Making hydrogen out of thin air
Citation for published version (APA):
Zafeiropoulos, G. (2020). Making hydrogen out of thin air. [Phd Thesis 2 (Research NOT TU/e / Graduation
TU/e), Applied Physics]. Technische Universiteit Eindhoven.

Document status and date:
Published: 24/06/2020
Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)
Please check the document version of this publication:
• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.
• Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
• You may not further distribute the material or use it for any profit-making activity or commercial gain
• You may freely distribute the URL identifying the publication in the public portal.
If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 09. Jan. 2023

Making hydrogen out of thin air

Georgios Zafeiropoulos

Making hydrogen out of thin air

Georgios Zafeiropoulos

Eindhoven University of Technology
June 2020

The work presented in this thesis was funded by Netherlands
Organization for Scientific Research (NWO) under program
“CO2-neutral fuels” grand no 700.001.516.50. The research was
conducted at the Dutch Institute For Fundamental Energy
Research (DIFFER), Eindhoven, the Netherlands. DIFFER is part
of the Netherlands Organization for Scientific Research (NWO).
A catalogue record is available from the Eindhoven University of
Technology Library.
ISBN: 978-90-386-5067-8
NUR 926
Cover illustration designed by Georgios Zafeiropoulos
Printed by: Gildeprint- the Netherlands
© Copyright 2020 Georgios Zafeiropoulos

Making hydrogen out of thin air

PROEFSCHRIFT

ter verkrijging van de graad van doctor aan de Technische
Universiteit Eindhoven, op gezag van de rector magnificus
prof.dr.ir. F.P.T. Baaijens, voor een commissie
aangewezen door het College voor Promoties, in het
openbaar te verdedigen op donderdag 24 Juni 2020 om
13:30 uur
door

Georgios Zafeiropoulos

geboren te Athene, Griekenland

Dit proefschrift is goedgekeurd door de promotoren en de
samenstelling van de promotiecommissie is als volgt:
voorzitter:
promotor:
copromotor:
leden:

prof. dr. ir. A.A. van Steenhoven
prof. dr. ir. M.C.M. van de Sanden
dr. Sc. Techn. M.N. Tsampas
prof. dr. ir. F. Galucci
prof. dr. T. Norby (University of Oslo)
prof. dr. ir. E.J.M. Hensen
prof. dr. ir. W. de Jong (Technische
Universiteit Delft)
prof. dr. M.A. Loi (Rijksuniversiteit
Groningen)

Het onderzoek of ontwerp dat in dit proefschrift wordt beschreven is
uitgevoerd in overeenstemming met de TU/e Gedragscode
Wetenschapsbeoefening.

| vii

Table of Contents
Part A .................................................................................................................................. 11
Framework and overview of the research ....................................................................... 11
1.

Introduction ............................................................................................................... 13
1.1.

Fossil fuel consumption and reserves ............................................................. 13

1.2.

Anthropogenic CO2 .......................................................................................... 15

1.3.

Renewable energy sources (RES) .................................................................... 17

1.3.1.

Renewable energy storage and Solar fuels ................................................. 17

1.3.2.

The role of hydrogen .................................................................................... 18

1.3.3.

Direct and indirect routes ........................................................................... 19

1.4.

Conventional photoelectrochemical (PEC) cells ............................................ 21

1.4.1. Photoelectrochemical (PEC) cell design ......................................................... 21
1.4.2. Electrolytes ....................................................................................................... 23
1.5.

Novel polymeric electrolyte membrane photo-electrochemical cells ........... 23

1.5.1.

PEM-PEC cell design ................................................................................... 24

1.5.2.

(Photo)electrode design ............................................................................... 28

1.5.3.

Polymeric Electrolyte Membranes (PEM) ................................................. 29

1.5.3.1. Cation exchange membranes ....................................................................... 30
1.5.3.2. Anion exchange membranes ........................................................................ 31
1.6.
1.7.

PEC concept and operating principles ........................................................... 32
Metal oxide photoanodes ...................................................................................... 36

1.7.1.

Titanium dioxide (TiO2) .............................................................................. 36

1.7.2.

Tungsten trioxide (WO3) ............................................................................. 37

1.7.3.

Bismuth vanadate (BiVO4) .......................................................................... 38

2.

The aim of this thesis ................................................................................................. 40

3.

Research approach and thesis outline ...................................................................... 42

4.

Overview of research ................................................................................................. 45
4.1. Solar fuel production in a novel polymeric electrolyte membrane
photoelectrochemical (PEM-PEC) cell with a web of titania nanotube arrays as
photoanode and gaseous reactants ............................................................................... 45

viii|

4.2. Porous titania photoelectrodes built on a Ti-web of microfibers for polymeric
electrolyte membrane photoelectrochemical (PEM-PEC) cell applications ............. 50
4.3. Visible light promoted gas phase water splitting using porous WO 3/BiVO4
photoanodes .................................................................................................................... 54
4.4. Solar hydrogen generation from ambient humidity using functionalized porous
photoanodes .................................................................................................................... 58
5.

Conclusions and Outlook .......................................................................................... 67
5.1.

Conclusions ....................................................................................................... 67

5.2.

Outlook .............................................................................................................. 69

References........................................................................................................................... 72
Part B .................................................................................................................................. 83
Publications ........................................................................................................................ 83
Chapter 1 ............................................................................................................................ 85
Abstract .......................................................................................................................... 85
1.1.

Introduction ...................................................................................................... 86

1.2.

Experimental .................................................................................................... 88

1.2.1.

Preparation of TiO2 nanotube arrays ........................................................ 88

1.2.2.

Characterization of TNT arrays ................................................................. 89

1.2.3.

Conventional aqueous phase PEC cell ....................................................... 90

1.2.4.

PEM-PEC cell .............................................................................................. 90

1.2.5.

Photoelectrochemical activity and hydrogen generation measurements 91

1.3.

Results and discussion ...................................................................................... 91

1.3.1.

PEM-PEC electrode design ......................................................................... 91

1.3.2.

Fabrication and characterization of the TiO2 nanotube arrays ............... 93

1.3.3.

Reference electrode considerations ............................................................ 96

1.3.4.

Photoelectrochemical measurements ......................................................... 98

1.4.

1.3.4.1.

Water splitting in liquid and gas phase ............................................. 98

1.3.4.2.

Effect of illumination and H2 detection ........................................... 100

1.3.4.3.

H2 detection and long term experiments ......................................... 102

Conclusions ..................................................................................................... 105

Acknowledgments ........................................................................................................ 106
1.5.

References ....................................................................................................... 106

| ix

Chapter 2 .......................................................................................................................... 109
Abstract ........................................................................................................................ 109
2.1.

Introduction .................................................................................................... 110

2.2.

Experimental .................................................................................................. 113

2.2.1.

Photoanodes ................................................................................................ 113

2.2.2.

Preparation of TiO2 nanotube arrays ...................................................... 113

2.2.3.

Morphology and crystal characterization of TNTAs .............................. 114

2.2.4.

Photoelectrochemical characterization .................................................... 115

2.2.5.

Membrane (photo) electrode assemblies .................................................. 116

2.3.

Results and discussion .................................................................................... 117

2.3.1.

Titania nanotube arrays ............................................................................ 117

2.3.1.1.

Effect of anodization time ................................................................. 117

2.3.1.2.

Effect of calcination temperature .................................................... 120

2.3.2. Photoanode performance in conventional PEC cells based on aqueous
electrolytes ................................................................................................................ 125
2.3.2.1.

Photoelectrochemical activity for water splitting ........................... 125

2.3.2.2.

Photoelectrochemical activity for (poly)alcohol oxidation ............. 128

2.3.3. Photoelectrochemical activity for water splitting in PEM-PEC cells - Gas
phase operation ........................................................................................................ 132
2.4.

Conclusions ..................................................................................................... 135

Acknowledgments ........................................................................................................ 137
2.5.
I.

References ....................................................................................................... 137
Supplementary Material .................................................................................... 144

References..................................................................................................................... 149
Chapter 3 .......................................................................................................................... 151
Abstract ........................................................................................................................ 151
3.1.

Introduction .................................................................................................... 152

3.2.

Experimental .................................................................................................. 153

3.3.

Results and discussion .................................................................................... 155

3.3.1.

Structural analysis ..................................................................................... 155

3.3.2.

Photoelectrochemical characterization .................................................... 157

3.4.

Conclusions ..................................................................................................... 159

x|

Acknowledgments ........................................................................................................ 160
3.5.

References ....................................................................................................... 160

Chapter 4 .......................................................................................................................... 163
Abstract ........................................................................................................................ 163
4.1.

Introduction .................................................................................................... 164

4.2.

Results and discussion .................................................................................... 167

4.2.1.

Benchmarking the activity of bare photoanodes ..................................... 167

4.2.2.

Activity of functionalized Ti/TiO2 photoanodes ...................................... 169

4.2.3.

Benchmarking stability of bare and functionalized Ti/TiO 2 photoanodes ..
..................................................................................................................... 177

4.2.4.

Mechanistic considerations ....................................................................... 178

4.2.5.

Factors determining the durability of functionalized Ti/TiO 2 photoanodes
..................................................................................................................... 180

4.2.6.

Activity and stability of functionalized W/WO 3 photoanodes ................ 183

4.2.7.

Expanding operating conditions ............................................................... 186

4.3.

Conclusions ..................................................................................................... 189

4.4.

Experimental methods ................................................................................... 189

4.4.1.

Photoelectrode preparation....................................................................... 189

4.4.2.

Photoelectrode functionalization .............................................................. 190

4.4.3.

Physicochemical characterization ............................................................ 190

4.4.4.

Photoelectrochemical characterization .................................................... 191

4.4.5.

PEM-PEC cell operation ........................................................................... 192

4.4.6.

Conventional PEC cell operation.............................................................. 192

4.4.7.

Isotopic labelling experiments................................................................... 193

4.5.
II.

References ....................................................................................................... 194
Supplementary Material .................................................................................... 200

References..................................................................................................................... 210
Summary .......................................................................................................................... 213
List of publications .......................................................................................................... 215
Acknowledgements .......................................................................................................... 217
Curriculum Vitae ............................................................................................................. 221

Part A
Framework and overview of the research

1.Introduction

| 13

1. Introduction
1.1.

Fossil fuel consumption and reserves

Since the dawn of the industrial revolution, in the 18th century, the agriculture societies
became urban. This led to the gradual industrialization of the communities increasing the
dependence of those from fossil fuels to cover their power needs. This dependence has
increased over the years, among others, due to the prospering of world’s total population.
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Figure 1.1. World’s energy consumption in billion tonnes of oil equivalent (Gtoe) (black) in correlation with the
fluctuation of total population (blue) [1, 2].

Figure 1.1 (black) shows the escalation of the energy consumption of fossil fuels in billion
tonnes of oil equivalent (Gtoe). Out of the 15.5 Gtoe that are consumed, the US and China
only are responsible for the 39.7%, being the world’s main pollutant countries. On the other
hand, the blue data points of figure 1.1 demonstrate the increase of the world’s total
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population over the years. Both curves are following a linear trend which means that energy
consumption increases as world’s population is increased. Between 2016 and 2017 the
population has expanded by 1.2% and on top of this, United Nation’s (UN) most moderate
calculations predict escalation in human population at least till 2050 [1, 3]. This is going to
contribute negatively to the continuous need for energy sources as it will lead to the
deficiency of fossil fuels in a more rapid pace.
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Figure 1.2. Global proved oil reserves, in thousand million barrels (black) and natural gas proved reserves, in
trillion cubic meters (blue) [2].

International Energy Agency (IEA) in the World Energy Outlook that was published in 2019
(figure 1.2), indicates that the total reserved amount of oil and natural gas constantly
increases. The increase of the proved reserves is attributed mainly to the technological
developments in the recent years. New and more efficient oil recovery technologies that have
been deployed such as CO2 miscible and steam flooding [4], as well as better understanding
of the topography of earth’s crust, are only a few reasons that contributed to this phenomenon.
However, Miller and Sorrell indicate, the discovery of new oil/gas fields reached its peak in
the decade of 1960 and since then, the newly discovered fuel areas are smaller in size, while
the extraction of hydrocarbons is more difficult [5]. Current consumption rate demonstrates
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that estimated oil reserves ranges from 40 to 80 years, for coal 150-400 years and for natural
gas 60-160 years. A far more important concern, though, is the increase of the emitted CO2
in the atmosphere as a product from fossil fuel combustion, which is further analysed in
section 1.2 [6].

1.2.

Anthropogenic CO2

Greenhouse gases (GHG), such as CO2, CH4 and N2O, are emitted in the atmosphere mainly
after human activities and they are responsible for causing the greenhouse effect, which in
turn increases the average world temperature. CO2 is the main contributor to this effect, as is
almost 76% of the total amount of GHG in the atmosphere [7].
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Figure 1.3. (a) Atmospheric concentration of CO2 [8] and (b) the average temperature deviation [9].

CO2 is predominantly produced from the combustion of fossil fuels and it is accumulated,
since the industrial revolution, in high quantities in earth’s atmosphere. Due to this, the
concentration of CO2 has increased almost exponentially over the past years from 316 ppm
in 1960 to 411 ppm in 2018 (figure 1.3a). The same trend is followed, as expected, from the
deviation of global temperature. In the same time period (1960-2018), global temperature has
increased almost 1oC, while 2017 has been reported as the warmest year in human history
(figure 1.3b). In order to limit the global warming and recognize the urgent threat of the
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climate change, Paris Agreement (2016) was signed by the majority of the nations
participating in the UN. The aim of this agreement is to limit the global temperature increase
below 2oC and to pursue efforts to limit it up to 1.5 oC [10]. In the frame of this agreement,
the Dutch government has adopted its climate plan (2019) in collaboration with industry,
transport and agriculture sectors. This plan sets the goal of 49% reduction of greenhouse gas
emissions, compared to 1990 levels, by 2030 and of 95% reduction by 2050 [11].
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Figure 1.4. (a) Total energy consumption per sector. “Non energy” sector corresponds to raw fuels not for energy
applications, “Commercial” sector to secondary product production and R&D products, “Non-specified” sector
to military applications and (b) Carbon dioxide emissions sources and distribution. “Other” sources include
agriculture, forestry, commercial/public services and other emissions [2, 7, 12].

In order to mitigate CO2 emissions, it is necessary to track the sources that cause this problem.
Figure 1.4a presents the total energy consumption per sector and their contribution to the
total CO2 emissions globally. Industrial, transport and residential sectors account for the
79.1% of the total energy consumption. As far as the CO2 emissions are concerned (figure
1.4b), electricity and heat sector hold the lion’s share in global CO 2 contribution, as more
than 70% of the total electricity is produced by the combustion of fossil fuels in order to
satisfy mainly the household demands. Transportation is the second largest contributor
accounting for the 22% of CO2 emissions [7]. This percentage is estimated to increase,
especially in developing countries, such as India and China, where the frequency of vehicles'
usage is higher. An appealing solution to reduce CO2 emissions is the implementation of
hybrid and low carbon-print cars. Finally, industries contribute 20% to the total CO2
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emissions mainly through cement production, as its manufacturing process requires high
amounts of energy for the limestone annealing [7].

1.3.

Renewable energy sources (RES)

Fossil fuels and therefore the energy derived from those, is not infinite and their combustion
is responsible for the global climate change. In order humanity to continue to thrive and
develop for more generations, fossil fuels must be replaced gradually by renewable energy
sources (RES). Renewable or alternative energy [13] is the energy that is obtained from
naturally repetitive and persistent flows of energy occurring in the local environment [14].
Hydropower, bioenergy, solar, wind, wave and geothermal are only some of RES that are
available worldwide [15].
RES generation and consumption increase every year, according to IEA’s energy outlook [2].
However, RES supply is estimated to reach only 12.4% of the total energy demand by 2023,
while it will provide 30% of the total electricity needed worldwide [16]. Today, hydropower,
wind and solar energy are the most common RES globally. Solar energy though, has attracted
the interest of the scientific community in the recent years, mainly due to its abundance, as
approximately 120,000 TW of energy reach earth’s surface [17].

1.3.1. Renewable energy storage and Solar fuels
Solar energy can be used directly for heat and electricity production when a photovoltaic
(PV) panel is utilized. However, the daily and seasonal intermittency of the sunlight requires
not only energy storage for a long period of time but also its utilization on demand, using
inexpensive materials and approaches [18]. For instance, batteries and flow batteries, can
store chemical energy and constitute an attractive solution but their cost is high and their
capacity is very low compared to solar fuels [19, 20]. Energy storage in the form of chemical
bonds (i.e. solar fuels), on the other hand, is considered an ideal approach for solar energy
storage. Solar hydrogen is a very promising solar fuel, as it has a high energy density
chemical bond (the dissociation energy is equal to 436 kJ/mol [21]) and has a central role in
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many mature chemical processes (see next section), Finally, H2 is utilized in fuel cell
technology for electricity production where its combustion has zero carbon emissions [2224].

1.3.2. The role of hydrogen
Hydrogen utilization is not limited only in the solar energy storage, but it is also an important
base chemical in numerus sectors. Namely, H2 is used in Haber-Bosch process for ammonia
synthesis. Ammonia is vital for food supply chain, as it widely used in the fertilizers.
Additionally, H2 is also combined with CO in the Fischer-Tropsch process for the production
of synthetic liquid fuels and chemicals. Figure 1.5 summarizes the pivotal role of hydrogen
in different industrial routes [24].

Figure 1.5. The importance of hydrogen applications in a variety of industrial processes [24].

Up to date, almost 96% of the total hydrogen production derives from fossil resources, mainly
through steam methane reforming and coal gasification accompanied by huge CO2 emissions
[25]. The rest 4% is produced directly from water electrolysis [26]. Hydrogen derived from
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renewable sources will play an important role in energy transition especially in industrial
application where CO2 and N2 need to be reduced to produce valuable products (figure 1.5).
Nevertheless, hydrogen production from sunlight irradiation still remains the biggest
challenge. In the near future, indirect water electrolysis powered from PV or wind turbines
will be most likely the route to renewable H2 production. However, a more direct way to
generate solar hydrogen, through light absorption and catalysis at the same time, offers more
advantages. Still, the immaturity of this technology renders it as a promising solution not
earlier than the second half of this century [24].

1.3.3. Direct and indirect routes
Solar hydrogen production is a promising way to store renewable energy derived from PV or
wind turbines, as it compensates for the intermittency of those. This route is already
commercially available, while a 30% of efficiency has already been reported for PVelectrolysis for two series-connected PEM electrolyzers with a triple-junction solar cell [27].
However, direct PEC cells could potentially surpass the indirect way of PV-electrolysis,
mainly because of the following factors.
Integration: In PEC cells, light absorption and catalysis occur in a single device, while PVelectrolysis require two devices. Thus, the cost for wiring, glass, frames and electrical
connections of each device is higher than the cost of the active materials, such as silicon
present in the PV, electrodes and membranes [24].
Current densities: Current densities in the PEC cells are relatively low in the range of 1020 mA∙cm-2, which are 100 times smaller than the densities of PV-electrolysers (1-2
A∙cm-2). Low current densities increase the internal electrolysis efficiency outperforming the
indirect water electrolysis route [28]. Additionally, small current densities reduce the amount
of produced bubbles, increasing the active area of the electrodes. Finally, lower catalyst
demands may enable the substitution of the noble metal catalysts (Pt, IrO x) with more
inexpensive and abundant ones [25, 29]. While the cost of these electrocatalysts is considered
low, compared with the total infrastructure cost, this might change when the concept shifts
to GW scale [24].
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Heat management: If only a 20% out of the total light irradiation is converted into hydrogen
and 10% is lost due to reflections, then the rest 70% is converted into heat. This corresponds
in operating temperatures for PVs in the range of 60-80oC and therefore efficiency losses up
to 10%. In PEC cells, on the other hand, efficiency losses will be smaller due to the cooling
provided by the flow of the electrolyte [30]. Furthermore, as the Arrhenius’ law suggests,
high temperature operation increases the reaction kinetics on the surface of a photoelectrode
by a factor of 2 per 10oC of temperature increase. This effect has been indicated to be higher
in a PEC cell than in the case of PV-electrolyzers [28].
To conclude, renewable H2 production, is most likely to be realized in short term through the
concept of PV-electrolysis, mainly due to the maturity of the aforementioned technology.
However, in medium to long term, the direct PEC cell approach will benefit more, as new
cell concepts and materials will emerge (figure 1.6) [24, 31].

Figure 1.6. Solar hydrogen implementation in different field applications [32].
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Conventional photoelectrochemical (PEC) cells

1.4.1. Photoelectrochemical (PEC) cell design
Since the first work on water photolysis by Fujishima and Honda in 1972 [33], there has been
a plethora of scientific articles for describing different solar fuel techniques and applications.
The majority of these works utilize a photoelectrochemical (PEC) cell. The latter is
comprised of a photoanode, a cathode, the electrolyte solution and a reference electrode [34].
At a glance, a PEC cell (figure 1.5) looks alike with a cell used for the conventional water
(dark) electrolysis. However, its main difference is that at least one of the electrodes is
photoactive in order to absorb light and trigger water splitting [35].

Figure 1.7. Configuration of a semiconductor deposited on a planar (glass) substrate.

The materials that are utilized in this case are semiconductors and they are deposited on
planar glass substrates. As depicted in figure 1.7, the glass substrates are covered with a
conducting layer (ITO, FTO or AZO1), in order to establish electrical contact between the
semiconductor (photoanode/working electrode) and the cathode (counter electrode) [19, 35].
The semiconductors are deposited on the glass substrate via a plethora of techniques, such as
sputtering, chemical vapour deposition, electrodeposition, spin coating or sol-gel methods
[36].

1

ITO: Indium Tin Oxide, FTO: Fluorine-doped Tin Oxide, AZO: Aluminum-doped Zinc Oxide
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Figure 1.8. Illustration of a photoelectrochemical (PEC) cell and its main compartments.

The conventional photoelectrochemical systems for material screening are consisted of one
photoelectrode and thus, require a bias to stimulate the water splitting process, provided by
a power supply. Additionally, an electrolyte circulation system and magnetic stirrers are
necessary to maintain the electrolyte concentration stable and to increase the reactant and
product mobility respectively. During water splitting, the oxygen evolution reaction (OER)
takes place on the photoanode, while the hydrogen evolution reaction (HER) occurs on the
cathode. The schematic of such a conventional PEC cell is illustrated in figure 1.8.

1.Introduction

| 23

1.4.2. Electrolytes
Distilled water itself is a poor conductor as the number of dissolved H + and OH- ions is very
low. For this reason, when a PEC cell is utilized, it is necessary to use an electrolyte with
increased ionic conductivity to facilitate the transfer of the ionic species on the surface of the
working and the counter electrode. The electrolyte’s pH can be acidic, neutral or basic,
depending on the desired ionic conductivity and the stability of the electrodes in the aqueous
environment. The most common electrolytes that are widely used are K2SO4 and H2SO4 for
acidic environments, NaCl for neutral and KOH for basic ones. However, during the
photoelectrochemical water splitting, it is possible that H+ and OH- ions would be consumed,
affecting the electrolyte’s pH and therefore hindering the kinetics of the reaction.
Consequently, the application of a buffer solution is required [35]. A buffer solution can
maintain the pH stable, even if a small amount of strong base or acid is added. The most
common buffers are phosphate (KH2PO4/K2HPO4) and borate (H2BO3/HBO3), which are
used for a wide pH range [37].

1.5.

Novel polymeric electrolyte membrane photoelectrochemical cells

Photoelectrochemical

water

splitting

for

hydrogen

production

utilizing

liquid

reactants/electrolytes, as in figure 1.5, is the most common approach among the scientific
community. A few research groups, though, have tried to separate the two half-reactions
using an ion conducting polymeric electrolyte membrane (PEM) and substitute the liquid
reactants with gaseous ones [38-41]. For the latter case, the cell design was inspired by the
PEM fuel cell technology, where ionic conducting membranes are used both as electrolytes
and as electrode supports.
Consequently, the question that arises is why the scientific interest for water photoelectrolysis
should be shifted from the well-established case of liquid electrolyte PEC cells to PEM-PEC
cells utilizing gaseous feedstocks. To answer this question, it is imperative to name the
advantages that gas phase reactors pose against the liquid ones. First of all, PEM-PEC cells
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demonstrate a more flexible operation, as they can operate under liquid or gaseous reactants.
Furthermore, the two cell compartments can have a mixed operation utilizing liquids and
gases at the same time.
PEM-PEC cells can operate in higher temperature and pressure conditions in order to enhance
the reaction kinetics. Furthermore, the membrane assembly can facilitate the production of
compressed hydrogen, reducing the energy costs induced by further product/gas processing.
the employment of gaseous reactants impede the bubble formation on the electrode surface
and thus the reaction’s products do not hinder the electrochemically active surface area [4044]. This also suggests that applications under microgravity environment (extra-terrestrial
applications) are not hampered as the bubbles would not block the electrode’s area [45].
After minor modifications on the cell and the photoelectrode, hydrogen production utilizing
water from the ambient air is possible. It has been demonstrated that if the electrodes get
modified by hydrophilic agents, they are able to absorb humidity present in the air and split
water upon illumination [41, 42]. The ambient air operation eliminates the corrosion effects
of the electrodes, reducing the overall maintenance costs [41]. Additionally, as long as no
liquid water is introduced, the possibility of water freezing diminishes. Τhe overall process
is, thus, water neutral as no extra water is added to the system [41]. This is of great importance
as the global depleting water reserves are not affected by this operation [46].

1.5.1. PEM-PEC cell design
The design of a PEM-PEC cell for electrochemical water splitting is inspired by the
configuration of a PEM fuel cell 2 . A simplified schematic illustration of a fuel cell is
demonstrated in figure 1.9.

2

Herein, the acronym PEM corresponds to polymeric electrolyte membrane. However, in fuel cell literature, the
PEM abbreviation stands for proton exchange membrane.
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Figure 1.9. Illustration of a PEM fuel cell.

The core of the fuel cell in figure 1.9 is a proton conducting membrane placed between the
anode and the cathode which acts simultaneously as the electrolyte. This assembly is called
Membrane Electrode Assembly or MEA. The utilization of a MEA reduces the distance
between the anode and the cathode to minimum, offering a compact zero-gap design
decreasing the ohmic resistance [47]. The MEA is placed between two conducting plates that
act as current collectors and facilitate the charge transfer from the anode to the cathode. Those
plates are called bipolar or separator plates [48].
The bipolar plates drive the gaseous reactants on the electrode surface through serpentine
channels that are sculptured on the plate surface that faces the electrode. Typically, the plates
must be conductive, mechanically strong and impermeable in gases in order to support the
MEA, minimize the gas leakages and provide electrical connection to the electrode.
Additionally, bipolar plates must be chemically stable, resistant to corrosion and inexpensive
to benefit mass production. However, the aforementioned characteristics are not possessed
by a single material and thus the selection should be made according to the most essential
characteristic that each process requires. The most widespread materials that are used as
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bipolar plates are Ti, Ni, Al, stainless steel and carbon. Metallic plates, though, are
susceptible to dissolution, under corrosive environments, affecting the membrane
performance. For this reason, they should be coated with a protective and at the same time
conductive layer, such as carbon, metal carbides or conductive polymers [48].
The transformation of a PEM fuel cell to a PEM-PEC cell for light applications lies mainly
in the differentiation of one or of both bipolar plates. Scientific groups have adopted
numerous designs and the main components and concepts are presented in figure 1.10.

(a)

(b)

Figure 1.10. Illustrations of PEM-PEC cells: (a) bias free operation [42], (b) biased operation [49].

Figure 1.10a describes a PEM-PEC cell that operates under bias free operation (V=0). It is
consisted of a fused silica plate that facilitates light illumination, a photoanode, a proton
exchange membrane (Nafion®) and a platinum cathode. The supporting plates do not interfere
in the process and the electron transport occurs through an external wire configuration
straight into contact with the electrodes [42]. Such cell configuration, though, is not eligible
for scaling up. On the other hand, a more scalable design is illustrated in figure 1.10b. Here,
a quartz window is embedded in the bipolar plate, which allows the light illumination of the
photoanode, performing at the same time as a current collector.
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Figure 1.11. Illustration of the novel zero-gap PEM-PEC cell utilized in this thesis.

For the purposes of this thesis, a custom made and novel PEM-PEC cell was fabricated
(figure 1.11). The novelty of this cell lies in the fact that it is divided in three compartments,
in contrast with the traditional PEM-PEC cells that accommodate only the photoanode and
the cathode. In the extra compartment, a third electrode is installed that acts as the reference
electrode. The reference electrode is comprised of a Pt/C electrode in direct contact with the
conducting membrane. This compartment is under constant flow of hydrogen gas, creating
the reversible hydrogen electrode (RHE), appropriate for fundamental analysis. This novelty
allows, for the first time, to monitor the individual (photo)electrode overpotentials in a PEMPEC cell and facilitate the comparison with the conventional liquid design.
The three compartments are separated by rubber o-rings which enforce the gas tightness of
the cell and thus atmospheric oxygen doesn’t affect the cell’s operation. Two Teflon gaskets
are used for isolation of the different compartments, while two CaF2 windows facilitate the
photoanodes illumination and at the same time ensure the sealing of the anodic compartment.
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1.5.2. (Photo)electrode design
In contrast with the conventional liquid phase water photoelectrolysis, where planar
electrodes are used, gas phase water photoelectrolysis requires porous electrodes, which are
not compatible with all the well-established deposition techniques for planar substrates
(paragraph 1.4.1.). For this reason, it was necessary to develop a series of new fabrication
techniques suitable for porous substrates. Porous electrodes are necessary in order to facilitate
the penetration of the reactants to the active photocatalytic sites and the desorption of the
formed products [48]. Usually, photocatalytic materials are not by nature porous and for this
reason they are deposited on porous substrates or Gas Diffusion Layers (GDLs) [50]. GDLs
must be electrically conductive, mechanically stable to support the MEA and resistant to
corrosion. Carbon materials (felt, cloth or paper) are frequently used in fuel cell operations
as they combine many of the aforementioned characteristics. Figure 1.12(a, b) depicts two
representative forms of carbon GDLs. However, in PEM-PEC operation, the high
overpotentials in combination with the produced oxygen (when applied on the OER site)
make carbon-based materials susceptible to corrosion. Furthermore, semiconducting
materials require an O2-annealing step at high temperatures (>400 oC) to become active, but
carbon substrates cannot withstand such high temperatures [50].

