes in 30% KOH at 23

o
C; A. SS mesh, 

B. SS sheet, C. applied current load 

 

The over-voltage, however, is 0.4 V lower on SS mesh compared with SS sheet.              

SS sheet has higher overvoltage possibly due to the passive oxide film that forms on 

its smooth surface during electrolysis and consequently increases the reaction or 

polarisation resistance. It should be noted, however, that this test shows that the 

electrodes in the alkaline electrolyser have considerable OCV which indicates that 

considerable energy (free energy) is stored in the cell under open-circuit. 

 

The open-circuit stability test indicates that the electrodes are stable over a relatively 

short period of time under intermittent electrical power input that is characteristic of 

a wind turbine operation. Further tests on the electrodes over relatively longer 

periods are necessary in order to investigate the degradation effects due to reversible 

reactions as well as reaction products on the electrode surface. Nonetheless, this test 

indicates that considerable internal energy is present in the alkaline electrolyser 

under open-circuit. The OCV indicates the potential of this cell for reversible fuel 

cell operations which will be further investigated as part of future work by the author 

of this thesis. 
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4.3.4 Stability under Constant Electrical Power of Operation 

Continuous electrolysis was carried out on SS mesh at about 206 mA/cm
2
 for             

4 hours, thereafter the power was switched off for about 1 hour and repeated at the 

same current load for 3 hours. As shown in Figure 4-15, the blue data points were 

obtained from the first experiment and the red data points were obtained from the 

second experiment.  

 
Figure 4-15 Continuous electrolysis at 206 mA/cm

2
 on the SS mesh in 30 % KOH at 23 

o
C; inset 

shows applied current load  

 

 

It can be seen that activity of SS mesh is stable for up to 4 hours under continuous 

electrolysis. The average electrode potential was 2.6 V, although the current and 

voltage have fluctuated very rapidly which is due to energy that is exerted on the 

electrode surface by the movement of gas-bubbles. This fluctuation in current and 

voltage is particularly observed in the ‘zero-gap’ cell configuration due to                       

gas-bubbles imparting energy on the electrode surface. 

 

The polarisation of SS mesh was measured before and after the period of continuous 

electrolysis. As shown in Figure 4-16, the electrode over-voltage has increased 
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