(a)

(b)

(c)

Figure 1.12. SEM images GDLs. (a) carbon cloth, (b) carbon paper and (c) Ti felt.
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Previous attempts were focused on photocalysts deposited in powder form on the GDLs, in
a similar way to the dark electrolysis concept (figure 1.13a, b). However, this strategy
enhances the recombination of the photogenerated species due to grain boundaries and also
reduces material’s stability, as powder particles may detach during long term operation [51].

(a)

(b)

(c)

Figure 1.13. Schematic diagram of (a) PEM cell, (b) PEM-PEC cell with powder photocatalyst and
(c) nanotube arrays photocatalyst [52].

Taking into account the disadvantages of carbon substrates, titanium (Ti) felt (figure 1.12c)
could be considered as photoelectrocatalysts after electrochemical treatment and/or O2annealing at high temperatures in order to form crystalline TiO2 [50]. This approach ensures
that the grain boundary effects are limited while the metallic backbone of the Ti wire
facilitates the electron/hole separation (figure 1.13c).

1.5.3. Polymeric Electrolyte Membranes (PEM)
In the heart of a PEC cell there is a highly conducting Polymeric Electrolyte Membrane
(PEM) which functions as the electrolyte. The membrane can conduct either cations such as
H+ (Cation Exchange Membranes or CEM) or anions such as OH - (Anion Exchange
Membranes or AEM) [53]
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1.5.3.1. Cation exchange membranes
Perfluorinated sulfonic acid (PFSA) membranes are members of the cation conducting
polymers and present exceptional ion conductivity and stability. The structure of these
membranes has many similarities with the one of the classic polymer materials. PFSA
membranes are consisted of a polymer hydrophobic backbone and a hydrophilic side chain
with a sulfonic group (SO3-). The sulfonic group is connected with a counter ion (H+), which
upon water introduction is responsible for proton conductivity [54]. In literature, many
different PFSA membranes are reported with commercial names such as Nafion®, Aquivion®,
Felmion® and Gore-Select®. Nafion® was first developed in the 70s by DuPont and it is the
most reported of the aforementioned polymers [54]. They can be classified according to their
side chain length, in Long-Side-Chain (LSC) and Short-Side-Chain (SSC), for instance, is
considered a LSC polymer, while Aquivion®, another promising PFSA, a SSC one (figure
1.14).

Figure 1.14. Nafion® (left) and Aquivion® (right) monomer structures.
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Aquivion® is developed by Solvay Specialty Polymers and it is an optimized form of Nafion®,
as its shorter side chain has enhanced stability and performance properties as well as higher
conductivity (0.2 S cm-1 compared to Nafion®) [55].
Despite the side chain length, Nafion® and Aquivion® membranes present the same
morphological properties regarding the ion transport through their structures. Gierke et al.
[56] reported in 1981 that PFSA membranes upon water absorption form water clusters on
the hydrophilic part of the monomer. The calculated cluster diameter is in the region of 1-3
nm and two clusters are connected through a narrow channel. Protons are transferred through
the clusters’ network, assisted by the sulfonic groups as depicted in figure 1.15.

Figure 1.15. Proton transfer through the cluster network model proposed for PFSA membranes.

1.5.3.2. Anion exchange membranes
In chapter 2, anion exchange membranes (AEM) were used for the purpose of this thesis in
a lower extend, in order to compare the photoelectrochemical activity of two TiO2
photoanodes under different solid electrolytes. AEM are solid polymer electrolytes that
contain cation groups in their organic polymer side chains. Typically, these groups are
ammonium quaternary (trimethyl ammonium, TMA) groups surrounded by OH- groups as
counter anions. Numerous AEM have been reported in the literature, but the most common
and stable membranes are the ones with TMA groups. Alkaline membranes are usually
consisted of a low-density polyethylene (LDPE), polyether sulfone (PES) or polyphenylene
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oxide (PPO) backbone, on which TMA-functionalized vinylbenzyl chloride side chains have
been radiation grafted [57, 58].

Figure 1.16. LPDE based TMA-functionalized vinyl benzyl chloride membrane structure.

AEMs demonstrate excellent performance for oxygen reduction reaction (ORR) and high
ionic conductivity (0.13 S∙cm-1) close to the one of Nafion® at 80oC and 100% relative
humidity. However, their chemical and thermal stability for long term applications remain a
challenge. PES and PPO backbones are susceptible to degradation under alkaline
environments, as the polymer backbone is nucleophically attacked by OH-. LDPE backbone
on the other hand, does not undergo any degradation and it is stable under alkali environments
[57]. Figure 1.16 depicts the LDPE based monomer of the AEM solid electrolyte.

1.6.

PEC concept and operating principles

Water photoelectrolysis for H2 on the surface of semiconductors was first demonstrated by
Fujishima and Honda [33] in 1972. Since then, there have been many scientific studies that
report different materials and processes for solar hydrogen production. State-of-the-art PEC
devices have achieved efficiencies of up to 19% [59] but are largely based on III−V
semiconductor photoelectrodes which are expensive and based on scarce materials and poor
stability. On the other hand, oxide-based photoelectrodes are attractive because of their
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inexpensive processing costs and better stability in aqueous media but show a lower
demonstrated performance [6, 34]. The commercial viability of a water splitting PEC device
will be ultimately determined by the cost of hydrogen produced which is typically considered
to be a compromise between the material cost and STH efficiency. However, engineering
efforts to optimize the design by limiting mass transport will also play a crucial part in
realizing close to theoretical efficiencies in and reducing the cost of the future PEC
installations.
PEC water splitting is not a simple process and the utilized semiconductors must fulfil some
criteria. Initially, the semiconductor system must be stable under long term operation and
generate enough voltage under illumination, in order to split water. Additionally, the band
gap of the semiconductor must be small enough to absorb a significant amount of the solar
spectrum, while the band edges should surpass the oxygen and hydrogen redox potentials.
Finally, the charge transfer kinetics from the surface of the semiconductor to the electrolyte
must be fast to facilitate hydrogen evolution reaction and oxygen evolution reaction.
Nevertheless, no such materials that fulfil these criteria have been discovered yet and up-to
date, many research groups have focused on developing new materials and reactor designs
[36].

(a)

(b)

Figure 1.17. Energy diagram of a semiconducting photoanode under light illumination [36].

Figure 1.17a depicts the processes that take place in a single absorber PEC cell under light
illumination. When a photon (hv) reaches the surface of the photoanode, it generates holes
(h+) and electrons (e-), where ne-/h+ is the efficiency of the generated species. Then, the holes
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and electrons are transported through the semiconductor in different directions with an
efficiency indicated as ntransport [36]. The photo-generated holes can react with a water
molecule, oxidize it and produce oxygen gas [60], while the produced electrons travel
through the ohmic contact to the cathode and produce hydrogen gas [61]. The charge transfer
efficiency at the interface between photoelectrode and the electrolyte for holes and electrons
is indicated as ninterface.
Figure 1.17b illustrates the overpotentials needed to drive OER (OPOER) and HER (OPHER).
Vph is the required photovoltage to drive the water splitting process, which is always lower
than the band gap of the semiconductor as a result of losses. The photovoltage is determined
from the difference of the quasi fermi levels of holes (EF,p) and electrons (EF,n) [36].

OER:

H2O + 2h+ → 1⁄2O2 + 2H+ (1) [22, 23]
HER:

H+ +2e- → H2 (2) [22, 23]

Reactions (1) and (2) describe the OER and HER in acidic media and their combination result
in reaction (3).
H2O → 1⁄2O2 + H2 (3) [23]
Under standard conditions, reaction (3) requires 237.2 kJ/mol or 1.23 V per electron transfer
in relation to Nernst equation. Thus, a semiconductor must absorb photons with energy higher
than 1.23 eV in order to trigger the water splitting reaction. However, due to energy losses
attributed to the kinetics of this reaction, 1.6-2.4 eV are usually needed to initiate the oxygen
and the hydrogen evolution reactions [23, 34].

Ultimate solar-to-hydrogen efficiency (%)
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Figure 1.18. Theoretical maximum solar-to-hydrogen conversion efficiency as a function of the material band
gap. [34].

To choose the most suitable semiconductor for each application, it is imperative to study and
evaluate their properties. Figure 1.18 depicts the theoretical maximum STH efficiency versus
the band gap of four well studied metal oxide semiconductors that can drive the water
oxidation in a PEC cell. TiO2 and Fe2O3 stand out, as they are the materials with the highest
(3.2 eV) and the lowest (2.0 eV) bandgaps and therefore different conversion efficiencies. αFe2O3 may seems a promising material considering its abundancy, stability to its low band
gap, however, carrier transport and charge photogenerated charge separation are considered
inefficient due to polaron conductivity issues. The poor semiconducting properties of αFe2O3 limit the photocurrent density, under 1 sun illumination up to, 4 mA∙cm -2 (theoretical
maximum photocurrent is 12 mA∙cm-2). In this frame, a semiconductor such as BiVO4 with
wider band gap than α-Fe2O3 presents higher photocurrent density proving that the value of
the bandgap alone cannot describe the capability of each material to split water [6, 34, 36].
In this thesis, TiO2, WO3 and BiVO4 were utilized as photoanodes and their properties are
summarized below.
Most visible-light active oxide semiconductors, which are considered relatively stable, have
a deep lying valence and conduction band edge position, allowing only an oxidation half
reaction. To address this issue and allow standalone (bias free) operation, a tandem
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photoelectrochemical (PEC) cell composed of dual photoelectrodes - a photocathode and a
photoanode - has been proposed (figure 1.19). The cell configuration dictates that light
illumination occurs initially from the side of photoanode. The photoanode is able to absorb
one fragment of the solar spectrum, equal to its band gap, to drive the OER, while it transmits
photons with lower energy, which are absorbed by the photocathode (figure 1.19). The two
photoelectrodes are connected with external circuit which drives the electrons to the
photocathode for the HER [34]. This configuration was not investigated in the frame of this
thesis but it is discussed in the outlook section.

Figure 1.19. Tandem cell configuration and energy diagram of bias free PEC water splitting process [62].

1.7.

Metal oxide photoanodes

1.7.1. Titanium dioxide (TiO2)
Titanium dioxide (TiO2) or titania is a semiconductor that was first reported for its
photocatalytic properties for hydrogen production from Fujishima and Honda in 1972 [33].
Since then, TiO2 not only has been noted for its water/air purification properties [63, 64], but
also implemented in photoelectrochemical water splitting [61, 65, 66]. In the latter case, TiO2
is used as a photoanode, as it is a promising material which meets most of the requirements
stated above, as it is abundant, inexpensive and environmentally friendly [60]. Finally, it
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demonstrates remarkable stability under extreme pH environments and experimental
conditions, constituting an ideal material for basic research studies [23].
Titania can be found mainly in two main lattice forms, anatase and rutile. Both forms have
large band gaps, ~3.2 and ~3 eV respectively, and therefore they are active only under UV
light irradiation [67]. UV light though, accounts only for the 4% of the total solar radiation
spectrum [60], resulting in solar to hydrogen efficiencies (i.e. ~2.2%) lower than the desired
10% that enables commercialization [68, 69]. For this reason, many scientific studies have
focused to improve tinania’s light harvesting and enhance its photocatalytic properties.
Adding hole scavengers, introducing an ion or a noble metal as dopant, making composite
semiconductors or (nano)structuring the surface are only some of the followed strategies to
improve TiO2 hydrogen production efficiency [60].

1.7.2. Tungsten trioxide (WO3)
In theory, tungsten trioxide (WO3) is described as a material with a cubic crystalline structure
(ReO3 type), which experimentally is rarely addressed. Most commonly, WO3 has a distorted
cubic structure with five different characteristic forms. Usually, for temperatures between 25
to 700oC, it has an orthorhombic (β-WO3) or a monoclinic I (γ-WO3) form. This is not the
case though for nanostructured W-based materials as the phase transition behaviour is
different [70].
WO3 has numerous applications and has been studied actively over the last 20 years as a
material for photoelectrochemical water oxidation, due to its appealing physical and optical
properties. In particular, it is a semiconductor with high stability under light illumination in
acidic solutions and resistant to photocorrosion. Moreover, WO3 has good electron transport
properties, as the hole diffusion length is around 150 nm, which is 67 times lower than in
case of TiO2. Finally, WO3 has a relatively high, indirect band gap, approximately 2.6-2.8
eV, which allows the absorption of photons with wavelength lower than 500 nm. This
corresponds to 12% absorbance of total light spectrum and to 4.8% of solar-to-hydrogen
efficiency [71].
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The relatively high band gap of WO3 has motivated many research groups to focus on
tungsten trioxide nanostructuring in order to increase the electrochemically active surface
area and to enhance the efficiency of charge capturing at the interface between the
semiconductor and the solution. An interesting approach could be the fabrication of
nanocrystals to enhance light harvesting and their subsequent deposition on a plain substrate
like FTO-covered glass [72]. Other strategies include the direct nanostructuring of plain W
electrodes using a simple electrochemical anodization process in acidic media, creating a
sponge-like texture on the electrode surface [73]. Finally, the addition of a dopant agent such
as N, Cu, Te or C in the WO3 lattice can enhance its visible light response through band gap
modifications [71].

1.7.3. Bismuth vanadate (BiVO4)
Bismuth vanadate (BiVO4) is a semiconducting material which exists in three different
crystal structures. Upon light illumination, though, the monoclinic scheelite form is the most
active to drive the OER [74]. BiVO4 is a yellow coloured, non-toxic and stable material [66]
that was first fabricated by Kudo et al. in 1998, mainly in order to replace CdS, which has
the same colour as BiVO4 but is toxic and susceptible to photocorrosion [66, 75, 76]. BiVO4
has more favourable optical properties than WO3 and TiO2, as it has a shorter band gap (i.e.
2.4-2.5 eV) and therefore can absorb blue photons [77]. Based on that, the estimated
theoretical solar-to-hydrogen efficiency is 9.1% and for this reason it is an appealing and
promising material, which has extensively been studied in the recent years. However,
experimentally, BiVO4 shows much lower efficiencies because of the poor light absorption,
the extensive electron-hole recombination and the low charge carrier mobility [66], which is
attributed to the low hole diffusion length of BiVO4 (i.e. ~100 nm) [78].
The low efficiencies of BiVO4 demand its use along with other materials it in order to
enhance its photocatalytic properties and stability. Semiconductors such as WO3, Co3O4 or
Fe2O3 can be utilized along with BiVO4 improving the photocatalytic activity. Their correct
band edge alignment allows the fast removal of the photoinduced electrons from the
conduction band of BiVO4, suppressing the electron-hole recombination [79]. Another wellestablished strategy to enhance the activity of BiVO4, is the doping with metals from the VI
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group of the periodic table, such as Mo and W [77]. Mo and W have both six valence
electrons and they can substitute vanadium which has five valence electrons; this extra
electron improves significantly the material’s conductivity [80, 81]. The most favourable and
successful approach, though, includes the deposition of multiple layers of oxide co-catalysts,
such as cobalt phosphate (Co-Pi). In order to evaluate how a co-catalyst facilitates the water
oxidation efficiency, the kinetics at the surface of BiVO4 should be taken into consideration.
When no co-catalyst is applied and the photocurrent density of a BiVO4 photoanode is
relatively high, the rate of photogenerated holes cannot keep up with the charge transfer at
the electrode-electrolyte interface leading to slow kinetics. When a co-catalyst is introduced,
the reaction’s kinetics are boosted obtaining simultaneously higher photocurrent densities
[80].
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2. The aim of this thesis
The aim of this thesis is to “move the concept of photoelectrochemical hydrogen production
“from the lab to the roof/farm”. Motivated by the simplicity of PV farms, we investigated the
steps required to realize a similar PEC approach that can be the basis for the future PEC
installations (figure 2.1). In this direction, we focused on the development of appropriate
photoelectrode and cell architectures as well as introducing alternative modes of operation.

Figure 2.1. Illustration of a PEM-PEC farm for H2 production and utilization. In the inset schematics one can see
the steps of photoelectrochemical water splitting on the surface of the photoanode.

Our conceptual design of novel PEC cell was based on the literature of PEM electrolysers.
The main advantages of the latter are the scalability, the robustness, the effective product
separation, the optimized gas diffusion electrodes and the zero-gap design (i.e. the electrodes
are sandwiched between a polymeric electrolyte membrane), which allows low ohmic losses
during operation. The main disadvantage of PEM electrolysers is the scarcity of the electrode
materials (i.e. Ir and Pt), which impedes the implementation of those in the appropriate scale
for the energy transition. With our PEM-PEC approach, we maintain the aforementioned
advantages of the PEM electrolysis and at the same time, we propose a solution for utilizing
cheap semiconducting materials instead of scarce noble metals.

2.The aim of this thesis
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This thesis is structured in the following steps:
• Proof of PEM-PEC concept with model photoelectrode materials and novel reactor
design.
• Investigation of operating conditions with different photoelectrode and polymeric
membrane combinations.
• Extending the concept to visible light absorption photoanodes.
• Functionalization of porous photoanodes for PEM-PEC water splitting present as
humidity in ambient air.
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3. Research approach and thesis outline
As previously stated, PEC water splitting is a promising way for H2 production using sunlight
irradiation and renewable electricity. The conventional method to split water into its
constitutional elements is using liquid electrolytes and planar photoanodes. In this thesis, we
introduce polymeric electrolyte membrane-based PEC cells, which can be the basis of future
PEC applications. As discussed before this design offers many advantages over the
conventional PEC design however, there is lack of literature on this approach. This thesis
focused on filling this gap by investigating the reactor and photoelectrode membrane
assemblies.
Our efforts started with the development of a reactor design (cell casing) that is based on
PEM electrolysis and allows illumination and it has a unique feature i.e. it is equipped with
a reference cell, that allows comparison with the conventional PEC studies. We continued
with the development of a new class of porous photoelectrodes which facilitate mass and
charge transfer. This class of photoelectrodes is essential for PEM-PEC operation in order to
facilitate the accessibility of the reactants to the active photoelectrode sites and the
permeation of the products through the polymeric electrolyte membrane. In the
aforementioned investigations we utilized model photoanodes with low solar to hydrogen
efficiency due to their stability in a wide range of operational conditions (i.e. acidic and
alkaline). Consequently, our next goal was to expand the PEM-PEC concept in visible light
photoanodes. In all the studies we investigated the performance of the PEM-PEC cells either
in liquid or in gas phase with high relative humidity. Thus, the last part of this thesis was
focused on enabling operation under realistic conditions (i.e. relative humidity in the levels
of the ambient air) expanding at the same time, the geographical range PEM-PEC devices
can be utilized, such as coasts, oceans, remote roads or deserts.
In Chapter 1, the novel custom-made gas phase PEM-PEC cell is demonstrated. This cell is
equipped with a H2 reference electrode, which allows the direct comparison of gas and
conventional-liquid phase operation for the water splitting process. In this case, the
photoanode was comprised of titania nanotube arrays (TNTAs) that were developed on the
surface of a porous Ti substrate after a simple electrochemical anodization process. The
photoelectrochemical activity for water oxidation was determined, as well as the stability of

3.Research approach and thesis outline

| 43

the fabricated photoanodes under continuous UV light irradiation. Moreover, the use of
alcohols, as sacrificial agents, was investigated.
In Chapter 2, the fabrication of two families of TiO2 photoanodes is described. The first
photoanode class is comprised of TNTA photoanodes O2-annealed in different temperatures,
while the second one is comprised of TiO2 layers, which were formed after the O2-annealing
of the Ti felt in elevated temperatures. Both families were evaluated for water photooxidation
in liquid phase operation and these results were compared with the ones obtained under the
presence of alcohol sacrificial agents. The most active sample of each family was tested for
gas phase PEC water splitting on a H+ and on a OH- conducting membrane.
In Chapter 3, the concept of PEC water splitting using gaseous reactants was extended to
visible light illumination, as a new porous WO3/BiVO4 photoanode was fabricated. This
photoanode uses the Ti web of nanofibers as substrate to support a film of W which was
deposited using a DC magnetron sputtering. After the electrochemical anodization of the W
film, the BiVO4 phase was deposited using the Successive Ion Layer Adsorption and
Reaction (SILAR) method. The WO3/BiVO4 photoanodes were evaluated for gas phase
PEM-PEC water splitting demonstrating record photocurrent densities for such systems.
Finally, Chapter 4 describes a photoanode functionalization method which allows the water
vapor adsorption under a broad variety of relative humidity conditions (≤100%). Water vapor
adsorption is possible after the coverage of different photoanodes (WO3, TiO2) with an
ionomer; the building block of the proton conducting membranes. In this chapter the
photoelectrochemical performance of such photoanodes is investigated while different
ionomer loadings are deposited on the photoelectrodes’ surface. Finally, in order to explore
the water oxidation mechanism on these photoanodes, different isotopically labelled water
species (D2O, H218O) were introduced into the system.
The second part of this thesis (Part B) is consisted of articles that have been published in
international scientific journals and their titles are presented below:
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Chapter 1

T. Stoll, G. Zafeiropoulos, and M. N. Tsampas, 'Solar Fuel Production in
a Novel Polymeric Electrolyte Membrane Photoelectrochemical (PEMPEC) Cell with a Web of Titania Nanotube Arrays as Photoanode and
Gaseous Reactants', International Journal of Hydrogen Energy, 41 (2016),
17807-17.

Chapter 2

G. Zafeiropoulos, T. Stoll, I. Dogan, M. Mamlouk, M. C. M. van de
Sanden, and M. N. Tsampas, 'Porous Titania Photoelectrodes Built on a
Ti-Web

of

Microfibers

for

Polymeric

Electrolyte

Membrane

Photoelectrochemical (PEM-PEC) Cell Applications', Solar Energy
Materials and Solar Cells, 180 (2018), 184-95.

Chapter 3

T. Stoll, G. Zafeiropoulos*, I. Dogan, H. Genuit, R. Lavrijsen, B.
Koopmans, and M. N. Tsampas, 'Visible-Light-Promoted Gas-Phase
Water

Splitting

Using

Porous

WO3/BiVO4

Photoanodes',

Electrochemistry Communications, 82 (2017), 47-51.

Chapter 4

G. Zafeiropoulos, H. Johnson, S. Kinge, M.C.M. van de Sanden, M.N.
Tsampas, 'Solar hydrogen generation from ambient humidity using
functionalized porous photoanodes', ACS applied materials and interfaces,
11, 44 (2019), 41267-41280.

4.Overview of research

| 45

4. Overview of research
4.1. Solar fuel production in a novel polymeric electrolyte membrane
photoelectrochemical (PEM-PEC) cell with a web of titania nanotube
arrays as photoanode and gaseous reactants
Herein, a novel zero-gap photoelectrochemical (PEC) cell (figure 4.1) with a proton
conducting membrane, which plays the role of the electrolyte, is introduced. The cell is
equipped with an extra compartment, where the reference electrode is hosted. Such design
allows for the first time the direct comparison of the gas phase operation and the obtained
photoelectrode performance with the traditional liquid phase PEC cells.

(a)

(b)

Figure 4.1. (a) Configuration and operation of the membrane (photo)electrode assembly. (b) Novel PEM-PEC
reactor design with three compartments for accommodating anode, cathode and reference electrodes (top).
Intersection of the PEM-PEC reactor presenting the sealing and the electrical isolation between the compartments
(bottom).
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The reference electrode’s reliability was validated with cyclic voltammetry (CV)
measurements performed on a commercial carbon supported Pt electrocatalyst. Figure 4.2
shows that all the features of CV on Pt were observed, such as the hydrogen adsorption and
desorption peaks in the potential region from 0 to 0.3 V vs RHE, as well as the Pt oxide
formation and its counterpart reduction peak at ~0.75 V [82, 83].

Figure 4.2. Cyclic voltammetry curves with scan rate of 50 mV/s of (a) commercial Pt on Vulcan electrocatalyst
obtained in our PEM-PEC device with feed of 2.5% H2O in He.

Such cells do not utilize planar photoelectrodes but require the utilization of porous ones.
The porous structures allow the gaseous reactants, in that case water, to reach the
photoelectrode/electrolyte interfaces. In this case, titanium porous electrodes (figure 4.3a)
underwent a simple electrochemical anodization process forming titania nanotube arrays
(TNTAs) (figure 4.3b) on the electrode’s surface. This architecture increases 30 times the
specific surface area of the photoanodes and at the same time offers a channel for electron
transfer and separation of holes and electrons as the grain boundaries are eliminated.
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(b)

Figure 4.3. SEM images of titania nanotube arrays fabricated by electrochemical anodization in 2 vol% water +
0.3 wt% NH4F in ethylene glycol at 30 V for 1 h at different magnifications.

The aforementioned TNTAs photoanodes were evaluated for their efficiency concerning
PEC water splitting process. In this frame, air and He were selected as water carrier gasses
and their activity was determined in the linear sweep voltammetry (LSV) measurements as
depicted below.
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(a)

(b)

Figure 4.4. Linear voltammetry sweeps (2.5 mV/s) on the TNTAs photoanode under chopped illumination for
water splitting (a) in an aqueous electrolyte (pH = 1) and (b) in polymeric electrolyte with He (top) and air
(bottom) carrier gases for 2.5% H2O. The dashed line corresponds to operation when the photoanode was covered
with droplets of water before assembling the PEM-PEC cell.

Apart from the gas phase experiments, water was also poured as droplets onto the anode in
order to resemble the operation with liquid reactants. As one can see by comparing figure
4.4a (for 1 h anodization) with the dashed line in figure 4.4b, the obtained performance with
liquid H2O in the PEM-PEC (apart from the dark current) is almost identical.
Figure 4.4b shows also that the effect of carrier gas is important only below 0.3 V, while
above 0.4 V the photoanode performance is only 8-10% lower when air is used as carrier gas
instead of He. In the low applied potential region, the presence of oxygen molecules (when
air is used as carrier gas) acts as a mediator for recombination and thus causes back reactions
which deteriorate photoefficiency [84]. Oxygen-related side reactions are initiated by
electron capture by molecular oxygen. To minimize the detrimental impact of oxygen,
electrons should be rapidly extracted from the semiconductor to a conducting back contact.
The fact that the presence of oxygen has low impact on the photoefficiency for applied
potentials higher than 0.4 V, implies that our TNTAs are capable of fast electron injection
inside the TiO2 valence band that limits the possible recombination pathway due their
nanostructure. The photocurrent in gas phase is 0.43 mA and 0.40 mA at 1.23 V when He or
air are used as carrier gas respectively. These values correspond to 50% and 47% of the
current obtained at the same potential in liquid phase, which is very interesting taking into
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account that only 2.5% water vapour in the gas phase can recover half of the photocurrent.
The shapes of the LSVs in both environments are very similar, which is another indication
that our proposed PEM-PEC cell design is equipped with a reliable reference electrode.
Long term stability experiments were also performed in the gas phase PEC and are shown in
figure 4.5b. Again, the stability of the TNTAs/Ti-web is well documented and the main
difference with the liquid phase PEC is the small fluctuations of the photocurrent in the gas
phase PEC, most likely due to local water condensation, since the temperature of the PEMPEC cell was 3-4 oC lower than the gas saturators. The photocurrent slightly decreases over
time after the first 5 min during the 2 h test. This indicates that the TNTAs/Ti-web
photoelectrode is able to withstand the mechanical stress and shows a small loss of
photoactivity.

(a)

(b)

Figure 4.5. Time dependent photocurrent density of the photoanodes under UV-light illumination measured in
(a) liquid phase PEC and (b) gas phase PEM-PEC cells.
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4.2. Porous titania photoelectrodes built on a Ti-web of microfibers
for polymeric electrolyte membrane photoelectrochemical (PEM-PEC)
cell applications
In chapter 2 we aim to give further insight to the operation of PEM-PEC cells utilizing TiO2
photoanodes on proton and hydroxide ion conducting membranes. Two families of
photoelectrodes were developed on Ti porous substrates; TiO2 nanotubes grown by
anodization and subsequent oxygen annealing and TiO2 overlayers developed under oxygen
annealing. Initially, their performance was evaluated in a conventional PEC cell with liquid
reactants under chopped UV light illumination. The results are summarized in figure 4.6.
Figure 4.6 presents the linear sweep voltammograms (LSVs) under chopped light
illumination for both classes of photoanodes. Negligible currents are recorded for all samples
upon turning the illumination off within the whole potential range. A strong dependence
between photoactivity and calcination temperature was observed in all the cases. The onset
of the photocurrent for anodized samples (TNTAs) already starts at ~0.1 V vs RHE, while
for the TiO2 layers the onset shifts at much higher potentials, between 0.4 V and 0.6 V vs
RHE. The effect of the annealing temperature on the onset potential is negligible for TNTAs.
On the other hand, for the case of TiO2 layers, the onset potential is decreased from 0.6 V to
0.4 V vs RHE, as the annealing temperature is increased from 400 to 600 oC.
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Photoanodes class-A: Ti-web

Photoanodes class-A: Ti-web with

with TNTAs

TiO2 overlayers

(a)

(b)
. -1

Figure 4.6. Linear voltammetry sweeps (2.5 mV s ) under chopped illumination for water splitting on (a) TNTAs
and (b) TiO2 layers, in an aqueous electrolyte (0.1M H2SO4).

Comparing the activity of the two classes of photoanodes, photocurrents obtained with
TNTAs are up to 2 times higher than those obtained with TiO2 layers. Taking into account
that the surface area of anodized samples is 30 times larger than that of non-anodized
samples, it seems that TiO2 layers exhibited unexpectedly high activity. This is most likely
related with the faster charge separation/transfer due to the thin TiO 2 layers that developed
after the O2 annealing on the Ti microfiber surface. On the other hand, at applied potentials
below 0.5 V, TiO2 layers are totally inactive, unlike the modest photoactivity which was
observed with TNTAs in this potential region. This is related to the fact that anatase phase
was not detected in these samples.
The best performing TNTAs and TiO2 layers were also evaluated as photoanodes for water
splitting during gas phase operation. In this case, the photoanodes were interfaced onto
polymeric electrolyte membranes with either proton (H +) or hydroxide ion (OH-)
conductivity and then were introduced in a PEM-PEC reactor. A low water vapour pressure
of 3.5 kPa was supplied by flowing a carrier gas through a thermostated gas saturator filled
with deionized water. Two cases were investigated for the nature of the carrier gas; helium
was used as an inert carrier gas and air was used in order to simulate water capture from the
ambient air [41, 42, 52]. The performance of the photoanodes utilizing proton and hydroxide
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ion conducting membrane is depicted in figure 4.7 (a), (b) and (c), (d) respectively. For
comparison, we have performed LSV experiments of the same photoanodes with aqueous
electrolytes in “equivalent” conditions, i.e. pH=1 and pH=13 to mimic H+ and OHconducting membranes respectively [85, 86]. These LSV curves are also displayed in figure
4.7 and are denoted as liquid phase.

Photoanodes class-A: Ti-web with

Photoanodes class-B: Ti-web with TiO2

TNTAs

overlayers

(a)

(b)

(c)

(d)
-1

Figure 4.7. Linear voltammetry sweeps (2.5 mV s ) on the TNTAs and TiO2 layers photoanode annealed at 600oC
under chopped illumination for water splitting in conjunction with (a, b) proton conducting membrane (Nafion
117) and (c, d) hydroxide ion conducting membrane [30,31]. Orange and green lines correspond to gas phase
operation with He and air carrier gases respectively for 3 kPa H2O. The blue line corresponds to operation with
aqueous electrolyte at (a, b) pH=1 (0.1M H2SO4) and (c, d) pH=13 (0.1M KOH).

4.Overview of research

| 53

As illustrated in figure 4.7, in both TNTAs and TiO2 layers the nature of the carrier gas has
an important effect on the activity only at low polarization. Specifically, with the H+
conducting electrolyte, a significant deviation between the LSV curves obtained with He and
air was observed at potentials below 0.4 V with the TNTAs and below 0.6 V with the TiO 2
layers. With the OH- conducting membrane the nature of the carrier gas has an effect only at
low potentials (<0.2V vs RHE). At the region of low polarization, the oxygen molecules (in
the case of using air as the carrier gas) act as mediators for recombination and this causes
back reactions which deteriorate photoefficiency.
The activity of both classes of photoanodes was higher in alkaline environment (liquid or
OH- conducting membrane) compared to acidic environment (liquid or H+ conducting
membrane), which can be ascribed to reduced recombination phenomena. This is related with
the large concentration of OH- species at the interface between the photoanode and the
alkaline electrolyte, which favours the capture of holes [87].
The performance of the photoanodes in gas phase operation in our PEM-PEC cell with the
H+ conducting electrolyte is very close to the ones obtained in conventional PEC cells at
pH=1 (0.1 M H2SO4). The photocurrent in gas phase was 1.22 and 1.19 mA .cm-2 at 1.23 V
vs RHE when He or air are used as carrier gas respectively. These values correspond to 74%
and 71% of the current obtained at the same potential in conventional PEC cells at pH=1.
This is a very interesting observation taking into account that only 3% water vapour during
gas phase PEM-PEC operation can result to more than 70% of the photocurrent of
conventional PEC cells operating with aqueous electrolytes and reactants.
The results are even more promising when utilizing a hydroxide ion conducting membrane
(figure 4.7c, d). Gas phase operation with the OH- conducting membrane is much better in
the low potential range in comparison with the liquid operation of conventional PEC cells at
pH=13 (0.1 M KOH). The onset potential for liquid phase operation at pH=13 is 0.2 V vs
RHE, while for the case of gas phase operation the photogenerated species are present in the
whole potential range under examination (i.e. 0-1.5 V vs RHE). Gas phase operation in PEMPEC cell is superior compared to the conventional cells up to 0.9 V vs RHE, while at higher
polarization the obtained photocurrent of conventional PEC cells is 5-10 % better.
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These results give, for the first time, a comparison between the performance of a
photoelectrode in a PEM-PEC cell operating with proton or hydroxide ion conducting
membrane comparing to a conventional PEC cell operating at pH=1 or pH=13 respectively.
Regarding the photon-to-hydrogen efficiency, the utilization of a hydroxide ion membrane
enhances the performance of the photoelectrode in comparison with conventional PEC cells
(performed in either acidic or alkaline conditions) and with the PEM-PEC cells operated with
proton conducting membranes.

4.3. Visible light promoted gas phase water splitting using porous
WO3/BiVO4 photoanodes
In chapter 3 we describe the fabrication process of photoanodes comprised of the WO3/BiVO4
heterojunction for visible light applications. In this case, the Ti web of microfibers is used as
a substrate to support a W film deposited by DC magnetron sputtering. Then, after a short
electrochemical anodization process a WO3 film is obtained. BiVO4 is deposited on the
Ti/WO3 substrate via the SILAR method.
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Figure 4.8. (A) XRD diffraction pattern of the initial Ti-web and with different added layers. (B) Tauc plot of the
photoanodes for band gap determination. SEM images of (C) WO3 covered Ti-web and (D) of the WO3/BiVO4
covered Ti-web.

Figure 4.8 (c) and (d) depict the photoanode’s structure before and after BiVO 4 deposition.
With the exception of some rare cracks, the WO3 layer appears highly homogeneous, shows
low roughness and seems to cover the titanium substrate effectively. The BiVO 4 particles
deposited by SILAR method are measured around 180nm and are well distributed on the
electrode surface, providing good nanostructuring, even if few agglomerates can be observed
in some regions.
The synergic association of WO3 and BiVO4 has been already well described in the literature
[6, 88, 89]. However, since the type of electrode support and the deposition techniques are
different in our case, we initially compared the activities of each photoactive layer separately
and prior to the measurement of combined layers.
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The obtained results in the aqueous phase confirm that our fabrication process does form a
WO3/BiVO4 heterojunction. As it is shown in figure 4.9A, under irradiation the two
semiconductors give individually relatively low currents 0.10 and 0.25 mA.cm -2, for WO3
and BiVO4 respectively, while a strong synergistic effect is observed for WO 3/BiVO4 since
their combination (40-SILAR-cycles for BiVO4, see below) can reach up to 2.3 mA.cm -2.
To reach the performance depicted on figure 4.9A, we studied the effect of the BiVO 4 loading
onto the WO3 layers (figure 4.9B). To achieve that, we compared the activity of the
WO3/BiVO4 assemblies after successive steps of 10-SILAR-cycles from 10 until 60-cycles.

Figure 4.9. Linear voltammetry sweeps (10 mV/s) of various photoanodes under chopped illumination for water
splitting (A) Independent BiVO4 and WO3 and their coupled conterpart, (B) Activity of WO3/BiVO4 photoanodes
for different BiVO4 loading (C) 40-SILAR-cycles WO3/BiVO4 liquid vs gas phase activity (3.5 vol% H2O). (D)
Detection of oxygen and hydrogen generation during a step transient illumination experiment for WO3/BiVO4 (40SILAR-cycles) at 1.23V vs RHE.

All the samples share the same photocurrent onset (about +0.4 V vs RHE) and exhibit a linear
current increase through the scanned potentials. At the thermodynamic water oxidation
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potential, the 10-cycles sample give the lowest photocurrent with 0.65 mA .cm-2, while the
maximum activity, i.e. 1.9 mA.cm-2, is reached after 40-cycles. Further SILAR cycles lead to
a current drop, thus we consider that the electrode surface starts to get saturated after 40SILAR-cycles.
Figure 4.9C depicts the activity comparison between liquid and solid electrolyte operation
(i.e. in PEM-PEC cell). The photoelectrochemical performances are almost identical in terms
of photocurrent profile and intensity (1.9 mA .cm-2 at the thermodynamic potential) and
regarding the photoelectrocatalytical onset (+0.4 V vs RHE). This is several orders of
magnitude higher than any other visible light activated solid state electrolyte systems,
confirming the strong potential of our reactor and electrode design [41, 52, 90, 91].
The possibility of using PEM-PEC cell to capture and use water molecules from the ambient
air has been nicely demonstrated by Ronge et al. [41]. The potential of this operation mode
is based on the fact that solar hydrogen can be produced from a “water-neutral” process.
Therefore, we investigated the operation of our PEM-PEC cell using air as carrier gas apart
from He (figure 4.9C). Molecular oxygen induces current loss through a photoelectron
quenching process [41, 52], however, at high applied potentials the obtained performances
were almost identical using the two carriers. In order to determine the Faradaic efficiency of
our system for splitting reaction, we performed online oxygen and hydrogen detection
measurements in anodic and cathodic compartments of the PEM-PEC using a quadrupole
M/S for the Tiweb/WO3/BiVO4 photoanode (of 40-SILAR-cycles). As shown in figure 4.9D,
the PEM-PEC cell generates hydrogen at a rate of around 3.4 nmol O2/s and 7.1 nmol H2/s at
1.23 V. Note that the hydrogen signal follows the behaviour of the photocurrent upon step
transient light irradiation giving a Faradaic efficiency close to ~85%.
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4.4. Solar hydrogen generation from ambient humidity using
functionalized porous photoanodes
In chapter 4 of part B, we examine how the functionalization of porous TiO2 and WO3
photoanodes with solid electrolytes - proton conducting Aquivion® and Nafion® ionomers,
enables the capture of water from ambient air and allows subsequent photoelectrochemical
hydrogen production.

(a)

(b)
Figure 4.10. (a) SEM images of functionalized Ti/TiO2 photoanodes using different ionomer loadings of Aquivion
(top) and Nafion (bottom). (b) Photoelectrochemical activity at 1.23 V of functionalized Ti/TiO 2 anodes at liquid
PEC operation and PEM-PEC air-based operation at 60% and 100% RH as a function of ionomer loading and
kind of ionomer. Error bars represent standard errors.
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The Ti/TiO2 photoanodes were developed via oxygen annealing of Ti porous substrates.
Despite various possibilities [52, 92-95], we have chosen this fabrication method due to its
simplicity, reproducibility and uniformity. Figure 4.10a shows SEM micrographs of the
functionalized photoanodes upon spray deposition of different amounts of Nafion ® and
Aquivion® ionomers. At 0.1 mg∙cm-2 ionomer loading, only a small part of the photoanode
is covered by ionomer. When ionomer loading reaches 3 mg∙cm -2, a uniform top coating is
observed on the photoanode fibers, while application of higher loadings leads to increase in
the coating thickness.
The activity of the various functionalized Ti/TiO2 photoanodes is summarized in figure
4.10b, showing the effect of ionomer loading on the photocurrent density obtained under 1.23
V during air-operated PEM-PEC at 60% and 100% RH (the photocurrent at 0% RH is always
zero) and during liquid PEC operation. After ionomer impregnation, photocurrents up to 0.5
mA∙cm-2 were obtained at 60% RH, while bare photoanodes (without ionomer impregnation)
are totally inactive. Overall, the results of figure 4.10b show that indeed air-based PEM-PEC
operation at 60% RH can be sustained using the functionalized photoanodes, demonstrating
the success of the proposed strategy for the photoanode functionalization.
Increasing the ionomer content for both Nafion® and Aquivion® ionomers on the photoanode
surface led to higher photocurrents during gas phase PEM-PEC operation at 60% and 100%
RH. Ionomer impregnation has small impact (within experimental error) on the photocurrent
obtained during conventional liquid PEC operation. It has been reported in literature that
Nafion ionomer coating of photoanodes can lead to increased photoelectrochemical activity
as a result of accelerated charge transfer [91, 96-99]. Our results provide evidence that
ionomer loading (of Nafion or Aquivion) can also be used to efficiently capture water from
ambient air.
With Aquivion® ionomer impregnation of small loadings (i.e. 0.1 mg∙cm -2) low photocurrents
were obtained during air-based PEM-PEC operation, while this is not the case for Nafion®
ionomer where loadings of at least 1 mg∙cm-2 are required for functionalizing the photoanodes
(figure 4.10b). Under 60% RH, ionomer loadings of 3 mg∙cm -2 and 10 mg∙cm-2 show similar
behavior (figure 4.10b), having the highest photoelectrochemical activity for both kinds of
ionomers. Further ionomer addition (i.e. 30 mg∙cm-2) causes drop in the performance, which
can be attributed either on mass transfer limitations (extensive blocking of the pores) or on
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insufficient current collection (high electronic contact resistance between the photoanode and
the bipolar plates of the PEM-PEC casing).
Stability tests were carried out at 30 oC and at thermodynamic potential (i.e. 1.23 V vs RHE).
To resemble outdoor conditions, consecutive dark and illumination periods of 8 hours were
applied, with a total duration for the stability test of 64 hours.

(a)

(b)

Figure 4.11. Transient response of photocurrent during consecutive 8-hours periods of dark and illumination
conditions. Black lines correspond to bare Ti/TiO2 photoanodes during conventional liquid PEC water splitting.
Green (a) and blue (b) lines correspond to air-based operation of PEM-PEC at 60% RH, using functionalized
photoanodes with 10 mg cm-2 of Nafion and Aquivion ionomer, respectively.

Figure 4.11 gives a standardized format for reporting the durability of our photoanodes. The
photocurrent profile during dark and illumination periods is shown for PEM-PEC operation
at 60% RH with the Ti/TiO2 photoanodes functionalized with 10 mg∙cm-2 of Nafion® ionomer
(green line, figure 4.11a) and Aquivion® ionomer (blue line, figure 4.11b). The incident
photon to current conversion efficiency (IPCE) at the end of the first cycle is 13.2% for liquid
operation and 9.38%, 9.60% for gas phase operation (at 60% RH) for Nafion® and Aquivion®
respectively.
Our results demonstrate the high durability of Aquivion ® functionalized photoanodes. After
4 dark-illumination cycles, the Nafion®-loaded photoanodes lost 33% of their
photoelectrochemical activity, while the photocurrent of the Aquivion®-loaded photoanodes
dropped by only 14% The photocurrent profile during the stability test protocol under
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conventional PEC operation with the bare Ti/TiO2 photoanodes (black lines, figure 4.11a and
4.11b) is also given for comparison. Bare photoanodes exhibited excellent stability, as
evidenced by only 8% drop in the photocurrent after 4 dark-illumination cycles.
In order to further understand the mechanism and demonstrate the dynamic nature of this
reaction, where water can be absorbed from the atmosphere and react to produce hydrogen,
isotopic labelling studies were carried out. For these experiments, the photoanodes were
supplied with air humidified with two different water isotopes, D 2O and H18O2, while the
products at both compartments of the PEM-PEC cell were continuously monitored. The
functionalized photoanodes with 10 mg∙cm -2 of ionomer were used for these measurements.
Studies with D2O (with 99.9% purity) and H218O (with 98.0% purity) aimed to define the
faradaic efficiency of the process by measuring the products in the cathodic and anodic
compartment respectively. In the isotopic labelled measurements, higher surface area
photoanodes, in the order of 5 cm2, were used to ensure higher photocurrents and thus higher
signal to noise ratio in the product analysis.
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Figure 4.12. (a), (b) Faradaic rate (I/2F) and product distribution (H2, HD and D2) at the cathode of the PEM-PEC
cell, while the photoanode is supplied with D2O-humidified air at 80% RH. (c), (d) Faradaic rate (I/4F) and
product distribution (18O2, 16O18O and16O2) at the photoanode of the PEM-PEC cell, while it is supplied with H218Ohumidified air at 80% RH. Operation occurred at a comparable photocurrent in the region of 2 mA. Illumination
periods are indicated. Ti/TiO2 photoanodes were used functionalized with 10 mg∙cm-2 of Nafion® and Aquivion®
ionomer.
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Figure 4.12a, b shows the product distribution at the cathode compartment of the PEM-PEC
cell upon illumination of the functionalized photoanode which is supplied with air humidified
with deuterated water. D2 is the main detected product, while small concentrations of HD
were also detected. Similarly, figure 4.12c, d show the product distribution at the photoanode
compartment of the PEM-PEC cell for the case of operation under air humidified with H18O2.
In these cases, 18O2 is the main detected product at the photoanode side, while traces of 18O16O
were detected as well. The existence of HD and 18O16O (figure 4.12) in the products of the
cathode and photoanode compartment respectively is probably related to residual H 2O and
H+ attached in the sulfonated group of the ionomer or polymeric membrane. The hydrogen
faradaic efficiency (with this term we also include any combination of H and D atoms) from
the D2O experiments was estimated at 90% for both Aquivion® and Nafion® functionalized
photoanodes, which is in good agreement with the literature.
The oxygen faradaic efficiency estimated from the H 18O2 experiments was slightly lower, at
84% for Aquivion® and 87% for Nafion® functionalized photoanodes and also in good
agreement with literature [41, 96]. Overall, faradaic efficiencies for oxygen and hydrogen are
similar for both kinds of functionalized photoanodes and are high enough to confirm that
photoelectrochemical water splitting takes place and parasitic reactions, if any, take place at
a low extent. The lower values of the faradaic efficiency for the oxygen evolution reaction
suggest that a part of the oxygen generated could be used in other oxidation processes.
Aiming to verify if the kind of ionomer plays a role on the stability of visible-light active
photoanodes, we developed a series of functionalized W/WO3 photoanodes and carried out a
systematic investigation on their photoelectrochemical properties under visible light
illumination (LED 415 nm). Similarly to the Ti/TiO2 case, the W/WO3 photoanodes were
developed after annealing a porous W substrate. Due to structural differences between the
two substrates, the W/WO3 photoanodes possess a more open structure and wider fiber
diameter (figure 4.13) compared to Ti/TiO2 photoanodes. In order to ensure a similar ionomer
coating thickness on the both W/WO3 and Ti/TiO2 photoanodes, a 3 mg∙cm-2 Aquivion® and
Nafion® loading was applied in the W/WO3 case.
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(a)

(b)

(c)

Figure 4.13. SEM images of the W/WO3 photoanodes: (a) bare, (b) functionalized with Nafion®,
(c) functionalized with Aquivion®. Ionomer loading: 3 mg∙cm-2.

Figure 4.14 shows linear sweep voltammograms obtained with the functionalized W/WO 3
photoanodes in air-based PEM-PEC cell at various RH levels and in liquid PEC operation,
under chopped light illumination. Functionalized W/WO3 photoanodes with Aquivion® or
Nafion® exhibited excellent activity, since at 1.23 V vs RHE and 60% RH were able to
recover up to 84% and 81% of the performance obtained with liquid water (i.e. conventional
PEC operation) respectively. More importantly, at higher potential values, the recovery is
very close to 100%. The level of recovery (air-based at 60 % RH vs liquid operation) was
found to be higher for the functionalized W/WO 3 photoanodes (84 %) compared to the
Ti/TiO2 ones (62 %). This is very likely to be related with the different open area and
microstructure between the two types of photoanodes, which results in different ionomer
coatings.
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(a)

(b)

Figure 4.14. LSV curves at a scan rate of 5 mV∙s-1 under chopped light illumination (LED - 415 nm) during
water splitting at the functionalized W/WO3 photoanodes with (a) Nafion® and (b) Aquivion®. Each figure gives a
comparison between liquid PEC operation and air-based PEM-PEC operation at various RH levels. Ionomer
loading: 3 mg∙cm-2.

(a)

(b)

Figure 4.15. Transient response of photocurrent during consecutive 8-hours periods of dark and illumination
(LED-415nm) conditions at the functionalized W/WO3 photoanodes with (a) Nafion® and (b) Aquivion®, during
air-based PEM-PEC operation at 60% RH and conventional liquid PEC water splitting. Ionomer loading: 3
mg∙cm-2.
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The durability of Aquivion® and Nafion® functionalized W/WO3 photoanodes is depicted in
figure 4.15. The IPCE at the end of the first cycle is 2.16% for liquid operation and 1.56%,
1.61% for gas phase operation (at 60% RH) for Nafion ® and Aquivion® respectively. Both
photoanodes showed only slight deactivation after the 64-hours stability testing protocol.
Specifically, both kinds of photoanodes showed a ~2.5% deactivation after 4 consecutive
dark-light cycles in air-based PEM-PEC operation at 60%.
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5. Conclusions and Outlook
5.1.

Conclusions

PEM-PEC reactor: In this thesis, a new design of a zero-gap photoelectrochemical reactor
which utilizes a polymeric electrolyte membrane was developed. A unique feature of this
PEM-PEC reactor is the presence of a third compartment, which acts as a H 2 reference
electrode, allowing the comparison with PEC conventional studies. The design of this reactor,
in contrast to the conventional one, provides a more flexible operation, as it can be employed
for gas and liquid phase PEC water splitting.
Photoelectrode development: PEM-PEC cells require porous photoelectrodes to facilitate
charge and mass transfer. In the frame of porous electrode design, we employed a number of
fabrication techniques such as electrochemical anodization, O2-annealing, sputtering and
SILAR to develop three classes of photoanodes.
A. Titania nanotube array (TNTA) photoanodes: Titania nanotube arrays (TNTAs)
were developed on the surface of a porous Ti web of microfibers after a simple
electrochemical anodization process and subsequent O2 annealing at various
temperatures (400-600oC). The TNTAs photoanodes were tested under liquid and gas
phase operation exhibiting increased photocurrent density upon increase of the O 2annealing temperature. TNTAs where also tested in conventional a PEC cell in the
presence of three different alcohols, as scavengers, and their performance was related
to the anatase/rutile ratio.
B. TiO2 and WO3 layered photoanodes: High temperature O2-annealing of metal porous
felts or meshes is adequate to fabricate oxide layers of semiconductors on the metallic
backbone of the felts/meshes. In these frame, TiO 2 and WO3 layers were developed on
the surface of metallic porous substrates after their O 2-annealing at high temperatures
and they were evaluated for liquid and gas phase PEC water splitting under a range of
temperatures (30-70oC). Polymeric membranes were proved susceptible to degradation
upon extended UV irradiation and thus the development of WO 3 photoanodes was
essential for examining their long term stability upon visible light illumination.
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C. WO3/BiVO4 photoanodes: WO3 and TiO2 have wide band gaps and therefore can
absorb only a small fraction of the solar spectrum. As a result, their solar-to-hydrogen
efficiency is limited. In order to adapt the gas phase water photoelectrolysis concept to
the visible part of the solar spectrum, BiVO4 was deposited on the porous Ti-web of
microfibers using the SILAR deposition technique. To enhance charge separation, Ti
felt was initially sputtered with a layer of W which after a short electrochemical
anodization process it was oxidized to WO3. Finally, the photoelectrochemical
performance of the WO3/BiVO4 photoanodes was evaluated in the novel PEM-PEC cell
for gas phase PEC water splitting. There, photocurrents similar to those of the
conventional PEC operation were recorded.
Photoelectrode membrane assemblies: In the majority of the experiments performed in the
scope of this thesis and in the literature, proton conducting membranes were used as solid
electrolytes for PEM-PEC cells. For this reason, the best performing TNTAs and TiO2
layered photoanodes (due to their wide pH stability) where evaluated on a OH- conducting
PEM. The photocurrent densities were superior over the H+ conducting membrane as the
increased concentration of OH- species in the photoelectrode-electrolyte interface seems to
enhance electron-hole separation. This is an operational knob that should not be omitted.
Photoanode functionalization for water capturing: We have addressed the challenge of
functionalizing porous photoanodes toward water vapor operation at relative humidity from
0 to 100%. Stable, metal oxide photoanodes with reproducible performance were produced
by a simple fabrication method (i.e. oxygen annealing of Ti or W porous substrates). Water
vapor capturing was achieved by impregnation of commercial perfluorosulfonic (PFSA) acid
ionomers Nafion (DuPont) or Aquivion (Solvay) in our porous photoanodes. A systematic
investigation on the effect of ionomer composition and loading was carried out to enable
optimization of the functionalized photoanodes. The optimized functionalized photoanodes
at low relative humidity could recover up to 90% of the performance obtained in liquid phase
operation. Additionally, Aquivion® functionalized photoanodes showed higher stability,
under 64-hour dark-light cycling, compared with the Nafion® functionalized ones, as the
latter is degradated under UV light irradiation.
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Outlook

How to improve TiO2 photoanodes: A considerable part of this thesis was dedicated to the
different photoanodes derived from TiO2. TiO2 is an ideal material for basic studies mainly
due to its stability, however it has a wide band gap (i.e. 3.0-3.2 eV) and thus its solar-tohydrogen efficiency is low. A promising way to enhance its properties is the doping of
titania’s crystal structure with N, S or even C which have been proved that enhance the
photocatalytic activity of TiO2 towards the visible light region. Furthermore, the formation
of a layer of black TiO2 can enhance even further the photocatalytic properties of the TiO2
phase. Black titania is a reduced TiO2 (Ti-H) layer on top of the TiO2 phase, which has black
color and absorbs higher fraction of the solar spectrum [100].
The electrochemical anodization, is an easy and efficient way to create porous
(nano)structures and develop TiO2 photoanodes with high surface area. However, it is shown
that the same effect has been found for different metal oxide plasma treated photoanodes (i.e.
WO3 and Fe2O3). Taking into consideration this effect, the Ti felt can be plasma treated in
order to create nanostructures, which after a subsequent O2 annealing step, will form
nanostructured high surface area TiO2 photoanodes [101].
How to improve BiVO4 photoanodes: In this thesis, an efficient way to fabricate
WO3/BiVO4 photoanodes was demonstrated. However, this electrode fabrication process
requires numerous steps which are complex and time consuming, such as the W sputtering
and the SILAR method respectively. An alternative solution for the substitution of sputtering
would be the implementation of a porous W/WO3 substrate on top of which BiVO4 would be
deposited. Additionally, the time consuming classic SILAR method could be replaced by a
simplified SILAR (s-SILAR) method. This method does not require any washing step
between the ionic precursors and thus the BiVO4 deposition time is significantly reduced.
Currently, we are working to this direction and this is going to be the topic of a future
publication.
Furthermore, it was shown that the high photocurrent density of the WO 3/BiVO4 photoanodes
was obtained without any co-catalyst. Potentially the introduction of a co-catalyst, such as
cobalt phosphate, could enhance even more the photoelectrocatalytic properties of these

70|

photoanodes towards the oxygen evolution reaction. Finally, the deposition of a protective
layer such as TiO2 can increase the stability of BiVO4, contributing to the fabrication of an
efficient, stable and highly active photoanode in a wider range of pH.
PEM-PEC with alkaline membranes: PFSA membranes are deemed stable with high ionic
conductivity under various RH conditions. However, in this work it is shown that OHconducting membranes are superior to H+ conducting ones for PEM-PEC water splitting.
These membranes can be used as building blocks for membrane electrode assemblies
combined with a BiVO4 photoanode. It is possible that the combination of a highly active
visible light photoanode with a OH- conducting membrane can create a system for enhanced
solar-to-hydrogen efficiencies [34].
Integrated PEM-PEC cell with bias free operation: Up to date, the production of
standalone high surface area PEC cells remains challenging. Following this direction, we
have designed and constructed a prototype PEM-PEC cell that is powered from a PV for
outdoor operation (figure 5.1). The cell is equipped with a photoanode of geometrical surface
area equal to 100 cm2 and can operate with liquid water, as well as, water vapours. The
cathodic compartment is connected with a H2 sensor that monitors the production of H2 gas.

Figure 5.1. 100 cm2 prototype PEM-PEC cell powered by a PV. A H2 sensor is also integrated to monitor the
production of H2 gas.
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To ensure bias free operation, a tandem approach (see figure 1.19) should be followed with
the integration of a photocathode. An additional challenge for this approach in the PEM-PEC
design is that the photoanode (which has the higher bandgap) should be transparent in order
to allow the low energy photons penetrate the substrate and reach the photocathode after
absorbing the high energetic photons. In chapter 4, it is demonstrated that the proton
conducting membranes are transparent to visible light and thus, they do not hinder light
irradiation reach the photocathode.
In the PEM-PEC studies of this thesis the cathode is based on commercial low loading Pt
catalyst to ensure stable performance. In a fully integrated PEM-PEC is necessary to
substitute Pt with earth abundant materials. MoS2 and phosphide electrocatalysts, such as
CoP and FeP, are promising candidates [102].
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Chapter 1
Solar fuel production in a novel polymeric electrolyte
membrane photoelectrochemical (PEM-PEC) cell with
a web of titania nanotube arrays as photoanode and
gaseous reactants

Abstract
A novel photoelectrochemical (PEC) cell design is proposed and investigated for
H2production with gaseous reactants. The core of the cell is a membrane electrode assembly
(MEA) that consists of a TiO2 nanotube arrays photoanode, a Pt/C cathode, a Pt/C reference
electrode and a proton conducting polymeric electrolyte membrane (PEM), which serves
both as compact reactor for water splitting and as gas separator. The design is inspired by
PEM electrolysis technology and modified appropriately to allow light irradiation and to host
a third electrode compartment, which enables the use of a hydrogen reference electrode. The
titanium dioxide nanotube arrays (TNTAs) photoanodes were synthetized, for the first time,
on a Ti-web of microfiber substrates by electrochemical anodization. The performance of
TNTAs/Ti-web photoanodes were evaluated in both gaseous (i.e. PEM-PEC cell) and liquid
media (conventional PEC cell). Due to the presence of the PEM-PEC reference electrode
comparison of the results was possible. Gas phase operation with either He or air as carrier
exhibits very promising photoefficiency in comparison with conventional PEC cells.
Additionally, the performance of our PEM-PEC cell was also investigated for simultaneous
anodic air treatment and cathodic hydrogen evolution.
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1.1.

Introduction

Renewable energy sources are highly desirable in this era of dwindling petroleum reserves
and increasing environmental concerns. Solar energy can cover a substantial share of global
energy needs, but due to the intermittency and dilute nature of sunlight, storage in energydense media, such as hydrogen, is essential. Solar photoelectrochemical (PEC) hydrogen
production is one of the promising technologies that could potentially provide a clean, costeffective, and domestically produced energy carrier [1].
A PEC cell is a device that can potentially achieve water splitting, and thus production of
hydrogen, using sunlight as the only energy input. The electrode assembly, which is the heart
of the PEC cells, consists of photoactive materials, such as semiconductors, that produce
charge carriers upon light absorption. Briefly, the fundamental principles of semiconductor
photoelectrode PEC systems are based on electron photo-excitation from the valence band to
the conduction band under illumination. The separated electron–hole pairs then react with
water to produce hydrogen and oxygen. It should be noted that the application of an external
electrochemical bias can draw the photogenerated electrons away through the external cell
circuit while photogenerated holes are transferred to the electrode surface. In this way, the
rate of electron–hole recombination is decreased and the rate of surface reactions increased.
Most of the PEC cells described so far in the literature are designed to operate in liquid phases
that are used both as the electrolyte and as the desired reaction substrate or solvent [1-3].
Inspired by the polymeric electrolyte membrane (PEM) electrolyzers and fuel cells reactor
design [4,5] a few research groups [6-13] have attempted to separate the two electrochemical
half-reactions with an ionically conductive polymeric membrane. In such systems the
membrane acts both as the electrolyte and as a support for the photoelectrodes. This novel
strategy seems very promising since the polymeric membrane electrolyte does not need to be
replenished during long term operation as in the case of liquid electrolytes and, additionally,
it allows the direct separation of the reaction products, which is essential for scaling up PEC
devices [3,13,14].
The viability of PEC cells with PEM electrolysers designs (PEM-PEC) has been
demonstrated in acidic [8], alkaline [9] and neutral conditions [10], but examples with
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gaseous feedstock for the anode remains rare [11-16]. Nevertheless, the use of solid-state
electrolytes in conjunction with gaseous reactants have a series of advantages over liquidphase reactors, such as operation at elevated temperatures and pressures (for improved
kinetics), direct production of compressed H2 and hindering of gas bubbles formation which
can impede catalytic reactions [13-17]. The latter is very important especially for space
applications where bubble formation leads to more severe performance degradation due to
the microgravity environment [18].
Another appealing idea where the PEM-PEC water splitting devices can find application is
the production of hydrogen from the water contained in ambient air [13,14]. Air based
operation in PEM-PEC cells can decrease maintenance costs, since the possibility of
corrosion and poisoning is reduced [3,13,14]. In addition, liquid pumping systems are not
needed since natural convection of air can feed the water vapor, and the risk of freezing is
minimized. Furthermore, capturing water from the air implies that virtually no liquid water
is needed for operation, making it a water-neutral process [13]. This concept has been
proposed and successfully demonstrated for air purification i.e. decomposition of volatile
organic compounds, where methanol or ethanol oxidation was used as the model reaction
[11,12,15].
It is thus clear that gas phase operation in PEM-PEC cells is a promising research approach
for photoelectrochemistry which deserves further investigation. However, the transition from
aqueous to solid state electrolytes is a challenging process due to the different reactor
configurations and electrode requirements. In conventional PEC cells with aqueous
electrolytes the photoelectrodes generally consist of semiconductor modified conductive
glass substrates that are immersed in the liquid phase [1,3]. This configuration cannot be
directly transferred to PEM-PEC cells, where a high porosity of the substrate is required in
order to optimize the reactant supply to the electrode/electrolyte interfaces [4,5].
The aim of our efforts is to develop an integrated PEM-PEC system with gaseous reactants
for unassisted water splitting operation based on the Z-scheme approach [1,19], where
nanostructured n-type and a p-type photocatalysts drive the oxygen and hydrogen evolution
reaction respectively. Our present work is focused on the following aspects: (i) development
of a novel PEM-PEC cell reactor equipped with a reference electrode compartment to allow
comparison between PEC studies, (ii) fabrication of TiO 2 nanotube array photoanodes on a
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high surface area Ti-web microfiber substrate [20], (iii) evaluation and comparison, for the
first time, of the fabricated photoanode performance in liquid and gas phase (with He and air
as carrier gases).

1.2.

Experimental

1.2.1. Preparation of TiO2 nanotube arrays
Prior to anodization, Ti-webs (gas diffusion layer, Bekinit, 20 μm microfibers, 80% porosity,
figure 1.1) were cleaned by sonication in acetone and in ethanol for 20 min, respectively and
rinsed with deionized water. In order to achieve active, well-adherent and mechanically stable
TNTAs on our substrates with minimal cracks we followed a strategy that was recently
proposed [21] based on the aging of the electrolyte. The term “aging” here, is used to
represent the anodization of a flat Ti-foil “dummy sample” for 10 h prior to anodization of
the Ti-web. After each run, fresh electrolyte was prepared, which was aged before use for the
next Ti-web. All the experiments were performed in an electrolyte containing ethylene glycol
(anhydrous 99.8%, Sigma Aldrich) 0.3 wt% ammonium fluoride (98+% ACS reagent, Sigma
Aldrich) and 2 vol% deionized water [21,22]. Figure 1.1 illustrates the anodization setup, i.e.
a typical two-electrode configuration with Ti-web as the counter electrode, along with SEM
images of the Ti-web before and after the anodization process.
A DC power source, ES075-2 Delta Electronica, was used to impose potentials (without
ramping) and to record transient currents. All experiments were conducted at room
temperature without stirring. Titania nanotube arrays were generated by potentiostatic
anodization under a constant applied potential of 30 V for various anodization times. After
the anodization, the samples were thoroughly rinsed with deionized water to remove
occluded ions and then calcined at 450 oC for 5 h under air to increase the crystallinity.
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Figure 1.1. Basic setup and fabrication process of titania nanotube arrays on a Ti-web of microfibers, by
potentiostatic electrochemical anodization.

1.2.2. Characterization of TNT arrays
Surface morphologies of the TNT arrays were characterized with a scanning electron
microscope (FEI Quanta 3D FEG instrument) at an acceleration voltage of 15 keV and
working distance of 10 mm. The elemental composition was estimated by energy dispersive
X-ray spectroscopy (EDX). The crystal phases were analysed by X-ray diffraction
(PanAlytical X'pert PRO MRD) using a Cu Kɑ tube. Diffuse reflectance spectra were
obtained using a UV-Vis spectrophotometer (PerkinElmer – Lamda 1050) with an integrating
sphere attachment (150mm InGaAs) in the 300-800 nm wavelength range. The equipment
was calibrated with a Spectralon standard (Labsphere SRS-99-010, 99% reflectance).
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1.2.3. Conventional aqueous phase PEC cell
A conventional three electrode PEC cell [1,3], with a Pt wire (Sigma Aldrich) as counter
electrode and a Ag/AgCl reference electrode (RE-1S, ALS Japan) was used for the evaluation
of the photoanodes in aqueous media at pH = 1 (0.1 M H 2SO4).

1.2.4. PEM-PEC cell
The Ti-web photoanode was placed on the top side of a Nafion ® perfluorinated membrane
(180μm thick, Alfa Aesar) while a Pt counter-electrode (supported on carbon cloth, with 0.5
mg/cm2 loading, Fuelcellsetc) was placed on the bottom side of the membrane. The reference
electrode, which is also a Pt/C electrode (with the same characteristics), was deposited on the
top of the membrane as represented in figure 1.2a. MEA was pressed between two graphitic
flow-fields plates.

(a)

(b)

Figure 1.2. (a) Configuration and operation of the membrane (photo)electrode assembly. (b) Novel PEM-PEC
reactor design with three compartments for accommodating anode, cathode and reference electrodes (top).
Intersection of the PEM-PEC reactor presenting the sealing and the electrical isolation between the compartments
(bottom).
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The three different compartments (sealed with rubber rings) of the novel PEM-PEC cell are
illustrated in figure 1.2b. Teflon gaskets are used to electrically isolate anodic and reference
current collection, which are on the same side of the cell and are represented by the brown
plates. Two Ca2F windows are used to allow illumination and to ensure a sealing of the anodic
compartment and an Au mesh for the current collection. Each compartment was fed with
gaseous streams, made by bubbling He, air, or H2 through thermostated gas saturators
containing either H2O or C2H5OH. Two modes of operation are examined (i) 2.5 vol% H 2O
and (ii) 2.5 vol% H2O and 2.5 vol% C2H5OH with either He or air as carrier gas (100 ml/min)
in the anodic side. The cathode was always fed with 2.5 vol% H2O in He (100 ml/min) and
the reference with 2.5 vol% H2O in H2 (30 ml/min).

1.2.5. Photoelectrochemical activity and hydrogen generation
measurements
The photoelectrochemical studies were carried out using an electrochemical work station
(Vertex, Ivium) under the irradiation of a UV-LED lamp (M365LP1, 365±15 nm, ThorLabs,
10 mW/cm2 at the photoanode) equipped with a pulse modulator (DC2200, ThorLabs) to
perform the chopped irradiation linear sweep voltammetry. A Hiden QGA quadrupole mass
spectrometer operating in selected ion mode with a SEM detector was used for the detection
of hydrogen in the cathodic gas stream.

1.3.

Results and discussion

1.3.1. PEM-PEC electrode design
The electrodes used in PEM devices typically consist of carbon supports (to ensure electronic
conductivity) loaded with an electrocatalytically active phase (usually in powder form) in
contact with the polymeric membrane, as depicted in figure 1.3a [10]. The current gas phase
PEM-PEC studies are focused on a very similar design where the electrocatalyst is replaced
by a photocatalyst (e.g. TiO2, WO3), which is, however, deposited on the opposite side of the
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membrane (figure 1.3b) to allow light absorption [6-8]. This solution presents two main
disadvantages: (i) the formation of many photogenerated species recombination pathways at
the powder grain boundaries and (ii) long term stability issues can occur, since the
photocatalytic powder may become unbound to the substrate after prolonged operation [9].

(a)

(b)

(c)

Figure 1.3. Schematic diagram of the PEM cell (a), PEM-PEC with power photocatalyst (b) and nanotube arrays
photocatalyst (c). In all cases the cell is connected to a potentiostat-galvanostat, P/G.

To overcome these issues, we propose in this study an alternative design for PEM-PEC
photoelectrodes, that is investigated for the first time in conjunction with gaseous reactants.
The design is based on the fabrication of a titania nanotubes arrays (TNTAs) photoanode
obtained by electrochemical anodization of a titanium porous substrate (composed of a web
of Ti-microfibers). A Ti-web of microfibers was recently proposed in PEM-electrolysis
studies as an alternative material due to the vulnerability of carbon to electro-oxidation [20].
This strategy allows for a unidimensional ordered nanotube architecture that offers a wide
specific surface and an excellent electrical channel for charge transfer that facilitates the
separation of the photogenerated electron-hole pairs (figure 1.3c).
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1.3.2. Fabrication and characterization of the TiO2 nanotube
arrays
Although titania nanotubes can be formed by other routes, the electrochemical anodization
method is regarded as one of the more relatively simple techniques to synthesize TiO 2
nanotubes with large surface area [21-23]. Moreover, the one-dimensional (1D) and highly
ordered nanotube architecture offers an excellent electrical channel for vectorial charge
transfer so that photoinduced electron-holes pairs can be effectively separated, resulting in a
significant improvement of the photoelectrochemical performance. Most studies on TNTAs
are focused on the growth of nanotube layers on planar surfaces, such as flat titanium foils.
Although flat surfaces are easier to manage, for many applications curved and complex
surfaces are more interesting [21]. Fabrication of TNTAs on complex curved surfaces, such
as wires, meshes, and hollow tubes have been also reported [21]. Anodization of a Ti-web of
microfibers has been very recently reported as a template for loading Pd nanoparticles for
alcohol electro-reforming [24], however to our knowledge this is the first time that this
material is evaluated as a photoanode. The unique characteristics of the substrate high
porosity (i.e. 80%) and surface area (i.e. in the specifications of the commercial supplier,
Bekaert, it is mentioned that 1 cm2 of superficial substrate area corresponds to 40 cm 2 of Ti
area) make them ideally compatible with membrane electrolytes.
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(a)

(b)

Figure 1.4. SEM images of titania nanotube arrays fabricated by electrochemical anodization in 2 vol% water +
0.3 wt% NH4F in ethylene glycol at 30 V for 1 h at different magnifications.

Figure 1.4 shows SEM images of the self-organized, highly ordered titania nanotube arrays
prepared by the electrochemical anodization in an electrolytic solution consisting of 0.3 wt%
NH4F + 2 vol% water in ethylene glycol. Formation of nanotube arrays on the microfibers
curved surface leads to lateral tension which creates cracks in the TNTAs (figure 1.4a).
Focusing on a crack of the TNTAs (figure 1.4b), we were able to estimate the length of the
TNTAs, which after one hour anodization is close to 700 nm. From this SEM image the
average diameter of the nanotubes is 30-35 nm.
Figure 1.5 shows the XRD patterns of the unmodified Ti-web, as-anodized, and after
annealing the TNTAs at 450 oC for 5 h. This temperature was chosen based on literature
reports [9,24]. The XRD pattern of the as-anodized TNTAs before the annealing treatment is
almost identical to the unmodified Ti-web which indicates that as-anodized TNTAs are
amorphous. After annealing, five peaks at 25.1, 48.0, 53.9 and 55.3 and 69.0 are evident in
the XRD pattern, which correspond to anatase TiO2 (011), (020), (015), (121) and (116) [24].
In addition, four smaller peaks can be observed close to the peaks of titanium at 37.0,
37.9,38.6 and 75.3 which correspond to anatase TiO 2 (013), (004), (112) and (125).
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Figure 1.5. XRD pattern of unmodified Ti-web and of TiO2 nanotube arrays after anodization at 30V for different
anodization times and annealed at 450oC for 5h and then anodized for 1h.

The analysis of the photoanode surface by energy dispersive X-ray spectroscopy (EDX) is
shown in figure 1.6a. The elemental composition was estimated to 32.3% Ti, 67.2% O and
0.5% C and there is no trace of any other impurities could be seen within the EDX detection
[25]. Figure 1.6b shows the absorbance curve and the Tauc plot [26] of our photoanode.
Typical absorption in the UV region is observed, while the value of the band gap determined
on the basis of the Tauc plot (inset) is 3.12 eV close to the values reported in the literature
[27, 28].
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(a)

(b)

Figure 1.6. (a) EDX spectrum and (b) absorbance spectrum for TNTAs/Ti-web photoanode and the corresponding
Tauc plot (inset) for bandgap determination.

1.3.3. Reference electrode considerations
While the use of reference electrodes in aqueous phase electrochemistry research is well
established, there are few reports on their application in PEM systems. Connections to the
cell are made on an uncoated region of the solid polymer electrolyte at a distant edge of the
active region of the cell, using either a dynamic hydrogen electrode [29], which requires an
external source of power (i.e. a battery), or an aqueous H 2SO4 salt bridge [30], which can
lead to measurement errors [31]. An alternative reference electrode design involves
sandwiching a Pt or Au wire or mesh between two half-cell coated membranes [5]. However,
this can perturb the transport within the membrane. More recently, a new way has been
proposed: the working electrode is directly connected through a H2SO4 filled Nafion tube to
a vessel containing a conventional aqueous phase reference electrode. The latter
configuration is not easily applicable in our homemade PEM-PEC cell since in our case the
working electrode needs to be illuminated. In general, each of the aforementioned choices
has advantages and merits. Thus, we decided to develop a reference electrode that meets the
requirements of our PEM-PEC cell, i.e. illumination of the working electrode (photoanode)
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and the possibility of operation at elevated pressures and low current densities (which implies
low resistance compensation).
Among the different possibilities we decided to create a third compartment in our cell which
adds a Pt/C electrode interface deposited on an uncoated area of the polymeric membrane as
depicted in the figure 1.2a. This compartment is flushed with (humidified) hydrogen and thus
a reversible hydrogen electrode (RHE) is established.
In order to validate the reliability of the reference electrode we first performed cyclic
voltammetry (CV) measurements on a commercial carbon supported Pt electrocatalyst.
Figure 1.7a shows that all the features of CV on Pt were observed, i.e. the well-known
hydrogen adsorption and desorption peaks in the potential region from 0 to 0.3 V vs RHE, as
well as the Pt oxide formation and its counterpart reduction peak at ~0.75 V. These results
are in good agreement with literature reports obtained in aqueous phase [32,33].

(a)

(b)

(c)

Figure 1.7. Cyclic voltammetry curves with scan rate of 50 mV/s of (a) commercial Pt on Vulcan electrocatalyst
obtained in our PEM-PEC device with feed of 2.5% H2O in He, (b) TiO2 NTAs in aqueous phase with a Ag/AgCl
reference electrode and (c) TiO2 NTAs anodized for 1 h in gas phase with He (top) and air (bottom) as carrier
gases respectively. The dashed and solid lines in (b) and (c) correspond to CV measurements in dark and in
constant light illumination.

As a further test we compared the CV characteristics using our fabricated TNTAs photoanode
(for 1 h anodization time) in a conventional aqueous media PEC (with Ag/AgCl reference
electrode) and in our PEM-PEC cell (figures 1.7b and 1.7c). Figures 1.7b and 1.7c present
CV measurements in both liquid and gas phase operation. The comparison between gas and
liquid phase measurements reveals that the shape of the CV with inert carrier gas (He in the
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present case) is closer to the liquid phase CV than in the case of air as carrier gas. In the latter
case, the cathodic branch of the CV reaches more negative values than in the case of He (6mA vs -4mA respectively) indicating that oxygen reduction takes place in the presence of
air [13,14].
The comparison between the CV measurements in the dark and under illumination shows
that there are three main regions: one at low potentials where the photocurrent is close to
zero, another in which the photocurrent is rapidly increased and finally a region where it is
practically stable. The initial increase of the photocurrent at low applied potentials is due to
the separation effect of the applied potential on the photocurrent. When the applied potential
is enough for complete separation of the photogenerated electron/hole pairs, the photocurrent
is limited by the electron/hole pair production rate. Hence, further increases in the applied
potential cannot increase the photocurrent. The boundaries of these three regions are related
to the operation liquid or gas phase and the carrier gas. Finally, the observed CV shape of
our photoanode is in good agreement with aqueous media electrolyte literature reports
[34,35]. These results provide another indication that the PEM-PEC developed in this study
is equipped with a reliable reference electrode.

1.3.4. Photoelectrochemical measurements
1.3.4.1.

Water splitting in liquid and gas phase

The use of gaseous reactants as feed for future PEC installations could be a way to reduce
complexity and cost because water supply management can be very simple. Additionally, airbased PEM-PEC systems could be used to capture water molecules from ambient air for H2
production, in this case humidified air supply could be achieved by natural convection
[10,11]. Therefore, in order to investigate the impact of oxygen on the water splitting
efficiency in our study, air and He were used as a carrier gas. Based on our reliable reference
electrode, we are able, for the first time, to compare the performance of a conventional PEC
with aqueous electrolyte (0.1M H2SO4) with our gas phase PEM-PEC system operating at
2.5% H2O vapour pressure which corresponds to 22 oC with 100% relative humidity.
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Figure 1.8a and 1.8b depicts the linear sweep voltammetry (LSV) measurement of the
TNTAs photoanode for water oxidation in a conventional PEC cell with liquid electrolyte
and in our PEM-PEC reactor, respectively. Using the PEM-PEC reactor, apart from the gas
phase experiments (with He and air as carrier gas for H 2O steam), water was also poured as
droplets onto the anode in order to resemble operation with liquid reactants. As one can see
by comparing figure 1.8a (for 1 h anodization) with the dashed line in figure 1.8b, the
obtained performance with liquid H2O in the PEM-PEC (apart from the dark current) is
almost identical.
Figure 1.8b shows also that the effect of carrier gas is important only below 0.3 V while
above 0.4 V the photoanode performance is only 8-10% lower when air is used as carrier gas
instead of He. In the low applied potential region, the presence of oxygen molecules (when
air is used as carrier gas) acts as a mediator for recombination [11] and thus causes back
reactions which deteriorate photoefficiency. Oxygen-related side reactions are initiated by
electron capture by molecular oxygen. To minimize the detrimental impact of oxygen,
electrons should be rapidly extracted from the semiconductor to a conducting back contact.
The fact that the presence of oxygen has low impact on the photoefficiency for applied
potentials higher than 0.4 implies that our TNTAs are capable of fast electron injection inside
the TiO2 valence band that limits the possible recombination pathway due their nanostructure.
The photocurrent in gas phase is 0.43 mA and 0.40 mA at 1.23 V when He or air are used as
carrier gas respectively. These values correspond to 50% and 47% of the current obtained at
the same potential in liquid phase, which is very interesting taking into account that only
2.5% water vapour in the gas phase can give half of the photocurrent. The shape of the LSVs
in both environments are very similar which is another illustration that our proposed PEMPEC cell design is equipped with a reliable reference electrode.
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(a)

(b)

Figure 1.8. Linear voltammetry sweeps (2.5 mV/s) on the TNTAs photoanode under chopped illumination for
water splitting (a) in an aqueous electrolyte (pH = 1) and (b) in polymeric electrolyte with He (top) and air
(bottom) carrier gases for 2.5% H2O. The dashed line corresponds to operation when the photoanode was covered
with droplets of water before assembling the PEM-PEC cell.

These results give, for the first time, a comparison between the performance of a
photoelectrode in a PEM-PEC vs a conventional PEC cell, which is essential for the
development of future gas phase PEC installations. Water management when scaling up PEC
systems would be much simpler in gas phase operation than in the case of conventional liquid
electrolyte PEC cells, which require a pumping system. It can be achieved either via a carrier
gas passing through a thermostated water saturator or via natural convection for capturing
the water molecules contained in the ambient air [13,14]. Therefore, depending on the
operating bias (imposed by external source or via a Z-scheme [1,19]) the most cost-effective
solution can be estimated, i.e. for higher potential air-based operation is preferable, while at
lower potential inert carrier gas is a better choice.

1.3.4.2.

Effect of illumination and H2 detection

Figure 1.9a presents the effect of illumination on the photocurrent in both liquid and gas
phase PEC operation. In both cases a linear relationship is observed, showing that the
photocurrent level reflects the amount of photogenerated charge carriers, limited by the
number of photons and the efficiency of the photocatalyst. Taking into account the AM1.5
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Global (ASTMG173) and the AM0 (ASTM E490) which are the standard solar irradiance
spectra that are used for terrestrial and space applications, the irradiance in the UV region is
3.9 and 9.1 mW/cm2 respectively (figure 1.9b). Therefore, a rough estimation of the expected
photocurrent at 1.23 V during gas phase operation gives 0.16 mA/cm 2 for terrestrial and 0.34
mA/cm2 for space applications.

(a)

(b)

Figure 1.9. (a) Effect of illumination on the photocurrent in both aqueous and gas phase PEC. (b) Standard
solar irradiance spectra for space AM0 and terrestrial AM1.5 use [1].

Comparing the performance of TNTAs with powder TiO 2 photoanodes (depicted in figure
1.3b) is not straight forward due to the different levels of UV irradiation used in different
studies. Nevertheless, the estimation of the performance of our TNTAs photoanode in the
irradiation levels of the solar spectrum (i.e. 0.16 mA/cm2 and 0.33 mA/cm2 at 1.23 V for gas
and liquid phase operation respectively) is superior to the values reported in the literature by
a factor of 10 for gas phase operation [6] and a factor of 2 for liquid phase operation [8]. In
order to exclude the possibility that the superior performances of our photoanode may come
from other experimental parameters, such as electrolyte resistance or current collection, we
developed and tested powder TiO2 catalysts following the protocols described elsewhere in
the literature [6,8]. The evaluation of these photoanodes in our setup were close to, but in
general lower than, the reported values.
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1.3.4.3.

H2 detection and long term experiments

In order to demonstrate the hydrogen generation by our system we performed online
hydrogen detection measurements in the cathodic compartment of the PEM-PEC using a
quadrupole M/S. As shown in figure 1.10, the PEM-PEC cell generates hydrogen at a rate of
around 2 nmol/s at 1.23 V. Note that the hydrogen signal follows the behaviour of the
photocurrent upon step transient light irradiation giving a Faradaic efficiency close to 90%.
The small discrepancy between the theoretical and observed yield probably originates in the
H2 collection procedure.

Figure 1.10. Detection of hydrogen generation during a step transient illumination experiment.

Long term water splitting experiments were performed under UV-light illumination with an
external bias potential of 0.6 V or 1.23 V for the PEC cell in liquid electrolyte (figure 1.11a).
The experiment at 0.6 V was used to determine the photon-to-hydrogen efficiency (η) which
is defined as the ratio between the power used in water splitting and the input light power
[9]. It can be calculated using the following equation:

 = I o (1.23 − Vbias ) J light
where Io is the photocurrent density, 1.23 V the thermodynamic water splitting potential, Vbias
the applied external potential and Jlight the light irradiance. Therefore, the efficiency, η, can
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be calculated as 2.44% (at 0.6 V vs RHE, Io= 0.39 mA/cm2, Jlight= 10 mW/cm2) which is
higher than the reported value of 1.13% for nanotube arrays fabricated on Ti-mesh and
annealed at the same temperature [9]. Despite the different conditions in this study compared
with the reported one [9] (which was performed in an alkaline environment) the higher
observed efficiency can be attributed to the higher surface area of our photoanodes.
Long term stability experiments were also performed in the gas phase PEC and are shown in
figure 1.11b. Again, the stability of the TNTAs/Ti-web is well documented and the main
difference with the liquid phase PEC is the small fluctuations of the photocurrent in the gas
phase PEC, most likely due to local water condensation since the temperature of the PEMPEC cell was 3-4 oC lower than the gas saturators. The photocurrent slightly decreases with
the time after the first 5 min during the 2 h test. This indicates that the TNTAs/Ti-web
photoelectrode is able to withstand the mechanical stress and shows a small loss of
photoactivity.

(a)

(b)

Figure 1.11. Time dependent photocurrent density of the photoanodes under UV-light illumination measured in
(a) liquid phase PEC and (b) gas phase PEM-PEC cells.
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1.3.4.3.

Ethanol oxidation

Organic additives are known to reduce charge carrier recombination and boost solar to
chemical conversion efficiency [6,8,11] due to a lower oxidation potential than water, thus
the performance of our photoanode was also evaluated in the presence of ethanol (EtOH) in
both conventional PEC and PEM-PEC cells. EtOH was selected because of its possible
renewable character, low price and high vapour pressure that facilitate its use as a gaseous
reactant in our PEM-PEC setup.

(a)

(b)

(c)

Figure 1.12. Linear voltammetry sweeps (2.5 mV/s) on the photoanode under chopped illumination for water and
ethanol oxidation (a) in aqueous electrolytes pH = 1 with 0.5M EtOH and in polymeric electrolyte with He (b)and
air (c) carrier gases for 2.5% H2O and 2.5% EtOH. For comparison reason the performance with only water is
also presented with grey color.

In figure 1.12 the liquid and gas phase LSVs for ethanol and water oxidation are shown. It
appears that in both liquid and gas phase the obtained photocurrent increase is pronounced,
especially at low potentials where, in the absence of EtOH, charge recombination is important
since the external bias is not high enough to efficiently separate the photogenerated electronhole pairs [6,8,11]. More specifically at 1.23 V in liquid phase an 80% increase is observed
by addition of EtOH (0.4M), while in gas phase 110% and 53% increases are observed when
He or air, respectively, are used as carrier gases. These results suggest that the impact of
oxygen in EtOH oxidation photoefficiency is more important than in the case of H 2O
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oxidation. Therefore TNTAs/Ti-web photoanodes can be used in air-based PEM-PECs for
air treatment and simultaneous H2 generation.

1.4.

Conclusions

A novel photoelectrochemical cell with a polymeric membrane electrolyte was successfully
implemented for gas phase electrochemistry. The innovative elements of the cell lie in the
reactor and photoelectrode design.
The novel photoelectrode design for gas phase photoelectrochemistry, combines the
unidimensional nanostructure of TNTAs, which provide high electron mobility, specific
surface area and mechanical strength, with the porous nature of a Ti-web substrate. The
performance of these photoanodes is superior in comparison with the conventional design,
i.e. immobilized powder semiconductors on a carbon substrate, that has been used in the gas
phase electrochemical studies so far. Long term stability measurements showed that
TNTAs/Ti-web photoanodes are stable with only a small loss of photoactivity during 2 h of
operation. The fabricated photoanodes are ideal for interfacing polymeric membrane
electrolytes. This design can be further developed for increased solar spectrum absorption by
loading the nanotube arrays with visible light sensitive photocatalysts.
The addition of a third compartment in the PEM-PEC cell allows the use of a hydrogen
reference electrode and thus gives access to a wide variety of electro and
photoelectrochemical characterizations. Here its presence makes possible, for the first time,
the comparison between the performance of the TNTAs/Ti-web photoelectrode in liquid and
gas phase operation. We demonstrated that the observed water splitting photocurrent in gas
phase (PEC operation with only 2.5 % H2O) is close to half of the performance obtained in
aqueous media. Taking into account the cost reduction of gas phase PEM-PEC cell operation,
arising from the lack of a liquid pumping system, one can conclude that this is very promising
performance.
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Chapter 2
Porous titania photoelectrodes built on a Ti-web of
microfibers for polymeric electrolyte membrane
photoelectrochemical (PEM-PEC) cell applications
Abstract
Conventional photoelectrochemical (PEC) cells are based on planar photoelectrodes
supported on glass substrates and liquid electrolytes. Only few recent studies have examined
an alternative PEC design which is robust and scalable, where the key elements are polymeric
electrolyte membranes and porous photoelectrodes. This work aims to give further insights
on the operation of such cells utilizing titania photoelectrodes and proton and hydroxide ion
conducting membranes. Two families of photoelectrodes were developed on Ti porous
substrate; TiO2 nanotubes grown by anodization and subsequent oxygen annealing, and TiO 2
layers developed under oxygen annealing. Initial screening of the photoanodes for water
splitting and (poly)alcohol photo-oxidation took place in conventional PEC cells. We found
that the annealing temperature affects the performance of the photoanodes, evidenced by a
monotonic increase in the activity for water photo-oxidation with increasing annealing
temperature. Moreover, it was demonstrated that anatase phase is predominantly active for
the (poly)alcohol electro-oxidation, while there is a synergy between rutile and anatase which
is beneficial for water splitting. In addition, the most promising photoanodes for water
splitting were evaluated in our polymeric electrolyte membrane photoelectrochemical (PEMPEC) cell during gas phase operation.It was found that PEM-PEC operation is more efficient
when OH- conducting membranes are used, while the nature of the carrier gas does not
significantly influence the activity. Overall, PEM-PEC operation is more promising than
conventional PEC in both acidic and alkaline media, since comparable (or even at some cases
higher) photocurrents were obtained while liquid pumping systems are not required for PEMPEC devices.

110|

2.1.

Introduction

One of the most important technical problems facing humanity is the development of a longterm, sustainable energy economy [1]. Global energy consumption is projected to increase at
least 2-fold by midcentury relative to the present because of population and economic growth.
This demand could be met, in principle, from fossil energy resources, particularly coal [2].
Taking into account the current consumption rate, estimated reserves range from 150 to 400
years for coal, 40 to 80 years for oil and 60 to 160 years for natural gas [3]. However this
strategy could come with catastrophic societal costs due to the cumulative nature of CO2
emissions in the atmosphere from burning carbon-based fossil fuels [4].Scientific discovery
and innovation will be vital to achieve environmentally sound and cost-effective solutions
[1-3,5].It is clear that a significant increase in production of renewable energy is necessary
to alleviate the environmental issues associated with the use (combustion) of fossil fuels [19]. Concurrently, storage of renewable energy is required, since most of these sources, and
in particular solar energy, are intermittent, both in the short term (day vs. night) and in the
long term (summer vs. winter).
Solar photoelectrochemical (PEC) hydrogen production is one of the promising technologies
that could potentially provide a clean, cost-effective and domestically produced energy
carrier. It is also sustainable since the energy received hourly on Earth’s surface is sufficient
to fully provide mankind’s annual energy demand [1-3,5-9]. The concept of PEC water
splitting is realized in an electrochemical cell where a photoactive working electrode is used
to promote an electrocatalytic reaction. In the case of a semiconductor-based working
electrode for water splitting, the fundamental principles can be briefly described as follows:
upon illumination, an electron is excited to the conduction band, leaving a hole in the valence
band. Then these separated charge carriers react with water to form hydrogen (via the
electrons) or oxygen (via the holes). Thus, intermittent solar energy is converted into an
inherently more storable form of energy, i.e. in the form of chemical bonds. Note that in a
non-ideal case, an electrochemical bias has to be applied to ensure a sufficient charge carrier
mobility and to minimize the electron-hole pair recombination [1-3,5-9].
Since the pioneering work by Fujishima and Honda in 1972 [10] on photolysis of water, most
of the photoelectrochemical (PEC) cells described in literature so far utilize a similar design
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based on aqueous phase electrolytes [1-3,5-9]. Inspired by the reactor design of polymeric
electrolyte membrane (PEM) electrolyzers/fuel cells [11], few groups have attempted to
separate the two electrochemical half-reactions with a polymeric electrolyte membrane [1226]. The PEM-PEC cell design is advantageous compared to PEC cells with liquid electrolyte
since it is more robust and potentially more scalable, the polymeric membrane does not need
replenishment during prolonged operation and also direct separation of the reaction products
is possible during gas-phase photoelectrochemical experiments. In our group, we recently
developed a novel PEM-PEC cell design [26], which is equipped with a reference electrode.
Our unique design allowed for the first time a direct comparison of the performance of PEMPEC with conventional (aqueous) PEC cells [26].
In the conventional PEC approach, the photoelectrode is built on a glass substrate, whereas
PEM-PEC photoelectrodes require a more complex design. High porosity is required in order
to facilitate the supply of gaseous reactants to the electrode/electrolyte interfaces. In our
previous study [26], we have introduced a new class of photoanodes based on a 3D electrode
backbone made of microstructured titanium web. Titania nanotube arrays were developed by
electrochemical anodization, which is one of the most efficient and simple ways to generate
TiO2 nanostructures [26-29]. Most studies on titania nanotube arrays (TNTAs) are focused
on the growth of nanotube layers on planar surfaces (such as flat titanium foils) and less on
the curved and complex surfaces (such as wires, meshes, and hollow tubes) which are more
interesting for many applications [30]. Anodization of a Ti-web of microfibers has been very
recently reported as a template for loading Pd nanoparticles for alcohol electro-reforming
[29] and also reported by our group for gas phase photoelectrochemistry [26].
Our present study addresses one of the main challenges for further development of the PEMPEC technology that is the photoelectrode design. Based on this, the primary goal of the
present work is the optimization of our novel photoelectrodes, while the second goal was to
introduce the most promising photoanodes in two possible PEM-PEC cell configurations.
Initially, optimization of our novel photoelectrodes was conducted by identifying the most
appropriate conditions during the two steps of the development process: the anodization and
the subsequent calcination. The initial screening of the photoanodes activity was carried out
in a conventional PEC reactor during water splitting and (poly)alcohol electro-oxidation. In
the course of these investigations, it appeared that rutile/anatase ratio in the photoelectrodes
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strongly influences the photoelectrochemical activity. In order to investigate this further, a
second class of photoanodes was developed by oxygen annealing of the Ti web, which results
in TiO2 layers at the exterior of the Ti-web. Our results showed that anatase phase is
predominantly active for the (poly)alcohol electro-oxidation, while there is a synergy
between rutile and anatase which is beneficial for water splitting.
In a second step, the most promising photoanodes were introduced in PEM-PEC cells and
our work was focused on optimizing the cell design and operation conditions during steam
water splitting. To achieve this, three methodology lines were followed:
(i)

The membrane-electrode assemblies were completed by using two different types of
polymeric membranes, with either protonic or hydroxide ion conductivity. In a recent
publication, Arico et al. [31] used model TiO2-based photoanodes supported on a coated
glass and exposed them to deaerated water. They showed that the electrolyte
environment can strongly influence the surface of photoanodes during water splitting.
To our knowledge, our study is the first to report the use of OH - conducting membranes
in PEM-PEC cells in conjunction with high surface area optimized photoanodes and
during gas phase operation.

(ii) Gas phase operation was enabled by passing a carrier gas through a thermostated water
saturator. He and air were used as the carrier gas in view of practical applications of the
system, since the latter case resembles natural convection for capturing the water
molecules contained in ambient air [19,20,26]. Even though the concept of air-based
operation of PEM-PEC electrolyzers is not new, this is the first time that the efficiency
during this operation mode is compared using H+ and OH- conducting membranes.
(iii) Our PEM-PEC design allows direct comparison of the efficiency of photoanodes during
PEM-PEC operation (with 3.5% water steam) and conventional PEC operation (liquid
water) due to the presence of a reliable reference electrode. Such a comparison is carried
out for the first time in the present study for both acidic and alkaline conditions.
Overall, it was found that PEM-PEC operation is more efficient when OH- conducting
membranes are used, while the nature of the carrier gas does not significantly influence the
activity. PEM-PEC operation is more promising than conventional PEC in both acidic and

Chapter 2

| 113

alkaline media, since comparable (or even at some cases higher) photocurrents were obtained.
Moreover, liquid pumping systems are not required for PEM-PEC devices.

2.2.

Experimental

2.2.1. Photoanodes
Two classes of photoanodes were prepared (figure 2.1). The first class (TNTAs) includes
TiO2 nanotube arrays developed through anodization of a Ti-web of microfibers and its
subsequent calcination. For the second class of photoanodes (TiO 2 layers), a Ti-web was
coated by TiO2 by oxygen annealing (without prior anodization). Both classes of photoanodes
were characterized and the photoelectrochemical performances of anodized and nonanodized photoanodes was compared.

2.2.2. Preparation of TiO2 nanotube arrays
Prior to anodization, Ti-webs (gas diffusion layer, Bekinit [32, 33], 20 μm microfibers, 80%
porosity, figure 2.1) were cleaned by sonication in acetone and in ethanol for 20 min,
respectively and rinsed with deionized water. All the experiments were performed in the
electrolyte containing ethylene glycol (anhydrous 99.8%, Sigma Aldrich) 0.3 wt%
ammonium fluoride (98+% ACS reagent, Sigma Aldrich) and 2 vol% deionized water.
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Figure 2.1. Scheme of fabrication route for the development of the two photoanodes classes.

In order to achieve well-adherent and mechanically stable titania nanotube arrays (TNTAs)
on our substrates with minimum cracks we followed a recently proposed strategy which is
based on the aging of the electrolyte [26,30]. The term “aging” here, is used to represent the
anodization of a flat Ti-foil “dummy sample” for 10h prior to anodization of Ti-web. After
each run, fresh electrolyte was prepared, which was aged before use for the next Ti-web. A
DC power source, ES075-2 Delta Electronica, was used to impose potentials (without
ramping) and to record transient currents. All the experiments were conducted at room
temperature without stirring. Titania nanotube arrays were generated by potentiostatic
anodization under a constant applied potential of 30V for various anodization times. After
the anodization, the samples were properly rinsed with deionized water to remove the
occluded ions and then were calcined for 5h under air to increase the crystallinity.

2.2.3. Morphology and crystal characterization of TNTAs
Surface morphologies of the TNTAs were characterized with a scanning electron microscope
(FEI Quanta 3D FEG instrument) at an acceleration voltage of 15keV and working distance
of 10mm. The crystal phases were analyzed by X-ray diffraction (Brucker D8 Advance Eco)
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using a Cu Kɑ tube. Raman spectroscopy measurements were performed with a Renishaw
Raman microscope equipped with a 514 nm laser, a grating with 1800 linesmm -1, and a CCD
detector, and with a measurement step size of 1.7 cm-1. The laser power during measurements
is fixed at 0.3Wmm-2. N2 adsorption measurements were carried out Tristar 3000 automated
gas adsorption system. Brunauer-Emmett-Teller (BET) method was used to determine the
surface area. Prior to analysis, the samples were degassed at 100°C under vacuum overnight.

2.2.4. Photoelectrochemical characterization
A conventional three electrode PEC cell [1,8,9], with a Pt wire (Sigma Aldrich) as counter
electrode and a Ag/AgCl reference electrode (ALS Japan) was used for the evaluation of the
photoanodes with liquid media at pH=1 (0.1M H 2SO4) for water splitting (i) alone and (ii)
with the addition of either methanol, ethanol, isopropanol or glycerol (0.1 M).The best
performing photoanodes were also evaluated for gas phase operation in our custom built
PEM-PEC cell [26] (figure 2.2). Our PEM-PEC cell is equipped with a reliable hydrogen
reference electrode and thus allows for performance comparison with conventional aqueous
phase PEC cells. All the linear sweep voltammetry measurements were obtained at a scan
speed of 2.5mVs-1 using a chopped illumination from a LED source (365 nm, 9mWcm -2).
The power level of the LED is higher than the 1 Sun thus for comparison purposes, figure S1
depicts the performance of the most promising photoanodes under AM1.5G illumination.
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Figure 2.2. (Left) Configuration and operation of the membrane (photo) electrode assembly utilizing either proton
or hydroxide ion conductors. (Right) Our PEM-PEC reactor design [26] with three compartments for
accommodating anode, cathode and reference electrodes.

2.2.5. Membrane (photo) electrode assemblies
The Ti-web photoanodes (1cm2 masked area) were placed on the top side of the polymeric
membrane. Commercially available Nafion 117® perfluorinated membrane (180 m thick,
Alfa Aesar) was used as cation (H+) exchange membrane. The anion (OH-) exchange
membrane (90 μm thick) was synthesised as previously reported [34,35] using low-density
polyethylene (LDPE) with vinylbenzyl chloride (VBC) as the graft monomer. Mutual gamma
radiation grafting was carried out by Synergy Health plc (Wiltshire, UK) with a total radiation
dose of 20 kGy. In order to produce the anion exchange functionality, the membrane was
immersed in trimethylamine (TMA) 45 wt% solution in water for 24h. The counter ion was
subsequently exchanged from Cl- to OH- by treating the membrane with fresh 1.0 M KOH
solution, as previously described [34,35]. Degree of grafting based on initial weight (DOG)
is 65.6% and ion exchange capacity (IEC) is 2.3 mmol g -1.
A Pt counter-electrode (supported on carbon cloth, with 0.5 mg cm-2 loading, Fuelcellsetc)
was placed at the bottom side of the membrane. The reference electrode, which is also a Pt/C
electrode (with the same characteristics), was deposited on the top of the membrane as
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represented in figure 2.2. The membrane electrode assemblies were pressed between two
graphitic flow-fields plates.
The three different compartments (sealed with rubber o-rings) of our home-built PEM-PEC
cell are illustrated in figure 2.2. Teflon gaskets are used to electrically isolate anodic and
reference current collection, which are on the same side of the cell and are represented by the
brown plates. Two CaF2 windows are used to allow illumination and to ensure a sealing of
the anodic compartment and an Au mesh for the current collection. Each compartment was
fed with humidified gaseous streams, made by bubbling He, air, or H 2 through thermostated
gas saturators containing H2O. Two modes of operations were examined where 3.5 vol% H2O
was introduced to the cell via He or air (100 ml min-1) in the anodic side. The cathode was
always fed with 3.5 vol% H2O in He (100 ml min-1) and the reference electrode with 3 vol%
H2O in H2 (30 ml min-1).

2.3.

Results and discussion

2.3.1. Titania nanotube arrays
In order to achieve an improved understanding of the potential benefits offered by the
microstructured anodization substrate, we studied here the effect of anodization time and
calcination temperature.

2.3.1.1.

Effect of anodization time

Anodization experiments were conducted on a 2-electrode anodization reactor (figure 2.1)
following the protocol described in the experimental section. During anodization experiments
the main output is the current for an applied potential or vice versa. The current profile can
be used as an indicator for the nanotube formation process [36]. Therefore, we performed
SEM measurements for substrates anodized at different times as indicated on the bottom of
figure 2.3a (open symbols). The formation of nanotube arrays on the curved surface of the
microfibers leads to lateral tension which creates cracks in the TNTAs. Focusing on a crack
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of the TNTAs (figure 2.3b), we were able to estimate the length of the TNTAs, which is
around 700 nm after one hour of anodization.
From the SEM image in figure 2.3c we determined the length of the nanotubes as a function
of anodization time (top figure 2.3a) and also determined the inner diameter of the nanotubes
(i.e. 10-15nm). BET measurements were also performed in order to quantify the surface area
of the nanotube arrays and the porosity of the anodized substrates. The outcome of these
measurements (see figure S2) resulted in a surface area of 2.7 m 2g-1 and a pore size of around
10 nm. BET measurements concluded a 33-fold increase in the total surface area upon
anodization: considering a superficial electrode surface area of 1 cm 2, untreated Ti had a
surface area of 40 cm2, while the TiO2 samples produced by anodization for 1 h had a surface
area of 1300 m2.
Based on literature on the anodization process [28-30,36] and on the SEM images (figure
2.3), the current profile is divided in three regions. Initially (0-2 min) the current decreased
by a factor 2, due to the formation of a bulk TiO2 layer that increased the substrate resistivity.
This is confirmed by the absence of any specific pattern on the SEM images. Between 2 and
10 min, the current slightly increased as a result of increased surface area, due to the
successive formation of pits, pores and finally tubes uniformly distributed over the bulky
TiO2 layer. The pore growth is caused by an inward movement of the oxide layer at their
bottom. Under the applied electrical field, Ti 4+ ions migrate from the metal to the
oxide/electrolyte and then get dissolved in the fluoride containing environment. Since the
rate of the oxide etching and the oxide growth tend to reach an equilibrium, the TiO2 thickness
remains the same while the pores are getting deeper in the metallic layer to form the tubes.
The third region (10 to 60 min) can be called the elongation step, where the growth of the
nanotubes continued but at a slower rate (especially between 30 and 60 min, figure 2.3a).
The growth continued until the oxide dissolution rate at the top of the tubes equilibrates with
the inward movement at their bottom.
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(a)

(b)

(c)
Figure 2.3. (a) Anodization current profile upon potentiostatic application of 30V. The length of the TNTAs is also
presented as a function of the anodization time. (b)SEM images of 1h anodized TNTAs focusing on a single
microfiber and on a crack. (c) SEM images of single microfiber at different anodization times.

The calcination step of the anodized substrates is crucial to pass from the poorly active asgenerated amorphous TiO2 to a more active crystalline structure. The three main phases of
TiO2 are brookite, anatase and rutile, the latter two being the most suitable and commonly
used for photoactivated processes [30,36]. In literature of TiO 2 nanotubes, it is demonstrated

120|

that the highest anatase phase is observed with calcination temperature of 450oC [30,36-37].
Therefore, we have used this temperature as a starting point of our experiments.
The photocurrent from the photoanodes fabricated with different anodization times, realized
with linear sweep voltammetry under chopped UV-light illumination, is depicted in figure
2.4. It clearly appears that the anodization time and hence the tube length is correlated with
the activity: the longer the tube, the higher the obtained photocurrent. Due to the logarithmic
dependence of the nanotube length with the anodization time, the effect of anodization time
on the photocurrent is more intense at short anodization times (i.e. 2-15 min) while it is less
important for the 30-60 min of anodization. Thus, for the photoanodes that are presented in
the following experiments we used 1 h as anodization time.

Figure 2.4. Photocurrent response of titanium substrates at different applied potential (vs RHE), as a function of
anodization time for samples annealed at 450oC.

2.3.1.2.

Effect of calcination temperature

It is well demonstrated that the temperatures where the transition from amorphous TiO2 to
anatase and then to rutile takes place, are strongly related with numerous factors such as the
synthetic pathway, the presence of exogenous ions, and the calcination atmosphere
[28,29,36-39].
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Our previous study [26] has shown that as-anodized TNTAs are amorphous, while crystalline
TiO2 is present only after annealing. Here we investigated the effect of calcination
temperature on the structural characteristics of TNTAs. Ti webs were anodized for 1 h and
then annealed under oxygen at different temperatures, between 400 and 600 oC. When the Ti
web was treated at temperatures above 600oC the structure of the substrates becomes
mechanically unstable i.e. the junctions between the microfibers due to volume expansion
lose their interconnection and very easily break. Samples treated at 650 oC were very fragile
so evaluation as photoelectrodes was not possible.
Figure 2.5a shows SEM images of the self-organized, highly ordered TNTAs as-anodized
and after annealing at various temperatures. The SEM images indicate that there was no
delamination of the nanotube arrays from the Ti microfiber surface. This delamination was
very significant (figure 2.5b) when the anodization process was realized with fresh solution.
This is due to fast formation of the TNTAs which then causes lateral interactions and thus
form cracks on the surface of the Ti microfibers. It is reported [31] that the aging of the
solution improves the structural stability of the anodized samples and as one can see there is
no significant change between the as-anodized samples and the samples after O2 annealing.
Figure 2.6a shows the XRD patterns of the anodized samples after calcination at different
temperatures. The XRD analysis showed that in the TNTAs calcined at 400 and 450oC, the
only TiO2 phase is anatase. As the calcination temperature increases above 500 oC, rutile
peaks start to appear and become significant at 600oC. The results of our study show that the
TNTAs developed by anodization of a curvy Ti-web exhibit similar characteristics to those
developed by anodized flat Ti foils [38-41]. Increase in the relevant amount of rutile upon
annealing at higher temperatures has been also reported by Hardcastle et al. [39] and Jarosz
et al. [42] for the case of TNTAs developed by anodization of Ti foils. Moreover, Xu et al.
[24] found that the intensity of the rutile peaks strongly depends on the length of the TNTAs.
They observed rutile was present only in TNTAs with length of 0.8-1.2 m, while only the
anatase phase in longer TNTAs, which is similar to our case (where TNTAs were developed
by anodization of a Ti web).
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(a)

(b)

Figure 2.5. SEM images of TNTAs (a) in aged and (b) fresh solution before and after annealing at different
temperatures.

For comparison, we followed the same annealing procedures on both classes of photoanodes,
TNTAs and TiO2 layers. In the XRD patterns of the TiO2 layers (Fig. 2.6b), the titanium
peaks of the unmodified Ti web are dominant. Small amounts of crystalline TiO 2
corresponding to the rutile phase were detected only at annealing temperatures higher than
500oC and increased with the calcination temperature, while the anatase phase does not
appear in these samples. This indicates that the oxide layer at annealing temperatures below
500oC is below the detection limit of XRD. Table S1 summarizes the XRD parameters
including the full width at half maximum (FWHM), the peak intensity, the rutile/anatase
intensity ratio and the crystalline grain size of anatase and rutile. The morphology of the Ti
substrate, which is consisted of a web of microfibers, does not allow the exact quantification
of the included parameters and thus, they serve as a qualification guideline.
In further analysis we conducted Raman spectrometry for obtaining insights about the
physicochemical structure. Raman spectra of the TNTAs are shown in figure 2.7a. The major
peaks of anatase at 144, 197, 398, 515 and 638 cm-1 are evident in all the samples in good
agreement with literature [36-39]. The characteristic peaks of rutile start to appear when
photoanodes are annealed at temperatures above 500 oC. In these spectra there are overlaps
between the anatase and rutile peaks (in the range of 400-650 cm-1) and only at 600oC the
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two peaks of rutile around 447 cm-1 (Eg mode) and 612 cm-1 (A1g mode) are very intense
while at 243 cm-1 a broad peak is formed again in good agreement with literature [37-40].
Raman spectroscopy of the TiO2 layers (annealed at different temperatures) clearly
demonstrates that rutile phase is evident mainly at 243, 447 and 612 cm -1 even at 400oC and
becomes more evident as the annealing temperature is increased. These findings are in good
agreement with similar studies in anodized and untreated foils O 2 annealed at various
temperatures [38-41].
Photoanodes class-A: Ti-web with TNTAs

(a)
Photoanodes class-B: Ti-web with TiO2 overlayers

(b)
Figure 2.6. XRD pattern of (a) TNTAs after anodization at 30 V for 1h and (b) TiO2 layers annealed at different
temperatures for 5h in air.
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Photoanodes class-A: Ti-web with
TNTAs

Photoanodes class-A: Ti-web with TiO2
overlayers

Figure 2.7. Raman spectra for anodized (TNTAs) and non-anodized (TiO2 layers) annealed at different temperatures
in air for 5h.

An analysis of peak position and width of the rutile modes based on phonon confinement
model [42-45] demonstrates a clear shift of these modes to higher wavenumbers with a
reduced width as a function of increasing temperature. This trend is a feature of sizedependent property of rutile grains. At low temperature grains are smaller, and as the
temperature increases, the grain size increases and the peak positions appear close to the peak
position of bulk rutile [43,44]. The analysis of rutile Eg mode revealed that, with an increasing
annealing temperature, the peak position shifts from 438 cm -1 to 449 cm-1 in parallel with a
decrease of the peak width from 61 cm -1 to 41 cm-1. In a similar fashion, the position of A1g
mode shifts from 606 cm-1 to 612 cm -1 and its width decreases from 54 cm-1 to 39 cm-1. The
estimated grain sizes of rutile phase are in the range of 2.5 nm to 10 nm with increasing
annealing temperature.
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2.3.2. Photoanode performance in conventional PEC cells based on
aqueous electrolytes
2.3.2.1.

Photoelectrochemical activity for water splitting

After O2 annealing, both classes of photoanodes were used for the photoelectrochemical
water splitting in 0.1 M H2SO4 solution. The photocatalytic activity was evaluated under
chopped illumination using an UV-LED lamp. The current was recorded while the potential
between the working and the reference electrode was linearly varied between 0 and 1.5 V
with a scan rate of 2.5 mV s-1. This value was chosen due to the character of the experiment
which requires us to proceed with slow scan rates (<5 mV s-1) as indicated by Xu et al [45].

Photoanodes class-A: Ti-web

Photoanodes class-A: Ti-web with

with TNTAs

TiO2 overlayers

(a)

(b)

Figure 2.8. Linear voltammetry sweeps (2.5 mV.s-1) under chopped illumination for water splitting on (a) TNTAs
and (b) TiO2 layers, in an aqueous electrolyte (0.1M H2SO4).

Figure 2.8. presents the linear sweep voltammograms (LSVs) under chopped illumination for
both classes of photoanodes. Negligible currents are recorded for all samples upon turning
the illumination off within the whole potential range. A strong dependence between
photoactivity and calcination temperature was found in all cases. The onset of photocurrent
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for anodized samples (TNTAs) starts already at 0.1 V vs RHE while for TiO2 layers the
onset shifts at much higher potentials, between 0.4 V and 0.6 V vs RHE. The effect of the
annealing temperature on the onset potential is negligible for TNTAs; however, for the TiO 2
layers the onset potential is decreased from 0.6 V to 0.4 V vs RHE as the annealing
temperature is increased from 400 to 600oC. These results are summarized in Table S2, where
the effect of annealing temperature on the photocurrent at 1.23 V vs RHE as well as the onset
potential are presented.
The LSVs of the TNTAs are presented in figure 2.8a and consist of two regions. At the low
polarization region (<0.55 V) the photoactivity reaches a first plateau and only slightly
decreases as the annealing temperature increases. At 0.55 V an abrupt increase in the
photocurrent is observed, which becomes more pronounced as the annealing temperature
increases. In the high polarization region (>0.55 V) the photocurrent is largely affected by
the annealing temperature in a manner that increased photoactivity is observed with the
samples annealed at higher temperatures. At 1.5 V, maximum photocurrents of ~2.0 and 1.2
mA cm-2 were obtained with TNTAs calcined at 600oC and 400oC respectively. As already
discussed, annealing the anodized samples at different temperatures leads to materials with
different rutile/anatase ratios. Thus, the shape of the voltammograms can be possibly
explained by an overlapping of the photoactivities from the anatase and the rutile phase, with
the first one dominating at low polarization (<0.55 V) and the later dominating at higher
polarization (>0.55 V). This behaviour is also evident in the TiO 2 layers, in which the only
contribution to the observed current comes from the rutile phase (>0.55 V region).
The effect of annealing temperature on the photocatalytic activity of TNTAs from anodized
Ti foil or mesh has been investigated in the literature with contradictory results reported. The
results of Li et al. [15] and Sun et al. [47] suggest an optimal calcination temperature of
450oC, which the authors attributed to the excellent crystallization and well-ordered
nanostructures obtained at this treatment. On the other hand, other studies [39,48,49] have
shown an increase in photoactivity with even higher annealing temperatures and attributed
this behaviour to the enhanced charge transfer due to increased crystallinity. A recent study
of Ali et al. [50] indicated that anatase TNTAS grown during Ti-foil anodization are more
active for the photoelectrochemical water splitting when decorated with rutile, thus showing
a synergetic anatase-rutile effect. This synergy is also highlighted in a recent work [51] where
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the highly photocatalytic active form is observed for mixed phase of two polymorphs anatase
and rutile rather than for their pristine compositions. Such a synergetic effect is understood
by the staggered band alignment favourable to spatial charge separation.
The shape of the LSVs in our study suggests that reliable comparisons between anodized Tiwebs should be made only at similar potential values. Moreover, according to Xu et al. [24],
LSVs under chopped illumination with anodized Ti foils do not show any shape changes at
a threshold potential value, as observed at 0.55 V in our case. The controversial findings
may arise from the fact that different protocols for the anodization were followed by several
groups. As depicted in figure 2.5b the anodization conditions can strongly affect the
delamination of the electrode after annealing, which in turn affects the photoelectrode
activity. Thus, comparisons of the activity and relations with crystallinity can only be valid
if the experimental results are accompanied by SEM images which verify the absence of
delamination in the samples.
In order to verify the promoting role of anatase phase for the photoelectrochemical water
splitting using TNTAs from anodized Ti web, photoelectrochemical characterization was
carried out using TiO2 layers (figure 2.8b). Similar to the anodized samples, two regions in
the LSVs were also observed in the case of TiO2 layers with the transition happening again
at 0.5 V. At applied potential values higher than 0.5 V, the photoactivity increases with the
calcination temperature, with a maximum photocurrent of 1.2 mA.cm-2 at 1.5 V for the
sample calcined at 600oC. According to the crystallographic data (figure 2.6b), annealing of
the Ti webs at higher temperature leads to the increase of crystal grain sizes, and appearance
of a higher crystalline rutile phase compared to lower temperatures, confirming that this
phase is responsible for the enhanced activity for water splitting.
Comparing the activity of the two classes of photoanodes, photocurrents obtained with
TNTAs are up to 2 times larger than those obtained with TiO2 layers. Taking into account
that the surface area of anodized samples is 30 times larger than that of non-anodized
samples, it seems that TiO2 layers exhibited unexpectedly high activity. This is most likely
related with the faster charge separation/transfer due to the thin TiO2 layers that developed
after the O2 annealing on the Ti microfiber surface. On the other hand, at applied potentials
below 0.5 V, TiO2 layers are totally inactive, unlike the modest photoactivity which was
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observed with TNTAs in this potential region. This is related to the fact that anatase phase
was not detected in these samples (figure 2.6b).
The superior photoactivity of anatase compared to rutile is generally accepted and according
to recent studies it can be attributed to differences in the diffusion length, rate of
recombination, energetic distribution and transport mechanism of the charge carriers [52,53].
Literature findings suggest a different dependence between film thickness and photocatalytic
activity of the two TiO2 polymorphs, showing that charge carriers excited deeper in the bulk
of anatase contribute to the surface reactions and account for a larger material-volume which
contributes to photocatalytic activity. These findings suggest that comparison between the
two families of photoanodes in our study is not straightforward due to the different geometry
of the samples (nanotubes vs thin layers).

2.3.2.2.

Photoelectrochemical activity for (poly)alcohol oxidation

Majority of the work employing PEC studies with anodized TNTAs deals with water
splitting. However, it is well established in literature that TiO 2 exhibits higher efficiency for
hydrogen production in the presence of a sacrificial agent. Using organic sacrificial agents,
such as alcohols, higher photocurrents and smaller onset potentials have been reported
[12,14,17,38]. To this end, we investigated the effect of annealing temperature on the
photoelectrochemical activity of anodized and untreated samples during (poly)alcohol
oxidation. Special attention is given in the case of hydrogen production via ethanol photooxidation due to its renewable character that ensures sustainability and CO 2 neutrality
[54,55].
Figure 2.9 compares the LSVs obtained in presence and in absence of 0.1 M ethanol under
chopped illumination. This low concentration was selected to simulate waste water treatment
where small quantities of organics are present. For all photoanodes, the obtained dark current
is close to zero between 0.2 and 1.5 V vs RHE and it becomes negative at potentials lower
than 0.2 V vs RHE. Comparing the activity of TNTAs, the current increases in presence of
ethanol. This increase is generally attributed to: (a) continuous scavenging of photoholes by
ethanol which leads to suppression of charge recombination and enhancement of surface
oxidation, (b) the current doubling effect [12,14,17,37,38,56]. Two main features were
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observed in figure 2.9a. First, the ethanol-induced enhancement in photoactivity was more
pronounced for samples annealed at lower temperatures. Second, even though the current
enhancement exists within the whole investigated potential range, it was more pronounced at
lower polarization. For instance, with the TNTAs annealed at 450 oC, a two-fold increase in
current was obtained in presence of ethanol at 1.5 V vs RHE, while a three-fold increase was
obtained at 0.3 V vs RHE. The correlation between the photocurrent enhancement upon the
ethanol addition and the annealing temperature is presented in Table S3 (for both classes of
photoanodes at 1.23V vs RHE).
Taking into account the findings of the physicostructural characterization (figure 2.6 and 2.7),
it appears that the anatase phase, which is predominant at TNTAs annealed at temperatures
below 500oC, is mainly responsible for the photoelectrocatalytic activity for ethanol
oxidation. Moreover, as discussed in section 2.2.1, the photoactivity of anatase is more
dominant at the low polarization region, which accounts for the observed higher current
increase in presence of ethanol at low potentials. As the calcination temperature increases,
the relative amount of rutile increases, leading to a decrease in activity for ethanol oxidation.
This assumption is further supported by the experimental results obtained with the TiO 2
layers, where rutile was the only detected crystalline phase. As shown in figure 2.9b, identical
LSVs were recorded both in absence and in presence of ethanol with the TiO 2 layers. This
observation indicates negligible activity of rutile for ethanol oxidation at these experimental
conditions. Finally, the strong influence of rutile on the photoactivity of TNTAs indicates
that rutile is present at the surface of TiO2 nanotubes, and thus in the interface with the liquid
phase.
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Photoanodes class-A: Ti-web with

Photoanodes class-A: Ti-web with TiO2

TNTAs

overlayers

(a)

(b)

Figure 2.9. Linear voltammetry sweeps (2.5 mV s-1) under chopped illumination for ethanol and water photooxidation on (a) TNTAs and (b) TiO2 layers treated at various annealing temperatures, in an aqueous electrolyte
(0.1M H2SO4 and 0.1M EtOH). The black line depicts the performance of the photoanode for water oxidation
while the blue line illustrates the performance in the presence of ethanol.

Veres et al. [56] investigated the relationship between the TiO2 structure and the
photocatalytic properties during hydrogen production from ethanol vapour and also reported
a decrease in the activity of rutile-rich samples. The different behaviour between anatase and
rutile phases during the photocatalytic oxidation of organic molecules has been also reported
by other groups [37,38,40,58,59] showing that the rutile phase can be active or inactive for
the photocatalytic oxidation of phenol according to the preparation methods. According to
the authors of this study, this variability in photoreactivity can be related to either to kinetic
factors (since the preparation method affects the physicochemical characteristics) or to the
presence of surface OH- groups (which affects significantly the charge separation). A detailed
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analysis of the role of the TiO2 phase on the ethanol photo-oxidation necessitates DFT
calculations; such a theoretical study is in progress and will be the subject of an upcoming
publication.
Further, we investigated the effect of using other sacrificial agents in the solution.
Specifically, the cases of methanol, iso-propanol and glycerol were examined and the
corresponding experimental results are presented in figure 2.10 for TNTAs and TiO 2 layers
annealed at 450oC. Similar to the results with ethanol, a significant enhancement in the
photocurrent is observed under illumination in presence of all the organic compounds, only
with the anatase and anatase-rutile containing samples (anodized TNTAs). In the presence of
(poly)alcohols and at applied voltages higher than 0.8 V, the photocurrent reaches a limiting
value, which corresponds to the highest electron–hole separation due to the depletion of
electrons in the space charge region by the positive applied potential [59]. Moreover, our
results indicate that the use of ethanol and methanol as sacrificial agents is more beneficial
than the use of iso-propanol or glycerol, which is probably related with adsorption and
electrokinetic effects [60]. The correlation between the photocurrent enhancement (at 1.23V
vs RHE) upon different additives for the photoanodes annealed at 450 oC is presented in Table
S4.
Photoanodes class-A: Ti-web with

Photoanodes class-B: Ti-web with TiO2

TNTAs

overlayers

(a)

(b)

Figure 2.10. Linear voltammetry sweeps (2.5 mV s-1) under chopped illumination for methanol, isopropanol,
glycerol and water photo-oxidation on (a) TNTAs and (b) TiO2 layers annealed at 450oC, in an aqueous
electrolyte (0.1M H2SO4 and 0.1M organic additives). The black line depicts the performance of the photoanode
for water oxidation while the light blue line illustrates the performance in the presence of the organic phase.
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2.3.3. Photoelectrochemical activity for water splitting in PEMPEC cells - Gas phase operation
The best performing TNTAs and TiO2 layers were also evaluated as photoanodes for water
splitting during gas phase operation. In this case the photoanodes were interfaced onto
polymeric electrolyte membranes with either proton (H +) or hydroxide ion (OH-)
conductivity and then were introduced in a PEM-PEC reactor (figure 2.2). A low water
vapour pressure of 3.5 kPa was supplied by flowing a carrier gas through a thermostated gas
saturator filled with deionized water. Two cases were investigated for the nature of the carrier
gas; helium was used as an inert carrier gas and air was used in order to simulate water capture
from ambient air [19,20,26]. The performance of the photoanodes utilizing proton and
hydroxide ion conducting membrane is depicted in figure 2.11 (a), (b) and (c), (d)
respectively. For comparison we have performed LSV experiments of the same photoanodes
with aqueous electrolytes in “equivalent” conditions i.e. pH=1 and pH=13 to mimic H + and
OH- conducting membranes respectively [31,34]. These LSV curves are also displayed in
figure 2.11 and are denoted as liquid phase.
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Photoanodes class-A: Ti-web with

Photoanodes class-B: Ti-web with TiO2

TNTAs

overlayers

(a)

(b)

(c)

(d)
-1

Figure 2.11. Linear voltammetry sweeps (2.5 mV s ) on the TNTAs and TiO2 layers photoanode annealed at
600oC under chopped illumination for water splitting in conjunction with (a, b) proton conducting membrane
(Nafion 117) and (c, d) hydroxide ion conducting membrane [30,31]. Orange and green lines correspond to gas
phase operation with He and air carrier gases respectively for 3 kPa H2O. The blue line corresponds to operation
with aqueous electrolyte at (a, b) pH=1 (0.1M H2SO4) and (c, d) pH=13 (0.1M KOH).

As illustrated in figure 2.11, both TNTAs and TiO 2 layers show a common trend that is the
nature of the carrier gas has an important effect on the activity only at low polarization.
Specifically, with the H+ conducting electrolyte, a significant deviation between the LSV
curves obtained with He and air was observed at potentials below 0.4 V with the TNTAs and
below 0.6 V with the TiO2 layers. With the OH- conducting membrane the nature of the
carrier gas has an effect only at low potentials (<0.2V vs RHE). At the region of low
polarization, the oxygen molecules (for the case of using air as the carrier gas) act as
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mediators for recombination and this cause back reactions which deteriorate photoefficiency.
As discussed in our previous paper [26], the detrimental impact of oxygen is minimized at
higher potentials, where the fast electron injection inside the TiO 2 valence band limits the
possible recombination pathway [19,20]. The shift of the threshold potential at lower values
for the case of anodized samples could be attributed to the nanostructured characteristics of
these samples.
The activity of both classes of photoanodes was higher in alkaline environment (liquid or
OH- conducting membrane) compared to acidic environment (liquid or H + conducting
membrane), which can be ascribed to reduced recombination phenomena. According to Arico
et al. [32] this is related with the large concentration of OH - species at the interface between
the photoanode and the alkaline electrolyte the alkaline environment, which favours the
capture of holes. Table S5 summarizes the photon to hydrogen efficiencies for both
photoelectrodes at 1.23V vs RHE for conventional PEC and PEM-PEC operations.
The performance of the photoanodes in gas phase operation in our PEM-PEC cell with the
H+ conducting electrolyte is very close to the ones obtained in conventional PEC cells at
pH=1 (0.1 M H2SO4). The photocurrent in gas phase was 1.22 and 1.19 mA.cm-2 at 1.23 V
vs RHE when He or air are used as carrier gas respectively. These values correspond to 74%
and 71% of the current obtained at the same potential in conventional PEC cells at pH=1.
This is a very interesting observation taking into account that only 3% water vapour during
gas phase PEM-PEC operation can result to more than 70% of the photocurrent of
conventional PEC cells operating with aqueous electrolytes and reactants. Both classes of
photoanodes are very stable as depicted in figure S3. It is observed that even since after 12 h
of operation and 50 cycles of light on and off operation the performance is slightly affected
and the derived photocurrent decreases less than 8% and 7% for titania nanotubes and layers
respectively.
The results are even more promising when utilizing a hydroxide ion conducting membrane
(figure 2.11c, d). Gas phase operation with the OH - conducting membrane is much better in
the low potential range in comparison with the liquid operation of conventional PEC cells at
pH=13 (0.1 M KOH). The onset potential for liquid phase operation at pH=13 is 0.2 V vs
RHE, while for the case of gas phase operation the photogenerated species are present in the
whole potential range under examination (i.e. 0-1.5 V vs RHE). Gas phase operation in PEM-
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PEC cell is superior compared to the conventional cells up to 0.9 V vs RHE, while at higher
polarization the obtained photocurrent of conventional PEC cells is 5-10 % better.
These results give, for the first time, a comparison between the performance of a
photoelectrode in a PEM-PEC operating with proton and hydroxide ion conducting
membranes vs a conventional PEC cell operating at pH=1 or pH=13 respectively. Regarding
the photon to hydrogen efficiency, the utilization of a hydroxide ion membrane enhances the
performance of the photoelectrode in comparison with conventional PEC cells (performed in
either acidic or alkaline conditions) and with the PEM-PEC cells operated with proton
conducting membranes (Table S5).This comparison is essential for the development of future
gas phase PEM-PEC installations. Water management when scaling up PEC systems would
be much simpler in gas phase operation than in the case of conventional aqueous electrolyte
PEC cells, which require a pumping system. It can be achieved either via a carrier gas passing
through a thermostated water saturator or via natural convection for capturing the water
molecules contained in the ambient air [19,20,26].

2.4.

Conclusions

In our study we utilize a new type of substrate for photoanodes which is suitable for our
newly developed polymeric electrolytic membrane photoelectrochemical (PEM-PEC) cells.
This substrate consists of a Ti web of microfibers and we have found that a simple thermal
treatment under oxygen atmosphere of these (untreated) substrates could provide TiO 2
photoanodes with surprisingly good performances for water oxidation. Electrochemical
anodization of these substrates leads to formation of TiO 2 nanotube arrays which boosts the
surface area of the substrates by a factor of 30. The anodization current profile is correlated
with the stages of nanotube formations. The effect of temperature annealing is examined in
both classes of photoanodes and it is beneficial when photoanodes are evaluated for water
oxidation. The performance of the photoanodes for (poly)alcohols oxidation is strongly
related with the ratio of anatase vs rutile. The most efficient photoanodes for organic
oxidation are the ones in which anatase is the predominant phase. The best performing
photoanodes were evaluated in our PEM-PEC cells in gas phase operation mode.
Photoanodes were investigated in conjunction with a proton or a hydroxide ion conducting
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membrane electrolyte. The performance in both cases is very promising taking into account
the cost reduction of gas phase PEM-PEC cell operation, arising from the lack of a liquid
pumping systems. Moreover, it was demonstrated, for the first time, that the observed
photocurrent in gas phase operation when hydroxide ion conducting membrane is utilized in
the PEM-PEC cells is superior to the conventional (liquid phase) operation at pH=13 for
water splitting.
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I.

Supplementary Material

Figure S1. Chopped light linear voltammetry sweeps (2.5 mV s-1) on the TNTAs (a) and TiO2 layers (b)
photoanodes annealed at 600oC under UV illumination (black line) and illumination by solar simulator AM 1.5G
(grey line) in aqueous electrolyte (0.1 M H2SO4).

Figure S2. Nitrogen adsorption – desorption isotherm (a) and pore size distribution curve (b) of the anodized
sample annealed at 450oC.

Figure S2a illustrates the N2 adsorption-desorption isotherm derived from the class-A
photoanode which was annealed at 450oC. According to the IUPAC classification, the sample
is categorised as type IV which is reported for mesoporous materials (2-50nm). The
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hysteresis loop type of the nanotubes in this case resembles H1-type which corresponds to
cylindrical shaped channels [1].
Figure S2b demonstrates the pore size distribution (PVD) curve of the same sample. The
sample presents a narrow dual-peak pore size distribution between 4 and 11nm, maximized
at 7.4 and 9.7nm, respectively. At the same time the specific pore volume is considerably low
at 4.4∙10-3 cm3 ∙g-1.
The anodization process grows TNTAs on top of the nanofibers, thus the measured sample
was not consisted fully of nanotubes, but also of material derived from the substrate. This
factor could not be taken into account while weighting the sample during the N 2 adsorptiondesorption measurement and contributed to low SSA (2.7 m 2 ∙g-1) and pore volume. Such
SSA measurements for TNTAs developed on top of a substrate are not commonly mentioned
in the literature but they could serve as example of an indicative order of magnitude of the
nanotube surface area.

Table S1. XRD parameters of anodized samples annealed in different temperatures.

Annealing T
o

( C)

400

450

500

550

600

FWHM

Intensity

Crystallite size

(degree)

(counts)

(nm)

Anatase

0.347

6924

23.4

Rutile

-

-

-

Anatase

0.320

7372

25.4

Rutile

-

-

-

Anatase

0.400

5791

20.3

Rutile

0.393

449

20.8

Anatase

0.275

9101

29.5

Rutile

0.303

1903

27.0

Anatase

0.238

9429

34.1

Rutile

0.209

8059

39.1

Phase
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The most characteristic anatase and rutile peaks are the ones at 25.2 o and 27.3o
respectively. The crystal grain size was calculated using Sheerer’s equation and K
constant was equal to 0.9 which corresponds to polycrystalline materials [2]. As the
temperature increases, the peak intensity is also increased, while FWHM and the crystal
grain size reduce. The observed tendency for the crystal grain size is in agreement with
the results obtained from Raman spectrometry.

Table S2. Photoelectrochemical activity of class-A and class-B photoanodes at different annealing
temperatures at 1.23V vs RHE.

Photocurrent (mA∙cm-2) at 1.23V vs RHE
Annealing
temperature (oC)

Class-A, anodized

Class-B, untreated

400

0.52

0.26

450

0.60

0.29

500

0.73

0.34

550

1.20

0.71

600

1.71

1.04

Table S3. Effect of EtOH addition on photocurrent at 1.23V vs RHE for both photoanode classes.

Photocurrent enhancement/reduction (%) after EtOH
addition at 1.23V vs RHE
Annealing
temperature (oC)

Class-A, anodized

Class-B, untreated

450

41

-4

500

27

-3

550

18

-3

600

9

-4
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Table S4. Photocurrent enhancement and reduction after the addition of various alcohol solutions for both classes
of photoanodes annealed at 450oC.

Photocurrent enhancement/reduction (%) after
(poly)alcohol addition at 1.23V vs RHE
Photoanode

Additives

Annealed at 450oC

MeOH

EtOH

PrOH

Glycerol

Class-A, anodized

39

41

34

31

Class-B, untreated

-7

-4

-14

-15

The photon to hydrogen efficiency is defined as the ratio between the power used in water
splitting and the input light power using the following equation [3]:

 = I p (1.23 − Vbias ) / J light
Ip: photocurrent density; 1.23V: thermodynamic water splitting potential; Vbias: applied
external potential; Jlight: light irradiance.
The photon to hydrogen efficiency was calculated at 0.6V vs RHE using the values from
figure 11. The results are summarized in Table S5.

Table S5. Photon to hydrogen efficiency at 0.6V vs RHE in the conventional and in the PEM-PEC cell for class-A
and class-B photoanode annealed at 600oC.

Photon to hydrogen efficiency at 0.6 V vs RHE
Photoanode

Conventional PEC

PEM-PEC

(liquid operation)

(gas phase operation with He carrier)

Calcined at 600oC

pH=1

pH=13

H+ conducting

OH- conducting

class-A, anodized

2.7

7.5

2.7

9.1

class-B, untreated

1.7

4.4

1.6

5.3
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Figure S3. Cyclability results for TNTAs (a) and TiO2 overlayers (b) photoanodes annealed at 600oC under
chopped light illumination at 1.2V vs RHE.

In order to investigate the stability and cyclability of the PEM-PEC cell two long term
experiments were performed for 12h under chopped light illumination for both photoanode
classes, using the photoelectrodes that were annealed at the same temperature (i.e. 600 oC).
Every experiment consists of successively illumination of each photoanode for 10 minutes,
followed by a 5-minute dark current measurement for 50 cycles. Class-A photoanode exhibits
small fluctuation on the obtained photocurrent but it is considered stable as its performance
at the end of the experiment drops by 12% while class-B photoanode demonstrates extremely
high stability as the photocurrent during the last cycle is reduced only by 7%, in comparison
with the first cycle.
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Chapter 3
Visible light promoted gas phase water splitting using
porous WO3/BiVO4 photoanodes

Abstract
We recently described the use of Ti(0) microfibers as anodization substrate for the
preparation of TiO2 nanotubes arrays as porous photoanodes. Here, we report the use of these
fibres as scaffold to build porous photoanodes based on a WO 3/BiVO4 heterojunction. The
obtained photoelectrodes show promising results under visible light irradiation for water
oxidation both in a typical liquid-phase photoelectrochemical setup and in an in-house
developed gas phase reactor based on a polymeric electrolyte membrane.
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3.1.

Introduction

With the rise of energetic and climatic concerns, a large number of research teams around
the world are working on the development of devices to produce hydrogen from water and
solar energy. In the ideal case, these photoelectrochemical (PEC) devices or cells would make
possible, under light irradiation, the dissociation of water into its fundamental components,
hydrogen and oxygen. In this context, the use of semiconductors based water-splitting
systems is a promising route towards production of “solar hydrogen” at an affordable price
[1,2].
The main challenges in the field are the development of efficient photoelectrodes and scalable
reactor design [1-3]. This work focuses on the development of a PEC design which resembles
polymeric electrolytic membrane (PEM) electrolysers and thus called PEM-PEC [3]. This
type of reactor has the advantage of being compact, robust and easily scalable, however it
necessitates porous photoelectrode versus the planar design built on conducting glass
substrates of conventional PEC studies. Up to now only simple photoanodes have been
developed for PEM-PEC applications, which are based on TiO2 or WO3 [4-6]. These
materials can absorb only a small fraction of the solar terrestrial illumination, as a result their
performance is very limited [4-6]. In order to adapt the PEM-PEC concept to the visible part
of the solar spectrum, the scope of this article is to investigate the possibility of using the
well-known heterojunction WO3/BiVO4 [2,7].
BiVO4 in its scheelite type monoclinic phase possesses promising properties for applications
as photoanode in photoelectrochemical cells. With a ~2.4 eV band gap, it can, in theory,
under 1 sun illumination produce photocurrents up to 7 mA .cm-2 for the water splitting
reaction at the thermodynamic potential [1,2]. However, in practice, this material is
susceptible to fast hole/electron pair recombination leading to a significant performance drop
[7-9]. Some solutions have been tested to overcome this issue: the addition of a doping metal
(e.g. W, Mo) [8,9] to diminish the recombination or the association with another semiconductor through the formation of a heterojunction (i.e. WO 3/BiVO4) to enhance the charge
separation [7]. WO3 is a semiconductor with an indirect band-gap around 2.8 eV that provides
light absorption in the near UV and at the beginning of the visible spectrum [1] and has
recently been reported to be compatible with titanium microfibers as electric back contact
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[10]. Due to its good charge carrier properties and to the band alignment with the bands of
BiVO4, the electrons from the BiVO4 conduction band can be injected into WO3, enhancing
the charge separation and thus the efficiency [1,2,7].
In this study we built WO3/BiVO4 heterojunctions, on porous titanium substrates by
combining electrochemical anodization of sputtered tungsten layers and BiVO 4 formation via
SILAR (Successive Ionic Layer Adsorption and Reaction) [11] method, and successfully
used them to perform gas phase water-splitting. The aforementioned preparation techniques
suit particularly well with the nature and the specific porous morphology of the electrode
substrate, while most of the common methods (i.e. spin-coating, doctor blade, hydrothermal
synthesis) [2] are not usable.

3.2.

Experimental

W thin films were deposited by DC magnetron sputtering (Kurt J. Lesker) from a 2 in.
metallic W target (Kurt J. Lesker) on Ti substrates (Bekaert) with 0.3mm thickness, 80%
porosity, 20μm microfibers, and 99.9% purity [3]. W-deposition was carried out with base
pressure ~10−8 mbar, target-substrate distance of 95mm at 25oC, an Ar pressure of 1 Pa, and
a power of 100 W, the resulting W-film thickness was 200 nm. WO3 layers were formed
through anodization of the 200 nm layer of W(0). To form the oxide a potential of 30 V was
applied for 2 min in a solution containing 0.3 %wt NH4F and 2 %vol H2O in ethylene glycol.
Then the electrode was rinsed with water prior to a calcination step (500 oC for 1h). One
SILAR cycle for the BiVO4 deposition is described as follows: the electrode is dipped for 1
min in a 0.05 M BiNO3 solution, dried for 1 min, rinsed in miliQ-water for 30 s, dried for 30
s, dipped in 0.05 M ammonium metavanadate (NH 4VO3) (pH=2) solution for 1 min, dried 1
min, rinsed in miliQ water for 30 s and dried 30 s. Once the desired number of cycles is
reached the samples are calcined at 550oC for 1h and then etched for 20 min in 1M KOH
solution to remove the unwanted vanadium binary oxide (V 2O5) [12]. The amount of
deposited BiVO4 is therefore controlled by the number of performed cycles.
Surface morphologies of the photoanodes were characterized with a Scanning electron
microscope (FEI Quanta 3D FEG instrument) at an acceleration voltage of 30 keV and
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working distance of 10mm. The crystal phases were analyzed by X-ray diffraction (Brucker
D8 Advance Eco) using a Cu Kɑ tube. Diffuse reflectance spectra were obtained using a UVVis spectrophotometer (PerkinElmer-Lamda 1050) with an integrating sphere attachment
(150 mm InGaAs). A Hiden QGA quadrupole mass spectrometer operating in selected ion
mode with a SEM detector was used for the detection of oxygen and hydrogen in the anodic
and cathodic gas streams.

Figure 3.1.(Left) Configuration and operation of the membrane (photo)electrode assembly. (Right) Novel PEMPEC reactor design with three compartments for accommodating photoanode, cathode and reference
electrodes [3].

The photoelectrodes (geometrical area ca. 1 cm 2) were illuminated using a 150 W Xe lamp
(66477-150XF-R1, Newport) with a UV cut-off filter (>395 nm), where the light intensity
was adjusted with a reference cell and meter certified by Newport (91150V) to 100 mW cm 2
on the photoelectrode surface. The lamp in both cases was positioned in the same distance (3
cm) from the photoelectrode surface and the illumination density was measured in both
conventional and PEM PEC reactors to ensure that the power is the same. The dark current
and photo-current of the working electrode versus the external bias voltage were recorded
using an Ivium-CompactStat potentiostat, at a 10 mV.s-1 scan-rate. Liquid phase
photoelectrochemical water-splitting experiments were performed at pH=1 (0.1 M H2SO4) in
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conventional PEC cell while gas phase experiments were carried out in our novel PEM-PEC
cell (figure 3.1) both are precisely described in a previous paper [3]. Each compartment of
the PEM-PEC was fed with gaseous streams, made by bubbling He, air, or H 2 (at 50cc/min)
through thermostated gas saturators (at 25oC) containing H2O, leading to 3.5 vol% H2O in
the feeds.

3.3.

Results and discussion

3.3.1. Structural analysis
Five samples were characterized: pure Ti/TiO2 substrate (Tiweb), and substrates covered with
W(0), WO3, BiVO4 and WO3/BiVO4. Figure 3.2A shows the XRD patterns of the different
prepared samples. Typical diffraction peaks from the titanium substrate (black line) are
clearly observed for all the samples, along with some smaller signals that can be attributed to
a thin over-layer of rutile TiO2 [3]. In the XRD pattern of the W(0) sputtered sample (blue
line) three new signals can be seen at 44, 58 and 74 degrees in good agreement with literature
[2,4]. Those peaks are still present after the anodization process (green line) suggesting the
formation of a thin WO3 layers since none of its typical peaks were detected.
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Figure 3.2. (A) XRD diffraction pattern of the initial Ti-web and with different added layers. (B) Tauc plot of the
photoanodes for band gap determination. SEM images of (C) WO3 covered Ti-web and (D) of the WO3/BiVO4
covered Ti-web.

The analysis of the Tiweb/BiVO4 sample (yellow line) shows, in addition to the substrate ones,
typical peaks for a monoclinic scheelite structure at angle values of 19, 29, 35, 40, 42, 45,
47, 53, and 58 [2,4]. Those signals are still visible on the complete multilayered sample XRD
pattern (red line) confirming the success of the BiVO4 deposition process onto the WO3.Since
multiple annealing steps were carried out during the WO3/BiVO4 fabrication, the crystallinity
of the WO3 under-layer has changed compared to the Tiweb/WO3 sample (green line). Thus,
additional peaks at 24 and 29 degrees are observed in the spectrum of the Ti web/BiVO4 sample
(yellow line), which are attributed to WO3 [4].
The optical band gap of our photoanodes was determined by the following Tauc equation:
(ahv)n=A(hv-Eg) where A=constant, hv=light energy, Eg=optical band gap energy,
a=measured absorption coefficient, n=0.5 for indirect band gap, and n=2 for direct band gap

Chapter 3

| 157

materials [13]. Because WO3 has an indirect band gap and BiVO4 a direct band gap, the y
axis of the Tauc plot is (ahv)1/2 for WO3 and (ahv)2 for BiVO4. In the figure 3.2B, the
extrapolation of the Tauc plot on x intercepts gives the optical band gaps of 2.77 eV, 2.53
and 2.54 eV for Ti-web photoanodes covered by WO3, BiVO4 and WO3/BiVO4 respectively
in good agreement with literature [13].
The surface morphology of the samples was studied using a scanning electron microscope.
Except for some rare cracks, the WO3 layers appear highly homogeneous (figure 3.2C). They
show a low roughness, and seem to cover the titanium substrate efficiently. The BiVO4
particles deposited by SILAR method are measured around 180 nm and are well distributed
on the electrode surface, providing good nanostructuring, even if few agglomerates can be
observed in some regions (figure 3.2D).

3.3.2. Photoelectrochemical characterization
The synergic association of WO3 and BiVO4 has been already well described in the literature
[4]. However, since the type of electrode support and the deposition techniques are different
in our case, we initially compared the activities of each photoactive layer separately and prior
to the measurement of combined layers.
The obtained results in the aqueous phase confirm that our fabrication process does form a
WO3/BiVO4 heterojunction. As it is shown of the figure 3.3A, under irradiation the two
semiconductors individual give relatively low currents 0.10 and 0.25 mA.cm -2, for WO3 and
BiVO4 respectively, while a strong synergistic effect is observed for WO 3/BiVO4 since their
combination (40-SILAR-cycles for BiVO4, see below) can reach up to 2.3 mA.cm -2.
To reach the performance depicted on figure 3.3A, we studied the effect of the BiVO 4 loading
onto the WO3 layers (figure 3.3B). To achieve that, we compared the activity of the
WO3/BiVO4 assemblies after successive steps of 10-SILAR-cycles from 10 until 60-cycles.
The synergy between WO3 and BiVO4 is well established in the literature [2,7,14] on
conventional photoanodes (built on dense planar substrates). The comparison of our WO 3,
BiVO4 and WO3/BiVO4 photoanodes is made to highlight that we were able to reproduce this
synergistic phenomenon. However, the crystallinity of the WO 3 photoanode is not the same
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with WO3 under layer in the WO3/BiVO4 photoanodes (figure 3.2A) (since the fabrication of
WO3/BiVO4 involves further annealing processes) thus the comparison is not straight
forward. Nevertheless, our main goal is to improve the BiVO 4 performance and for this
reason we have built the junction WO3/BiVO4, which is clearly demonstrated in figure 3.3A.

Figure 3.3. Linear voltammetry sweeps (10 mV/s) of various photoanodes under chopped illumination for water
splitting (A) Independent BiVO4 and WO3 and their coupled conterpart, (B) Activity of WO3/BiVO4 photoanodes
for different BiVO4 loading (C) 40-SILAR-cycles WO3/BiVO4 liquid vs gas phase activity (3.5 vol% H2O). (D)
Detection of oxygen and hydrogen generation during a step transient illumination experiment for WO3/BiVO4
(40-SILAR-cycles) at 1.23V vs RHE.

All the samples share the same photocurrent onset (about +0.4 V vs RHE) and exhibit a linear
current increase through the scanned potentials. At the thermodynamic water oxidation
potential, the 10-cycles sample give the lowest photocurrent with 0.65 mA.cm-2 while the
maximum activity, i.e. 1.9 mA.cm-2, is reached after 40-cycles. Further SILAR cycles lead to
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a current drop, thus we consider that the electrode surface starts to get saturated after 40SILAR-cycles.
Figure 3.3C depicts the activity comparison between liquid and solid electrolyte operation
(i.e. in PEM-PEC cell). The photoelectrochemical performances are almost identical in terms
of photocurrent profile and intensity (1.9 mA .cm-2 at the thermodynamic potential) and
regarding the photoelectrocatalytical onset (+0.4 V vs RHE). This is several orders of
magnitude higher than any other visible light activated solid state electrolyte systems [3-6],
confirming the strong potential of our reactor and electrode design.
The possibility of using PEM-PEC cell to capture and use water molecules from the ambient
air has been nicely demonstrated by Ronge et al [6]. The potential of this operation mode is
based on the fact that solar hydrogen can be produced from a “water-neutral” process.
Therefore, we investigated the operation of our PEM-PEC cell using air as carrier gas apart
from He (figure 3.3C). Molecular oxygen induces current loss through a photoelectron
quenching process [3,6] however at high applied potentials the obtained performances were
almost identical using the two carriers, showing the great potential. In order to determine the
Faradaic efficiency of our system for splitting reaction, we performed online oxygen and
hydrogen detection measurements in anodic and cathodic compartments of the PEM-PEC
using a quadrupole M/S for the Tiweb/WO3/BiVO4 photoanode (of 40-SILAR-cycles). As
shown in figure 3.3D, the PEM-PEC cell generates hydrogen at a rate of around 3.4 nmol
O2/s and 7.1 nmol H2/s at 1.23 V. Note that the hydrogen signal follows the behavior of the
photocurrent upon step transient light irradiation giving a Faradaic efficiency close to ~85%.
In general, the obtained results show the good compatibility between the photoanodes and
the solid electrolyte PEM-PEC cell design, e.g. the porosity is high enough to maintain the
activity while the substrate is exposed to the gas phase reactants.

3.4.

Conclusions

A new preparation method of highly porous WO 3/BiVO4 photoanodes was demonstrated.
The photoanodes are efficient under gas phase operation and compatible with our innovative
solid electrolyte photoelectrochemical setup. Using our concept, this is the first time that gas
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phase water splitting exhibits performances similar to those of classical liquid electrolyte
photoelectrochemical cells under visible light irradiation and without the use of a co-catalyst.
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Chapter 4
Solar hydrogen generation from ambient humidity
using functionalized porous photoanodes

Abstract
Solar hydrogen is a promising sustainable energy vector, and steady progress has been made
in the development of photoelectrochemical (PEC) cells. Most research in this field has
focused on using acidic or alkaline liquid electrolytes for ionic transfer. However, the
performance is limited by (i) scattering of light and blocking of catalytic sites by gas bubbles
and (ii) mass transport limitations. An attractive alternative to a liquid water feedstock is to
use the water vapor present as humidity in ambient air, which has been demonstrated to
mitigate the above problems and can expand the geographical range where these devices can
be utilized. Here, we show how the functionalization of porous TiO 2 and WO3 photoanodes
with solid electrolytes—proton conducting Aquivion and Nafion ionomers—enables the
capture of water from ambient air and allows subsequent PEC hydrogen production. The
optimization strategy of photoanode functionalization was examined through testing the
effect of ionomer loading and the ionomer composition. Optimized functionalized
photoanodes operating at 60% relative humidity (RH) and Tcell = 30–70 °C were able to
recover up to 90% of the performance obtained at 1.23 V versus reverse hydrogen electrode
(RHE) when water is introduced in the liquid phase (i.e., conventional PEC operation). Full
performance recovery is achieved at a higher applied potential. In addition, long-term
experiments have shown remarkable stability at 60% RH for 64 h of cycling (8 h continuous
illumination–8 h dark), demonstrating that the concept can be applicable outdoors.
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4.1.

Introduction

One of the main challenges facing mankind in the twenty-first century is to supply the world’s
population with sufficient energy to meet the desired living standards [1]. To date, more than
85% of our energy needs are met by the combustion of fossil fuels, which can relatively easily
be harvested from stocks of concentrated natural photosynthetic products such as coal, oil,
and natural gas [2]. However, the use of fossil fuels is accompanied by the emission of
greenhouse gases, particularly carbon dioxide, which is the main cause of climate change
[3]. To reduce our dependence on fossil fuels, we need to make a large-scale transition toward
new, sustainable sources of energy [4].
To achieve a sustainable society, we need an energy mix primarily based on renewables, such
as solar energy. Because sunlight is intermittent and seasonal, we need long-term methods
for storing this energy, for example, as chemical fuels [1,5]. The concept of
photoelectrochemical (PEC) water splitting for hydrogen production combines the harvesting
of solar energy and the electrolysis of water into a single device [6]. PEC devices use
semiconductors to absorb sunlight, which generates electron–hole pairs. These electron–hole
pairs separate and transport the charge carriers to the semiconductor/electrolyte interface for
water splitting to hydrogen and oxygen [7]. In this way, intermittent solar energy is converted
into an inherently more storable form of energy – that of chemical bonds [8].
State-of-the-art PEC devices have achieved efficiencies of up to 19% but are largely based
on III–V semiconductor photoelectrodes [1, 9-11] which are expensive and based on scarce
materials. On the other hand, oxide-based photoelectrodes [12-17] are attractive because of
their inexpensive processing costs and better stability in aqueous media but show a lower
demonstrated performance. The commercial viability of a water splitting PEC device will be
ultimately determined by the cost of hydrogen produced which is typically considered to be
a compromise between the material cost and STH efficiency. However, engineering efforts
to optimize the design by limiting mass transport will also play a crucial part in realizing
close to theoretical efficiencies in and reducing the cost of the future PEC installations.
Laboratory-scale PEC studies are usually performed in aqueous electrolyte solutions using
purified water and simulated light illumination [1,8]. However, an attractive, alternative
feedstock to liquid water is the water vapor present as humidity in the ambient air [18-
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22]. Capturing water from the air implies no liquid water is needed for operation, making it
a “water-neutral” process. This potentially enables the construction of free-standing devices,
in areas which do not usually have a nearby water supply, that is, near to roads or remote
areas. In oceans, where the water and sunlight resources are abundant, desalination and
purification processes are crucial for liquid seawater splitting in order to avoid catalyst
corrosion, poisoning and fouling, and byproduct formation [20-21]. In comparison, water
vapor splitting can be in situ realized without any prior water treatment by placing the device
above the water surface. In addition, gas-phase water splitting minimizes the possibility of
blocking catalytic sites or scattering light through bubble formation and decreases the
maintenance costs significantly because natural convection of air can be used to feed the
water vapor. Therefore, systems to pump liquid water are not required [18-22] Additionally,
this approach expands the range of geographical locations where these technologies can be
applicable. For example, in low-cost land and abundant solar radiation areas, where stable
supply of water might be problematic owing to limited rainfall [20,21].
Inspired by the polymeric electrolyte membrane (PEM) electrolyzers, a few research groups
[23-31] have attempted to separate the two electrochemical half reactions with an ionically
conductive polymeric membrane to accommodate water vapor-based operation. In the PEMPEC design from our group, the two electrochemical half reactions are separated by the solid
electrolyte, sandwiched between porous substrates to facilitate reactant/product transfer
through the electrode toward the electrolyte [22-32]. In this design, hydrogen generation and
water dissociation are taking place in different chambers meeting the operational
requirements (i.e., one compartment exposed to ambient air). In our previous work [2224] we have developed and implemented a unique PEM-PEC cell, which apart from the
anodic and the cathodic chambers is equipped with a reference electrode compartment. This
allows reliable PEM-PEC photoelectrode characterization and benchmarking of the water
vapor operation with the liquid operation (in conventional PEC cells). However, in our
previous studies, the photoelectrodes were evaluated at relative humidity (RH) higher than
100%, which implies that water condensation was taking place during water vapor operation
[22-24].
Herein, we address the challenge of functionalizing porous photoanodes toward water vapor
operation at RH from 0 to 100%. Stable, metal oxide photoanodes with reproducible
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performance were produced by a simple fabrication method (i.e., oxygen annealing of Ti or
W porous substrates). Water vapor capturing was achieved by impregnation of commercial
perfluorosulfonic (PFSA) acid ionomers Nafion (DuPont) or Aquivion (Solvay) in our porous
photoanodes. A systematic investigation on the effect of ionomer composition and loading
was carried out to enable optimization of the functionalized photoanodes.
Although, the concept of gas-phase operation of PEM-PEC cells has been already validated
in the literature [18-20, 28], no protocols yet exist for benchmarking the efficiency of PEMPEC devices operating under (low RH) humidified air. We report a protocol for evaluating
activity and stability, which can be applied to different photoanodes, both functionalized and
bare, in PEM-PEC operation at various RH levels (0–100%) and temperatures (30–70 °C).
In our unique setup, it was also possible to compare the performance with conventional PEC
designs where the photoanode is immersed in liquid water. To address durability issues, our
protocol also involves evaluation of stability under conditions relevant to outdoor
applications (at 60% RH for 64 h, cycling between 8 h continuous illumination–8 h dark).
Overall, our results show that PEC water splitting can be sustained by the humidity of
ambient air, under various temperature and RH combinations, when functionalized
photoanodes are used. For example, by properly tuning the functionalization parameters and
the photoanode microstructure, we managed, at 30 °C, 60% RH under 1.23 V, to recover up
to 90% of the performance obtained when water is introduced in the liquid phase. Isotopic
labeling studies were performed to exclude other parasitic side reactions taking place.
Electrochemical impedance spectroscopy (EIS) measurements confirmed that the proposed
functionalization improves water absorption and charge transfer during gas-phase operation.
Finally, in view of practical applications, we investigated the effect of prolonged ultraviolet
(UV) and visible (vis) illumination on the performance of the functionalized photoanodes,
and we provide insight into how the long-term stability is affected by ionomer degradation
through isotopic labeling studies and FTIR measurements.
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Results and discussion

4.2.1. Benchmarking the activity of bare photoanodes
Limited studies so far have reported the use of PEM-PEC reactors for gas-phase water
splitting [23-30] and a standardized method for evaluating the PEC properties of photoanodes
in this operation mode is still lacking. We therefore established an experimental protocol for
benchmarking the activity of the photoanodes. In essence, the PEC activity was investigated
under chopped UV-light irradiation during (a) PEM-PEC splitting of gaseous water sustained
by a humid air flow and (b) liquid water splitting in a conventional PEC cell, using the
configurations shown in figure 4.1. All the performance tests were carried out in the
range Tcell = 30–70 °C, while the RH levels at the PEM-PEC cell were adjusted by varying
the temperature of the gas saturator, Tsat.
For enabling PEM-PEC operation, the photoanodes were interfaced to a polymer electrolyte.
Two different commercial proton-exchange polymer membranes were used, Nafion and
Aquivion, and both of them are perfluorinated sulfonic-acid membranes but with different
side-chain lengths [33,34]. The membrane electrode assemblies (MEAs) were completed by
using a commercial Pt/C cathode and reference electrode. According to a previously
published work by our group, the specially designed PEM-PEC cell (figure 4.1a) is equipped
with a reference electrode which operates as a standard hydrogen electrode, enabling us to
directly compare the performance of PEM-PEC and conventional PEC cells.

(a)

(b)

Figure 4.1. Experimental configurations used for evaluating the photoelectrochemical properties of
photoanodes. (a) A PEM-PEC cell equipped with a standard hydrogen reference electrode, able to operate
under humidified air flow with adjusted humidity levels. (b) A conventional PEC design.
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Figure 4.2 shows a standardized format that we introduced for reporting the PEC activity of
air-based operation of PEM-PEC cells. In essence, figure 4.2 shows linear sweep
voltammograms obtained at 5 mV·s–1 using the bare Ti/TiO2 photoanodes, when humidified
air serves as the water feedstock in a PEM-PEC cell. Bare Ti/TiO2 photoanodes are interfaced
with Aquivion and Nafion (figure 4.2a, b, respectively) sheet membranes, and the assemblies
were evaluated with different levels of RH. Moreover, a comparison with liquid water
operation in a conventional PEC cell is given in the same figure. The three-electrode
configuration was used in order to allow direct comparison with conventional PEC literature
where a Pt coil [4, 6-8] is commonly used as the cathode and not Pt-GDE (gas diffusion
electrode) as in our PEM-PEC cell]. Because of the low overpotential of the hydrogen
evolution reaction, the voltage between the photoanode and cathode is not significantly
different from the one between the photoanode and the reference electrode (figure S1).
In all the cases, anodic currents were obtained only upon irradiation. As illustrated in figure
4.2, bare Ti/TiO2 photoanodes exhibit high water oxidation activity only when RH reaches
200%. At 1.23 V, the photocurrent in humidified air operation at 200% RH reaches 0.57
mA·cm–2 with the Aquivion membrane and 0.53 mA·cm–2 with the Nafion membrane. These
values correspond to 77 and 71%, respectively, of the current obtained at the same potential
in liquid PEC operation. This finding is in good agreement with the literature [35], where it
is reported that the photocatalytic water splitting reaction is critically dependent on the
presence of a condensed water film on the semiconductor surface for proton conductivity
from oxidation to reduction sites. Another interesting feature of figure 4.2 is that the PEC
activity of the anode depends on the kind of polymer electrolyte used. The difference can be
attributed to the different ionic conductivities of the membranes, which is also linked with
water adsorption [33, 34].
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(a)

(b)

Figure 4.2. LSV curves on the bare Ti/TiO2 photoanodes under chopped illumination for water splitting in liquid
PEC operation and in air-based PEM-PEC operation at various RH levels. In PEM-PEC investigations the
membrane electrode assemblies were completed by (a) Nafion ® polymer membrane (b) and Aquivion® polymer
membrane.

4.2.2. Activity of functionalized Ti/TiO2 photoanodes
Because air-sustained operation of PEM-PEC cells at RH below 100% cannot be realized
with bare Ti/TiO2 photoanodes (figure 4.2a), functionalization is required aiming to improve
water vapor capturing from the moisturized air flow and allow the formation of proton
conduction channels across the photoanode. The strategy followed for photoanode
functionalization is visualized in figure 4.3 and is based on the impregnation of Aquivion and
Nafion ionomer solutions [36-38] in the photoanodes.
Without a functionalized layer (figure 4.3a), proton conduction across the fibers of the
photoanode is not possible because of the lack of the electrolyte medium. As shown later in
this section, the applied ionomers cover the fibers of the porous photoanodes and gradually
form a topcoat layer upon increasing the ionomer loading (figure 4.3b). This coating has two
functions, first, it provides a pathway for proton transfer from the photoanode to the polymer
membrane and second, it enables water adsorption from the humidity of ambient air (figure
4.3b, c). H2O absorbed in the ionomer and in the proximity of the TiO 2 surface upon
illumination reacts with photogenerated holes and drives the O2 evolution reaction. Protons
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are directed via the ionomer layer toward the membrane, while electrons are conducted via
the fibers toward the cathode where H2 evolution is taking place. In figure S2, there is further
characterization [with a scanning electron microscope (SEM) in the cross section of a fiber
where the thicknesses of Ti core, TiO2, and organic layers identified by EDX are represented]
which supports the graphical representation of the functionalized Ti/TiO2 porous photoanode
and the EIS data presented in the next paragraph.

Figure 4.3. Schematic illustration of (a) air-based PEM-PEC operation using bare and (b) functionalized
photoanodes at RH < 100 and (c) close view on the interfaces developed upon functionalization and pathways for
proton conduction.

Figure 4.4 presents the Nyquist plots obtained with the bare and functionalized
Ti/TiO2 photoanodes during conventional liquid PEC water splitting (figure 4.4a) and gasphase PEM-PEC operation at 100% RH (figure 4.4b). For liquid PEC operation, similar
impedance characteristics were obtained with bare and functionalized anodes because water
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is available in the proximity of the photoelectrode via the electrolyte. This is not the case for
the gas-phase PEM-PEC operation, where a very different behavior is observed for the bare
and functionalized photoanodes. Nyquist plots of the (Nafion and Aquivion) functionalized
photoanodes are similar to those obtained in liquid PEC operation, in well alignment with the
assumption that the ionomer acts as a channel for the proton transfer and water absorption
medium. The shape of the Nyquist plot of the bare photoanode indicates that mass transfer
limitations [39,40] play an important role in this system, again in agreement with our
assumption that without ionomer functionalization, there is not enough water on the
photoelectrode to allow water oxidation and subsequent proton transfer to take place.

(a)

(b)

Figure 4.4. Nyquist plots (in two electrode, photoanode vs cathode -configuration) for bare and functionalized
(10 mg∙cm-2 Nafion® or Aquivion® ionomer loading) Ti/TiO2 photoanodes at 1.23 V vs RHE and 10 mV
amplitude in (a) conventional liquid PEC and (ii) PEM-PEC gas phase operation with 100% RH.

Overall, the EIS results are in line with the trend in PEC activities of bare and functionalized
photoanodes in liquid PEC and gas-phase PEM-PEC operations (figure 4.2). The intersect of
the first semicircle with the horizontal axis does not depend on the kind of photoanode used,
indicating the electrolyte as the main contributor to Ohmic losses. The overall Ohmic
resistance in the PEM-PEC configuration is lower than that in the PEC configuration (0.36
and 2.7 Ω cm2, respectively) because of the smaller interelectrode distance [39,40]. The
values of the polarization resistance (determined by the difference between the high and low
frequency intercepts of the anodic semicircle with the x-axis on the Nyquist plots) and the
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capacitance are also in qualitative agreement with the obtained PEC activity of the various
systems. The observed differences in the high frequency arcs (which correspond to the
cathodic reaction, i.e., hydrogen evolution reaction) are attributed to the different cathodes
utilized in each case, that is, Pt coil in PEC versus Pt-GDE in PEM-PEC (see figure 4.1).

Figure 4.5. (Top) UV/Vis spectra of Nafion® and Aquivion® membranes, (bottom) standard solar spectra for AM
1.5 Global spectrum28.

Even though both proton-conducting polymeric membranes look transparent in the naked
eye, we employed UV/vis spectroscopy in order to investigate the exact levels of light
adsorption as a function of wavelength from 200 to 800 nm which is the area of interest for
PEC applications. This quantification is important for the selection of coating for the
functionalization of the photoanodes aiming for maximum ionomer transmittance. As shown
in the transmittance spectra of figure 4.5, Aquivion shows, in general, higher light
transmittance in comparison with Nafion. For both materials, the transmittance is high
(>85%) in the visible light spectrum and thus the presence of the ionomers does not prevent
the absorption of visible light at the photoanode. However, this is not the case for the UV
region because Nafion exhibits some capacitance for light absorption (transmittance drops to
79% at 300 nm). As we will see later in the article, the proposed functionalization can be
applied to various photoanodes; therefore, in the bottom part of figure 4.5, the AM 1.5 Global
standard spectrum is given, for giving the reader an order of magnitude of the percentage of
light loses that might occur. The levels of light transmittance correspond to 150 and 127 μm
membranes; thus, the actual levels of the shadowing effects of the coatings are smaller
(see figure S2). However, this information is very relevant in the case that one wants to use
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a photoanode and a photocathode in each side of a polymeric membrane. In this case, the
light loses will be minor because the photoanode absorbs most of the high energetic photons
of the solar spectrum.

(a)

(b)
Figure 4.6. (a) SEM images of functionalized Ti/TiO2 photoanodes using different ionomer loadings of Aquivion
(top) and Nafion (bottom). (b) Photoelectrochemical activity at 1.23 V of functionalized Ti/TiO 2 anodes at liquid
PEC operation and PEM-PEC air-based operation at 60% and 100% RH as a function of ionomer loading and
kind of ionomer. Error bars represent standard errors.

As described in the experimental section, the Ti/TiO 2 photoanodes were developed via
oxygen annealing of Ti porous substrates. Despite various possibilities [22-24,41,42], we
have chosen this fabrication method because of its simplicity, reproducibility, and
uniformity. Figure 4.6a shows SEM micrographs of the functionalized photoanodes upon
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spray deposition of different amounts of Nafion and Aquivion ionomers. At 0.1 mg·cm–
2

ionomer loading, only a small part of the photoanode is covered by the ionomer. When

ionomer loading reaches 3 mg·cm –2, a uniform top coating is observed on the photoanode
fibers, while application of higher loadings leads to increase in the coating thickness. Extra
SEM and optical microscopy images of the bare and functionalized photoanodes are also
given in the supporting information (figure S2, S3).
The activity of the various functionalized Ti/TiO2 photoanodes is summarized in figure 4.6b,
showing the effect of ionomer loading on the photocurrent density obtained under 1.23 V
during air-operated PEM-PEC at 60 and 100% RH (the photocurrent at 0% RH is always
zero) and during liquid PEC operation. After ionomer impregnation, photocurrents up to 0.5
mA·cm–2 were obtained at 60% RH, while bare photoanodes (without ionomer impregnation)
are totally inactive (see also figure 4.2). Overall, the results of figure 4.6b show that indeed
air-based PEM-PEC operation at 60% RH can be sustained using the functionalized
photoanodes, demonstrating the success of the proposed strategy for the photoanode
functionalization (figure 4.3b, c).
With both Nafion and Aquivion ionomers, an increase in the ionomer content at the
photoanode to higher photocurrents during gas-phase PEM-PEC operation at 60 and 100%
RH is obtained. Ionomer impregnation has a small impact (within the experimental error) on
the photocurrent obtained during conventional liquid PEC operation. It has been reported in
the literature that Nafion ionomer coating of photoanodes can lead to an increased PEC
activity as a result of accelerated charge transfer [20,28,35,43,44]. Our results provide
evidence that ionomer loading (of Nafion or Aquivion) can also be used to efficiently capture
water from ambient air.
With Aquivion ionomer impregnation of small loadings (i.e., 0.1 mg·cm –2), low
photocurrents were obtained during air-based PEM-PEC operation, while this is not the case
for the Nafion ionomer where loadings of at least 1 mg·cm–2 are required for functionalizing
the photoanodes (figure 4.6b). Under 60% RH, ionomer loadings of 3 and 10 mg·cm –2 show
similar behavior (figure 4.6b), having the highest PEC activity for both kinds of ionomers.
Further ionomer addition (i.e., 30 mg·cm–2) causes drop in the performance, which can be
attributed either to mass transfer limitations (extensive blocking of the pores) or to
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insufficient current collection (high electronic contact resistance between the photoanode and
the bipolar plates of the PEM-PEC casing).
After this performance screening, we decided to continue our studies with the
10 mg·cm–2 loading. The PEC activity of the functionalized photoanodes with
10 mg·cm–2 ionomer loading is shown in detail in figure 4.7. The main observations are that
at 0% RH, the photocurrent is negligible while for 60 and 100%, a significant percentage of
the performance versus liquid operation is recovered. In particular, 62 and 77% for the Nafion
system while 60 and 73% for Aquivion at 60 and 100% RH, respectively, at 1.23 V versus
reverse hydrogen electrode (RHE).

(a)

(b)

Figure 4.7. LSV curves at a scan rate of 5 mV/s under chopped illumination (LED-365 nm) during water splitting
at the functionalized Ti/TiO2 photoanodes. Each figure gives a comparison between liquid PEC operation and airbased PEM-PEC operation at various RH levels. Figures correspond to different ionomer types (with the same
loading of 10 mg∙cm-2) and polymer membrane. Figure (a) correspond to Nafion® polymer membrane and
ionomer and figure (b) to Aquivion® polymer membrane and ionomer.
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Figure 4.8: Water adsorption/desorption isotherms of the Aquivion ® and Nafion® functionalized photoanodes.

To investigate whether this difference in behavior is related to different water absorbance
properties, a detailed water sorption investigation was carried out by measuring the weight
change of the functionalized photoanodes after ∼120 min exposure to environments with
different RHs. As shown in figure 4.8, within the examined RH range 60–95%, the
photoanodes loaded with the Aquivion ionomer show larger water uptake from humidified
air than those loaded with Nafion. The difference between the two kinds of ionomers is more
pronounced at lower RH. Aquivion-containing photoanodes absorb 2.8 times larger amount
of water at 60% RH compared to Nafion-containing photoanodes. This ratio drops to only
1.1 at 95% RH. In addition, Nafion-functionalized photoanodes desorb water faster than
Aquivion. Thus, results presented in figures 4.6-4.8 demonstrate that in order to make
hydrogen from ambient air, the Aquivion ionomer is more suitable for functionalizing the
agent compared to Nafion.
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Benchmarking stability of bare and functionalized Ti/TiO2
photoanodes

The stability of the photoanodes was evaluated during gas-phase PEM-PEC and conventional
PEC water splitting using the experimental configurations of figure 4.1. Stability tests were
carried out at 30 °C and at the thermodynamic potential (i.e., 1.23 V vs RHE). To resemble
outdoor conditions, consecutive dark and illumination periods of 8 h were applied, with a
total duration of 64 h for the stability test.

(a)

(b)

Figure 4.9. Transient response of photocurrent during consecutive 8-hours periods of dark and illumination
conditions. Black lines correspond to bare Ti/TiO2 photoanodes during conventional liquid PEC water splitting.
Green (a) and blue (b) lines correspond to air-based operation of PEM-PEC at 60% RH, using functionalized
photoanodes with 10 mg cm-2 of Nafion and Aquivion ionomer, respectively.

Figure 4.9 shows a standardized format for reporting the durability of our photoanodes. The
photocurrent profile during dark and illumination periods is shown for PEM-PEC operation
at 60% RH with the Ti/TiO2 photoanodes functionalized with 10 mg·cm –2 of the Nafion
ionomer (blue line, figure 4.9a) and Aquivion ionomer (green line, figure 4.9b). The incident
photon-to-current conversion efficiency (IPCE) at the end of the first cycle is 13.2% for liquid
operation and 9.38, 9.60% for gas-phase operation (at 60% RH) for Nafion and Aquivion,
respectively.
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Our results demonstrate the high durability of Aquivion-functionalized photoanodes. After
four dark–illumination cycles, the Nafion-loaded photoanodes lost ∼33% of their PEC
activity while the photocurrent of the Aquivion-loaded photoanodes dropped by only 14%.
The photocurrent profile during the stability test protocol under conventional PEC operation
with the bare Ti/TiO2 photoanodes (black lines, figure 4.9a, b) is also given for comparison.
Bare photoanodes exhibited excellent stability, as evidenced by only ∼8% drop in the
photocurrent after four dark–illumination cycles.
The significant difference between the long-term stability of Nafion- and Aquivionfunctionalized Ti/TiO2 photoanodes can be attributed to various reasons, which can include
the presence of side reactions or the degradation of the ionomer under prolonged irradiation.
To gain further insights into the degradation mechanisms of functionalized photoanodes, a
series of isotopic labeling and UV/vis studies were carried out as described in the next
section.

4.2.4. Mechanistic considerations
In order to further understand the mechanism and demonstrate the dynamic nature of this
reaction, where water can be absorbed from the atmosphere and reacted to make hydrogen,
isotopic labeling studies were carried out. For these experiments, the photoanodes were
supplied with air humidified with two different water isotopes, D 2O and H18O2, while the
products at both compartments of the PEM-PEC cell were continuously monitored. The
functionalized photoanodes with 10 mg·cm –2 of the ionomer were used for these
measurements.
Studies with D2O (with 99.9% purity) and H218O (with 98.0% purity) aimed to define the
faradaic efficiency of the process by measuring the products in the cathodic and anodic
compartment, respectively. In the isotopic labeled measurements, higher surface area
photoanodes, in the order of 5 cm 2, were used to ensure higher photocurrents and thus a
higher signal-to-noise ratio in the product analysis.
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Figure 4.10. (a), (b) Faradaic rate (I/2F) and product distribution (H2, HD and D2) at the cathode of the PEM-PEC
cell, while the photoanode is supplied with D2O-humidified air at 80% RH. (c), (d) Faradaic rate (I/4F) and
product distribution (18O2, 16O18O and16O2) at the photoanode of the PEM-PEC cell, while it is supplied with H218Ohumidified air at 80% RH. Operation occurred at a comparable photocurrent in the region of 2 mA. Illumination
periods are indicated. Ti/TiO2 photoanodes were used functionalized with 10 mg∙cm-2 of Nafion® and Aquivion®
ionomer.
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Figure 4.10a, b shows the product distribution at the cathode compartment of the PEM-PEC
cell upon illumination of the functionalized photoanode which is supplied with air humidified
with deuterated water. D2 is the main detected product, while small concentrations of HD
were also detected. Similarly, figure 4.10c, d shows the product distribution at the photoanode
compartment of the PEM-PEC cell for the case of operation under air humidified with H18O2.
In these cases, 18O2 is the main detected product at the photoanode side, while traces of 18O16O
were detected as well. The existence of HD and 18O16O (figure 4.10) in the products of the
cathode and photoanode compartment, respectively, is probably related to residual H2O and
H+ attached in the sulfonated group of the ionomer or polymeric membrane. The hydrogen
faradaic efficiency (with this term we also include any combination of H and D atoms) from
the D2O experiments was estimated at ∼90% for both Aquivion- and Nafion-functionalized
photoanodes, which is in good agreement with the literature [18,20].
The oxygen faradaic efficiency estimated from the H 18O2 experiments was slightly lower, at
∼84% for Aquivion- and ∼87% for Nafion-functionalized photoanodes also in good
agreement with the literature [18,20]. Overall, faradaic efficiencies for oxygen and hydrogen
are similar for both kinds of functionalized photoanodes and are high enough to confirm that
PEC water splitting takes place and parasitic reactions, if any, take place at a low extent. The
lower values of the faradaic efficiency for the oxygen evolution reaction suggest that a part
of the oxygen generated could be used in other oxidation processes.

4.2.5. Factors determining the durability of functionalized Ti/TiO2
photoanodes
In order to assess if parasitic reactions take place and whether they affect the durability of
the functionalized photoanodes, further isotopic labeling studies were carried out. In order to
identify possible degradation pathways, the mass spectrometry (MS) signals for CO2 isotopes
were followed while monitoring the product distribution at the compartment of the
photoanode, which operates under air humidified with H18O2. Nafion degradation during
PEC operation has been reported in the recent literature [18,20,43,44]. However, to the best
of our knowledge, there is no literature available on Aquivion degradation under UV light.
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The corresponding results are given in figure 4.11, showing that CO2 is produced at both
photoanodes, mainly as C16O2. Because the ionomer is the only C-containing phase at the
photoanode, a very likely explanation is that the side reaction responsible for CO 2 formation
is the PEC oxidation of the ionomers. Interestingly, from figure 4.11, it appears that the
overall CO2 production is ∼2 times higher for the Nafion-functionalized photoanode than
Aquivion, showing that the Nafion ionomer is less stable than Aquivion. This finding is
qualitatively

in

line

with

the

lowest

durability

of

the

Nafion-functionalized

Ti/TiO2 photoanodes (figure 4.9). However, the ionomer photoelectrooxidation is not the
single reason that affects the durability of functionalized photoanodes, as we will see in the
next paragraph, the degradation of the polymeric membranes upon UV irradiation is the
second one.

Figure 4.11. Photocurrent (top panel) and CO2 isotope distribution (bottom panel) at the photoanode of the PEMPEC cell, which is supplied with H218O-humidified air at 80% RH and operated under 1.23 V vs RHE. Operation
occurred at a comparable photocurrent in the region of 2 mA. Illumination periods are indicated. Ti/TiO2
photoanodes were used functionalized with 10 mg cm-2 of (a) Nafion® ionomer and (b) Aquivion® ionomer.
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It is known that exposure to UV radiation can cause degradation of many polymers, resulting
in breaking of polymer chains, production of free radicals, and reduction of the molecular
weight [45,46]. To investigate the stability of Aquivion and Nafion polymers during
prolonged exposure to UV irradiation (LED-365 nm), UV/vis spectroscopy was used. As
shown in figure 4.12, the light transmittance for Nafion is heavily affected after 16 h of UV
irradiation and a significant drop in the light transmittance, which becomes negligible for
wavelengths below 300 nm. Aquivion, on the other hand, remains stable even after its 40 h
exposure to UV irradiation.
A general conclusion drawn on the basis of figures 4.10-4.12 is that Aquivion is the most
appropriate and durable agent for functionalizing Ti/TiO 2 photoanodes because Nafion is
more vulnerable to both PEC oxidation and also to structural degradation during long-term
testing under UV irradiation. The extent at which each of these degradation mechanisms
affects the stability of Nafion-functionalized Ti/TiO2 photoanodes is yet unclear from the
present experimental results, but is worth for further investigation. Moreover, the UV/vis
spectra of figure 4.12 indicate no changes in the visible light transmittance of both polymers.
It can be thus expected that both ionomers can be effectively used for functionalization of
visible-light active photoanodes. Even if transmittance is hindered at the UV region, the
visible part of the solar spectrum can be utilized by visible light absorbers.

(a)

(b)

Figure 4.12. UV-Vis spectra of (a) Nafion® and (b) Aquivion® membranes after different times of exposure to
UV irradiation (LED - 365 nm).
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In order to verify the generality of the concept and to confirm the assumption that
performance degradation is happening because of UV degradation, a new class of Aquivionand Nafion-functionalized photoanodes was developed, which are able to operate in the
visible spectrum of light, and their performance and durability were compared, as shown in
the next section.

4.2.6. Activity and stability of functionalized W/WO3 photoanodes
Aiming to verify if the kind of ionomer plays a role in the stability of visible-light active
photoanodes, we developed a series of functionalized W/WO3 photoanodes and carried out a
systematic investigation on their PEC properties under visible light illumination (LED 415
nm). Similar to the Ti/TiO2 case, the W/WO3 photoanodes were developed after annealing a
porous W substrate. Because of structural differences between the two substrates, the
W/WO3 photoanodes possess a more open structure and wider fiber diameter (figure 4.13)
compared to Ti/TiO2 photoanodes (figure 4.6a). In order to ensure a similar ionomer coating
thickness on both W/WO3 and Ti/TiO2 photoanodes, a 3 mg·cm–2 Aquivion and Nafion
loading was applied in the W/WO3 case. Cross-sectional SEM images of the functionalized
photoanodes are also given in the supporting information (figure S4).

(a)

(b)

(c)

Figure 4.13. SEM images of the W/WO3 photoanodes: (a) bare, (b) functionalized with Nafion®, (c)
functionalized with Aquivion®. Ionomer loading: 3 mg∙cm-2.

Figure 4.14 shows linear sweep voltammograms obtained with the functionalized
W/WO3 photoanodes in the air-based PEM-PEC cell at various RH levels and in liquid PEC
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operation, under chopped light illumination. Functionalized W/WO 3 photoanodes with
Aquivion or Nafion exhibited excellent activity because at 1.23 V versus RHE and 60% RH,
they were able to recover up to 84 and 81% of the performance obtained with liquid water
(i.e., conventional PEC operation), respectively. More importantly, at higher potential values,
the recovery is very close to 100%. The level of recovery (air-based at 60% RH vs liquid
operation) was found to be higher for the functionalized W/WO 3 photoanodes (∼84%)
compared to the Ti/TiO2 ones (∼62%). This is very likely to be related with the different
open areas and microstructures between the two types of photoanodes, which result in
different ionomer coatings. In Ti/TiO2, a thick coating is created on the top of the photoanode
and a thin layer around the rest of the fibers, while for the case of W/WO 3, a thick coating is
deposited around the fibers (figures S2 and S4). As a result, different charge transfer and light
and water management are taking place.
This assumption was also validated by comparing the PEC activity of Ti/TiO 2 photoanodes
(figure S5) with (i) the same porosity (80%) and different thicknesses (0.4 and 0.2 mm) and
(ii) the same thickness (0.4 mm) and different porosities (50 and 80%). Indeed, decreasing
the thickness of the photoanode for constant porosity increases the performance, while
decreasing the porosity for constant photoanode thickness lowers the performance. A detailed
analysis on the effect of the microstructure on PEC performance will be the topic of an
upcoming article by our group.
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(a)

(b)

Figure 4.14. LSV curves at a scan rate of 5 mV∙s-1 under chopped light illumination (LED - 415 nm) during
water splitting at the functionalized W/WO3 photoanodes with (a) Nafion® and (b) Aquivion®. Each figure gives a
comparison between liquid PEC operation and air-based PEM-PEC operation at various RH levels. Ionomer
loading: 3 mg∙cm-2.

(a)

(b)

Figure 4.15. Transient response of photocurrent during consecutive 8-hours periods of dark and illumination
(LED-415nm) conditions at the functionalized W/WO3 photoanodes with (a) Nafion® and (b) Aquivion®, during
air-based PEM-PEC operation at 60% RH and conventional liquid PEC water splitting. Ionomer loading: 3
mg∙cm-2.
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The durability of Aquivion- and Nafion-functionalized W/WO3 photoanodes is depicted
in figure 4.15. The IPCE at the end of the first cycle is 2.16% for liquid operation and 1.56,
1.61% for gas-phase operation (at 60% RH) for Nafion and Aquivion, respectively. In line
with the UV/vis investigations (figure 4.2) which suggest long-term stability in the visible
light transmittance of Aquivion and Nafion, both photoanodes showed only slight
deactivation after the 64 h stability testing protocol. Specifically, both kinds of photoanodes
showed ∼2.5% deactivation after 4 consecutive dark–light cycles in air-based PEM-PEC
operation at 60%. UV/vis and isotopically labeled studies similar to the previous section were
also conducted for this class of photoanodes. In line with the durability studies, there was any
noticeable modification in the light transmittance (figure S6) and the CO 2 emissions were
below our detection limit.

4.2.7. Expanding operating conditions
Our data provide strong evidence that the proposed photoelectrode functionalization could
be the basis for future self-standing PEC installations in remote areas, which means that we
need to expand our operating conditions to include more geographical areas (figure S7). In
order to evaluate the performance recovery when operating at higher cell temperatures and
lower humidity, we have performed experiments at 50 and 70 °C PEM-PEC cell temperature
for RH 0, 30, 60, and 100%.
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Table 4.1: Comparison of the gas phase PEM-PEC operation vs the conventional liquid.

Photocurrent recovered in gas phase vs liquid operation at 1.23
Tcell
o

( C)

V vs RHE

RH
(%)

Aquivion® functionalized

Aquivion® functionalized

Ti/TiO2 photoanodes

W/WO3 photoanodes

30

60

60

84

30

100

73

91

50

30

32

17

50

60

60

90

50

100

64

92

70

30

8

11

70

60

62

75

70

100

67

88
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(a)

(b)

(c)

(d)

Figure 4.16. LSV curves at a scan rate of 5 mV∙s-1 under chopped light illumination during water splitting at the
Aquivion® functionalized (a), (b) Ti/TiO2 photoanodes and (c), (d) W/WO3 photoanodes at 50 and 70 oC
respectively. Each figure gives a comparison between liquid PEC and air-based PEM-PEC operation at various
RH levels. Ionomer loading: 10 and 3 mg∙cm-2 for Ti/TiO2 and W/WO3 photoanodes respectively.

The PEC activity of the Aquivion-functionalized photoanodes (with 10 and 3 mg·cm –
2

ionomer loading for Ti/TiO2 and W/WO3 photoanodes) is shown in detail in figure 4.16.

The main observations are that at 0% RH, the photocurrent is negligible while for 30, 60, and
100%, a significant percentage of the performance versus liquid operation is recovered at
1.23 V versus RHE (while full recovery is obtained at higher potentials). In the following
table is presented the photocurrent recovery of the two classes of Aquivion-functionalized
photoanodes at all the sets of operating conditions (Table 1).
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Conclusions

The PEC properties of ionomer-functionalized, porous Ti/TiO2 and W/WO3 photoanodes,
were evaluated for vapor-phase water-splitting in a PEM-PEC cell. Photoanode
functionalization was achieved by the impregnation of the porous photoanodes by two
different commercial perfluorosulfonic acid ionomers, Nafion (DuPont) and Aquivion
(Solvay). Although bare photoanodes are inactive in air-based PEM-PEC operation at 60%
RH, functionalized photoanodes were able to recover up to 90% of the performance obtained
at 1.23 V of the performance in liquid operation. The activity is attributed to (i) the creation
of prolonged ion transport channels and (ii) the uptake of humidity from ambient air by the
ionomers, with Aquivion exhibiting a higher water absorption capacity. Our results suggest
that the porosity and the open area of the photoelectrodes have a significant effect on the
performance recovery.
Both Nafion- and Aquivion-functionalized photoanodes showed excellent stability over 64 h
visible light–dark cycling. However, Nafion undergoes degradation under UV-irradiation
whereas Aquivion was found to exhibit high stability. The extent to which this degradation
affects the stability of Nafion-functionalized photoanodes is not yet clear and warrants further
investigation.

4.4.

Experimental methods

4.4.1. Photoelectrode preparation
Three different commercially available Ti felts with a web of microfibers were used in this
study. The main experimental course, although, was carried out with a Ti felt (Bekaert) with
the following geometrical characteristics: 0.4 mm felt thickness, 20 μm wire thickness, 80%
porosity. The other two Ti felts had differences concerning the porosity (i.e., 50 and 80%)
and the felt thickness (i.e., 0.4 and 0.2 mm). On the other hand, the W-mesh (100 mesh, 0.12
mm mesh thickness, 60 μm wire thickness, 36% open area) was purchased from the Werson
industrial group. Prior to the O2 annealing procedure, the samples underwent a cleaning
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process using acetone and ethanol for 20 min, respectively, in a sonic bath. Then, the samples
were rinsed with deionized water and dried under an air flow at room temperature. The Ti
and W samples were annealed at 600 °C for 2 h and 550 °C for 5 h, respectively, under an
air atmosphere in order to grow a thick and crystalline oxide layer around the microfibers.

4.4.2. Photoelectrode functionalization
The functionalization of the photoanodes includes the deposition of multiple loadings of
Nafion (5 wt %, Sigma-Aldrich) and Aquivion (D72-25DS, 25 wt %, Sigma-Aldrich)
ionomers in the region of 0–30 mg·cm–2. The ionomer precursors were synthesized after 4
mL of Nafion and 1 mL of Aquivion were diluted in 20 mL of ethanol in order to reduce the
viscosity of the solution. The ionomers were deposited while the photoanodes were on a hot
plate (60 °C) using the spray coating/deposition technique. The gravity feed spray coater was
connected with an air flow supply of 10 mL·min–1. The sample to nozzle distance was 10 cm.
The spray protocol consisted of ∼10 s spray time per 9 cm2 of photoelectrode surface area
followed by an idle time of ∼10 s. One spray cycle includes five vertical line coatings and
five horizontal ones. The functionalized photoelectrodes had a geometrical surface area of 9
cm–2, unless stated otherwise, and were kept overnight in a drying oven after deposition (60
°C) to facilitate ethanol and water evaporation.

4.4.3. Physicochemical characterization
The surface and structure morphologies of the photoanodes before and after ionomer
application were characterized by using an FEI Quanda 3D FEG Instrument and a TESCAN
VEGA3 SEM. The crystal phases of the unmodified and the O 2-annealed samples were
analyzed with an X-ray diffractometer (Brucker D8 ADVANCE ECO) using a Cu Kα tube
(figure S8). Finally, the diffuse reflectance and the transmission of the O 2-annealed
photoanode and the membranes, respectively, were measured using a PerkinElmer 1050
UV/vis and IR spectrophotometer in the integrating sphere setup configuration, between 250
and 800 nm (figure S9).

Chapter 4

| 191

4.4.4. Photoelectrochemical characterization
The PEC properties of the photoanodes in gas- and liquid-phase operation were studied in an
electrochemical work station supplied by Ivium (Vertex). Chopped light LSV measurements,
at a scan rate of 5 mV·s–1, and transient chronoamperometric measurements were performed
under UV irradiation (M365P1, 365 ± 15 nm, ThorLabs, 15 mW·cm –2) when
Ti/TiO2 photoanodes were utilized and under visible light irradiation in the case of
W/WO3 photoanodes (M415LP1, 415 ± 14 nm, 29 mW·cm –2). The illuminated geometrical
surface area was 1 cm–2. The PEC performance of the Ti/TiO2 and W/WO3 photoanodes was
evaluated under UV LED (M365P1) and vis-LED (M415LP1) light illumination, while for
comparison reasons, LSV measurements of the same bare photoanodes were conducted under
an AM 1.5 class A solar simulator (LCS 100, Oriel Instruments) using a 100 W Xe lamp with
a calibrated illumination intensity of 80 mW·cm–2 at the sample position (figure S10).
The cathode comprised Pt particles deposited on a carbon cloth (FuelCellsEtc, 0.5 mg·cm –2,
4 or 9 cm2). The same material was used as the reference electrode (0.5 cm –2) for gas-phase
operation experiments. The different RH levels (i.e., 0, 30, 60, 100%) in gas-phase operation
were obtained as the temperature of the saturator was adjusted between 22 and 43 °C, while
the cell’s temperature remained stable at 30, 50, 70 °C. The RH levels were monitored by
using a temperature–humidity recorder (P750, Dostmann electronic GmBH). For 0% RH
measurements, the saturator was bypassed in order to avoid water vapor enrichment of the
gas stream. At the same time, gas lines were heated at 70 and 90 °C in order to avoid water
condensation in the lines. Table S1 summarizes the temperature conditions of the saturator
to obtain different RH levels. Prior to electrode evaluation, the system was idle for 20 min
under the water vapor stream to elaborate the water absorbance from the ionomer.
The IPCE was calculated using the following equation.
ICPE = (Iph.1240/λ)/Io (1)
Iph is the steady state photocurrent density (mA·cm –2), 1240/λ is the photon energy (eV) at a
certain wavelength, and Io in the power of the monochromatic light source (mW·cm–2).
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4.4.5. PEM-PEC cell operation
Two different PEM types were used in the gas-phase operation experiments, the Nafionperfluorinated membrane (127 μm thick, FuelCellsEtc) and the Aquivion membrane (150 μm
thick, E98-15S, Sigma-Aldrich). After functionalization, the Ti-felt photoanode was placed
on the top of the appropriate membrane, while the Pt/C cathode was placed on the bottom
side. The third electrode of our cell, which represents the reference electrode, was also a Pt/C
electrode. The design of our custom-made PEM-PEC cell is also depicted and described in
our previous work [22,24]. Impedance spectroscopy has been used to determine the cell
resistance, and 80% iR correction has been applied for the LSV results.
During the experimental mode, an air stream of 50 mL·min –1 was saturated with water vapor
in a thermostated water saturator (or bypassed when 0% RH was the target) and reached the
surface of the photoanode through thermostated gas lines. The temperature of the cell was
varied from 30 to 70 °C, and in order to achieve the RH levels between 30 and 100%, the
temperature of the saturator was increased from 22 to 70 °C (see table S1). A He gas flow of
50 mL·min–1, which was not enriched with water, was purged in the cathodic compartment,
while the H2 flow in the reference electrode compartment was 30 mL·min –1.

4.4.6. Conventional PEC cell operation
A three-electrode conventional PEC cell was used for the conduction of electrochemical tests
in an aqueous electrolyte at pH = 1 (0.1 M H2SO4). The cell consisted of a Pt wire as the
cathode (Sigma-Aldrich) and a Ag/AgCl reference electrode (RE-1S, ALS Japan). The
applied potential between the photoanode and the reference electrode was converted to the
RHE scale using the Nernst equation.
𝐸(RHE) = 𝐸(Ag/AgCl) + 0.059 pH + 0.197 (2)
Impedance spectroscopy has been used to determine the cell resistance, and 80% iR
correction has been applied for the LSV results.
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4.4.7. Isotopic labelling experiments
The experiments with isotopic-labeled water species were performed using different setup
parameters. In detail, H2O was replaced in the thermostated saturator with deuterium oxide
(D2O, 99.9 atom %, Sigma-Aldrich) and 18O-enriched water (H218O, 98.06%, Isoflex) for
D2 and 18O2-qualitative measurements in the cathodic and anodic compartment, respectively.
The D2 and 18O2 levels were determined by using a Hiden QGA quadrupole mass
spectrometer operating in the selected ion mode with a SEM detector. The carrier gases were
also substituted; air was substituted by N2, while He was substituted by Ar in order to avoid
misleading measurements, as He has the same mass with D2 and 16O2 could be a byproduct
of the process. In addition, in order to overcome the MS detection limit of hydrogen and
oxygen species, the geometrical (photo)electrode active surface area was increased (5 cm 2).
In that case, a high surface area UV lamp, comprising 9 LED lamps, was utilized (Opsytec
Dr Groebel). The setup scheme is depicted in figure S1.
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II.

Supplementary Material

Figure S1 shows the overpotential analysis for 10 min during water splitting process while
the thermodynamic potential was applied between the working and the hydrogen reference
electrode in PEM-PEC cell operation under 100% RH. The utilized photoelectrode was a
Ti/TiO2 photoanode functionalized with 10 mg∙cm -2 Aquivion® ionomer. The blue line
(UWC) corresponds to the applied potential between the working and the counter electrode
(Pt/C) while the red line corresponds to the potential on the cathodic compartment versus the
H2 electrode.

Figure S1. Overpotential analysis of a PEM-PEC cell with Aquivion® functionalized Ti/TiO2 photoanode at 100%
RH and 1.23 V vs RHE.

Figure S2a depicts the SEM image of the cross section of the Aquivion ® functionalized
Ti/TiO2 photoanode. In this, it is evident that the electrode is covered by a dense ionomer
layer which is 40-50 μm thick. On the top (figure S2b) and on the bottom (figure S2c) part
of the cross-section, the Ti fibers are covered by a layer of TiO 2 (around 300 nm).
Additionally, the Ti/TiO2 fibers are also covered by a thin ionomer layer in the range of 50
nm (figure S2d). The EDX analysis (figure S1e) confirms the existence of C, F and S as
building elements of the Aquivion® ionomer and the presence of O as part of Aquivion®
monomer and TiO2 layer as well.
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(a)

(b)

(d)

(c)

(e)

Figure S2. Back scattered electron analysis of the cross section of a Ti/TiO2 photoanode (a) overview, (b) top
area magnification, (c) bottom area magnification (d) SEM image of a cross-sectioned Ti/TiO2 fiber. (e) EDX
elemental analysis of carbon (red), oxygen (green), fluoride (magenta), sulphur (yellow) and titanium (light blue).
Ionomer loading 10 mg∙cm-2.

Figure S3 shows the images of the Aquivion ® (blue) and Nafion® (green) functionalized
photoanodes at different ionomer loadings obtained in two different microscope modes to get
more insights about the ionomer coverage on the photoanode surface. Structural differences
are visible only in scanning electron microscope (SEM) while the transparency of the
ionomer layer results in less informative optical microscopy images.
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(a)

(b)
Figure S3. SEM (a) and optical microscopy (b) of the bare and functionalized Ti/TiO2 photoanodes at different
ionomer loadings.
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(a)

(b)
®

Figure S4. Cross section SEM images of the Aquivion functionalized W/WO3 photoanode. (a) Secondary electron
detector (b) Circular backscatter sensor. Ionomer loading 3 mg∙cm-2.

Figure S4 presents SEM images taken after the ion beam milling of the Aquivion ®
functionalized W/WO3 photoanode. Pt was utilized as protective layer of the ionomer and in
this case defines the point zero of the of the measurement. Based on figure S2b and the
backscatter electron analysis, the levels of the different phases are defined. In detail, the
ionomer layer thickness is around 16 μm while the WO3 layer is 6 μm thick.
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Figure S5. (top) SEM images of bare Ti/TiO2 photoanodes with different morphological characteristics (50, 80%
porosity and 0.2, 0.4 mm thickness) and (bottom) LSV curves at scan rate of 5 mV∙s-1 under chopped UV light
illumination (LED-365 nm) during water splitting. Each figure gives a comparison between liquid PEC operation
and air-based PEM-PEC operation at various RH levels. Ionomer loading: 10 mg∙cm-2

Figure S6. UV-Vis spectrum of Nafion® membranes after 40 h of exposure to visible light irradiation
(LED - 415 nm).
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Singapore (Singapore), Hot and
humid

Madrid (Spain), Hot and moderately

Eindhoven (the Netherlands), Cold
and humid

Faya (Chad), Hot and dry

humid

Figure S7. Weather data for different geographical areas. Data adapted from [1].
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(a)

(b)

Figure S8. XRD patterns of the (a) Ti/TiO2 bare photoanode (red) in comparison with the unmodified Ti felt
(black) and (b) W/WO3 bare photoanode (red) in comparison with the unmodified W mesh (black).

In order to determine the crystalline phases on the surface of the porous samples, X-ray
diffraction (XRD) measurements performed on an O2 annealed sample and a sample that had
undergone no O2. For the unmodified Ti sample only metal Ti phase is evident, while TiO 2
in the form of rutile is detected for the O 2 annealed sample (figure S9a). In detail, the high
intensity sharp peaks correspond to metal Ti phase for both samples (i.e. 2theta (2θ) angles:
35.052o, 38.316o, 40.118o, 52.920o, 62.913o, 70.530o, 74.110o, 76.150o and 77.298o). There
are four low intensity peaks representative for TiO2 in rutile form (dashed lines) (i.e. 2θ
angles: 27.406o, 36.083o, 54.323o and 69.841o) [103]. On the other hand three W peaks are
evident in figure S9b) (i.e. 40.339 o, 58.221o and 73.194o), while the rest of the peaks
correspond to multi-crystalline WO3 phase [104, 105].
For further analysis the absorbance and the optical bandgap of the bare photoanode were
determined. The absorbance (α) spectrum was obtained after the application of the KubelkaMunk method in the obtained diffuse reflectance measurements in the UV-Vis spectrometer
[5]. The Kubelka-Munk method is based on the equation below:
F(R) = (1-R)2/(2R) (1)

Where F(R) is proportional to the absorbance (α) and R is the reflectance [106]. KubelkaMunk model can be easily applied in the general equation:
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(𝑎ℎ𝑣)𝑛 = A(ℎ𝑣 − Eg ) (2)

Where α is the absorbance, h is the Plank’s constant (J∙s), v is the light frequency (s-1), A is
the absorption constant and Eg is the band-gap (eV). The n value is indicative of the electron
transition from the valence (VB) to the conduction band (CB). n= 0.5 for indirect allowed
transitions and n=2 for direct allowed transitions.

(a)

(b)
Figure S9: UV-Vis absorption spectra (left) of (a) Ti/TiO2 and (b) W/WO3 photoanodes and the evaluation of the
bandgap determination using Tauc plot (right).

The photoelectrochemically active phase of the Ti/TiO 2 photoanodes, as it is evident from
the XRD spectra (figure S9), is rutile. Rutile is a semiconductor that have either direct or
indirect band-gap and their values are very similar and close to 3.0 [67]. In figure S10a, the
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extrapolation of the linear part in Tauc plot for the indirect band-gap determination of rutile
(n=0.5) intercepts x- axis at 2.97 ± 0.03 eV which is in good agreement with similar values
reported in the literature [65]. In the case of W based photoanodes, WO3 is the
photoelectrochemically active phase with an indirect allowed electron transition and its
bandgap is in the region of 2.5-2.7 eV [69]. In figure S10b, the extrapolation of the linear
part in Tauc plot for the indirect band-gap determination (n=0.5) intercepts x- axis at 2.63 ±
0.02 eV.

(a)

(b)

Figure S10: Linear sweep voltammetry curves at a scan rate 5 mV∙s under chopped light illumination during
-1

water splitting at the bare (a) Ti/TiO2 and (b) W/WO3 photoanodes. Each figure gives a comparison of the
photoelectrochemical performance under 1 sun illumination (blue) and under LED light illumination(black) (365
and 415 nm respectively).
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Table S1: Temperature of the PEM-PEC cell, saturator and the respective RH levels.

Cell temperature (oC)

Saturator temperature (oC)

Relative humidity (%)

30

22

60

30

26

80

30

30

100

30

41

180

30

43

200

50

28

30

50

40

60

50

50

100

70

45

30

70

59

60

70

70

100
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Summary
Fossil energy was a fundamental driving force in the industrial revolution during the 18th
century. Since then, humanity has established their needs on fossil fuel combustion and has
benefited from it globally in various ways. However, these benefits come with a huge
environmental impact concerning the increase, mainly, of CO2 in the earth’s atmosphere and
the reduction of oil reserves. For this reason, all the countries need to reestablish their policies
towards zero net carbon emissions to reduce CO2 concentration in the atmosphere in the next
decades. To do so, humanity needs to disengage from fossil fuels and turn into renewable
energy resources, such as electricity which derives from the sun, the wind and/or the waves.
Renewable electricity due to the intermittent nature of its sources and the lack of efficient
approaches to store it, is not suitable for on-demand use. One strategy to alleviate this
problem, would be the energy storage into chemical bonds. In this frame, renewable
hydrogen, derived from water photoelectrolysis, is a promising energy carrier. The most
common approach for hydrogen generation, among the scientific groups, is the use of planar
photoelectrodes and the utilization of photoelectrochemical (PEC) cells with liquid reactants.
This dissertation, introduces a new PEC cell which utilizes gaseous reactants and a polymeric
electrolyte membrane (PEM). The main novelty of this cell, though, is the existence of a H2
refence electrode which allows the direct comparison of liquid and gas phase operation.
Chapter 1 presents the schematics of the aforementioned cell and proves the validity of the
H2 reference electrode. In this proof of concept study, titania nanotube arrays (TNTAs) were
grown on a porous Ti web of microfibers after an electrochemical anodization process and
tested for water photoelectrolysis and alcohol oxidation. TNTAs photoanode demonstrated
high long-term stability under continuous illumination while the faradaic efficiency was close
to 90%.
Moreover, in chapter 2 we elucidate the conditions that affect the photoelectrochemical
performance of the anodized photoanodes concerning the anodization time, the aging effect
of the anodization solution and the O2 annealing temperature. At the same time, a new class
of photoanodes is introduced. Ti felt is only O 2-annealed at high temperatures creating TiO2
overlayers on the microfibers’ surface. Both photoanode classes were tested for water and
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polyalcohol oxidation under liquid phase operation indicating that when the rutile phase is
predominant the polyalcohol photooxidation is not benefited. On the other hand, when
anatase to rutile ratio is high, photoanodes present high photocurrent densities for alcohol
photooxidation. Finally, the most active samples of both photoanode families where tested
for gas phase PEC water splitting on two different polymeric electrolyte membranes that
conduct H+ and OH- species. Photocurrent densities were in both cases promising and for the
first time the performance of a gas phase PEM-PEC (OH- conducting membrane) cell was
superior to the conventional one that used liquid reactants (pH=13).
TiO2 photoanodes, due to titania’s large band gap, are only active in the UV part of solar
spectrum. Thus, semiconductors that are active in the visible light are more appropriate for
water photoelectrolysis. BiVO4 is a semiconductor with a relatively short band gap and high
solar to hydrogen efficiency (~11%). In chapter 3, the Ti web of microfibers was used as a
substrate to support a thick film of W, deposited by a DC sputtering. The W film was
anodized to obtain the WO3 phase on the electrode’s surface. Then BiVO4 was deposited
using the SILAR method forming the WO3/BiVO4 heterojunction which enhances the
electron transfer from BiVO 4 to WO3 through their correct band edge alignment. The
obtained photoanodes were tested for PEM-PEC water splitting obtaining record
photocurrent densities (~2 mA) for such cells.
In the previous chapter low cell temperature (~20oC), supported partially water condensation.
In chapter 4, to avoid this effect, we regulated the temperature of the saturators and the cell
accordingly to achieve relative humidity (RH) conditions ≤ 100%. Additionally, the utilized
photoanodes (Ti/TiO2 and W/WO3) were coated with Aquivion and Nafion ionomers (the
building blocks of the respective membranes) in order to enhance water vapour adsorbance
on the photoelectrode’s surface. The results indicated that under low RH the photoanodes
can recover up to 90% of the photocurrent obtained in the conventional, liquid phase
operation. Moreover, the stability of the photoanodes was remarkable for 64 h of cycling (8
h continuous illumination – 8 h dark) demonstrating that the concept can be applicable
outdoors.
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