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Resumen
El TFM está orientado a que el alumno adquiera destreza en la preparación, ensayo y

caracterización de materiales grafénicos para su empleo como fotoelectrodo en la reacción
de disociación de la molécula de agua para obtener hidrógeno. Se propone que el sustrato
sea cuarzo, no conductor. Sobre dicho sustrato se preparará una lámina de múltiples capas
de grafeno a partir de un precursor de origen renovable, ácido algínico, y se realizará
un tratamiento de plasma de oxígeno. Se caracterizará mediante distintas técnicas y se
relacionarán sus características con los resultados obtenidos en los ensayos en función de
los defectos generados durante el tiempo de tratamiento. Después de realizar los ensayos,
el alumno también realizará un análisis de costes de la investigación.
Palabras clave: Grafeno, hidrógeno, caracterización, fotoelectrocatálisis, defectos, mate-
rial grafénico, voltametría cíclica, carga/descarga galvanostática

Resum
El TFM està orientat a que l’alumne adquirisca destresa en la preparació, assaig i

caracterització de materials grafènics per al seu ús com fotoelectrode en la reacció de
dissociació de la molècula d’aigua per a obtindre hidrogen. Es proposa que el substrat
sigui quars, no conductor. Sobre aquest substrat es prepararà un film de múltiples capes de
grafè a partir d’un precursor d’origen renovable, àcid algínic, i es realitzarà un tractament
de plasma d’oxigen. Es caracteritzarà mitjançant diferents tècniques i es relacionaran les
seves característiques amb els resultats obtinguts en els assajos en funció dels defectes
generats durant el temps de tractament. Després de realitzar els assajos, l’alumne també
realitzarà una anàlisi de costos de la investigació.
Paraules clau: Grafè, hidrogen, caracterizació, fotoelectrocatàli, defectes, material gra-
fènic, voltametria cíclica, carrega/descarrega galvanostàtica

Abstract
This master’s dissertation goal is that the student to acquires skills in the preparation,

testing and characterization of graphene materials for use as a photoelectrode in the water-
splitting reaction in order to obtain hydrogen. It is proposed to use quartz as the substrate,
not conductive. On said substrate a multilayer graphene film will be prepared from a
precursor of renewable origin, alginic acid, and an oxygen plasma treatment will be carried
out on it. It will be characterized by different techniques and its characteristics will be
related to the results obtained in the tests according to the defects generated during the
treatment time. After conducting the essays, the student will also perform a cost analysis
of the research.
Key words: Graphene, hydrogen, characterization, photoelectrocatalysis, defects, graphenic
material, cyclic voltammetry, galvanostatic charge/discharge
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Chapter 1

Introduction

1.1 Energy consumption growth: The environmental need

The amount of energy needed by society has grown since the Industrial Revolution as well as
the amount of Greenhouse Gases (GHG) released to the atmosphere. One of the reasons of
this increase in the amount of GHG is that the main power source has been the fossil fuels and
nowadays society keeps relying on it. In the last half century the amount of energy consumption
has been almost quadrupled, from a yearly average of 16 PW·h up to 58 PW·h as can be seen in
figure 1.1.

Figure 1.1: Global energy consumption from 1965 to 2016. Data from British Petroleum[1]

The indiscriminate burn of fossil fuels has environmental consequences that are altering the cli-
matic conditions in the globe and the air, water and soil composition. The environmental and/or
health problematic of the burn of fossil fuels include:
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• Air pollution: The combustion of fossil fuels results in the emission of pollutants which can
be harmful for the environment as well as the public health. These pollutants may depend
on the nature of the fossil fuel and can be:

– Particles: Burning fossil fuels generates soot that can cause health problems related to
breathing.

– Nitrogen oxides (NOx): These are produced during the combustion of fossil fuels in
air. Air is mainly composed of nitrogen and oxygen. Due to the high temperatures
of combustion nitrogen reacts with oxygen in order to generate nitrogen oxides. These
oxides contribute to the formation of acid rain and tropospheric ozone, which may derive
into respiratory diseases.

– Sulphur dioxide (SO2): It’s mainly produced by the combustion of coal and contributes
to acid rain, particle formation and can derive into respiratory diseases.

• Greenhouse gases emissions: The combustion of fossil fuels produces large amounts of
greenhouse gases. The main emission is carbon dioxide, CO2, but other GHG like methane,
CH4, can be emitted due to an incomplete combustion. In the last 650.000 years there have
been seven cycles of glacial advance and retreat and the amount of atmospheric CO2 has
been oscillating between 180 and 300 ppm, amount which never had been exceeded. Most
of these climate changes are attributed to small orbit variations of Earth. The burn of fossil
fuels increased the amount of atmospheric carbon dioxide from 310 ppm in the 1950s up to
around 400 ppm, figure 1.2, nowadays.[2]

Figure 1.2: Global atmospheric carbon emissions. Can be approximated to CO2 emissions multiplying by 3.67
the amount of C. Data from U.S. Department of Energy[3]

• Toxic waste: The set-up of the crude produces toxic waste as well as the ashes of coal are
rich on heavy metals, which vary depending on the origin of the fossil fuel.

• Oil spills and gas releases: During the extraction, transport or transformation of the
oil may occur a spill. These spills can contaminate both water and soil. Lighter fractions
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of crude such as CH4 can be released to the atmosphere during perforations or because of
leaks.

Despite the environmental and public health issues that arise from the use and exploitation of
fossil fuels, it must be taken into account that it is also a limited, non-renewable resource, which
sooner or later will be depleted or its exploitation will be so costly that it will not be viable to
use it as an power source.

1.2 Renewable and clean energy as an answer

There are several renewable alternatives which can provide clean energy:

• Wind power

• Hydropower

• Marine power

• Geothermal power

• Biomass power

• Solar power

Of all these energy sources, solar power is very attractive because it’s unlimited and it could be
a total alternative to fossil fuels because the sun irradiates earth’s surface at an average rate of
120000 TW, which is about 4 orders of magnitude larger than the worldwide average technological
energy use [4] (Below 10 TW).

The main drawbacks of this energy source are its circadian nature and that it depends a lot on
the weather conditions, so its energy can only be harvested during a window of time during the
day and the amount is limited by climatological phenomena and the season of the year.

Solar power is mostly harnessed through:

• Solar accumulators: Solar power is transformed into heat.

• Photovoltaic panels: Solar power its transformed into electrical power through the pho-
tovoltaic effect.

• Photocatalysis: Solar powered is used to accelerate or make possible a chemical reaction.
The energy can be chemically stored in form of bonds.

Both the solar accumulators and photovoltaic panels can be used to obtain electrical power. The
problem is that they can only generate electricity during sunny hours and if the weather conditions
are favorable. The peaks of production should also coincide with those of energy demand, which
will not be usual.

Photocatalysis can be a way harvest the solar energy and store it into chemical bonds making
possible the release of energy when necessary. In other words, it can be a way of producing solar
fuels.
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1.3 Solar fuels

Solar fuels are chemical compounds produced by solar energy and can be used when its energy is
needed, whether there’s sunlight or not. Some of the solar fuels produced by photocatalysis are:

• Hydrogen (H2): Produced by water splitting.

• Methane (CH4): Produced by carbon dioxide reduction.

• Methanol (H3COH: Produced by carbon dioxide reduction.

• Methanoic acid (HCOOH): Produced by carbon dioxide reduction.

1.3.1 Hydrogen - H2

Hydrogen is one of the most abundant elements on the earth’s surface although its presence in
molecular form is in traces it can be found in chemical compounds such as hydrocarbons and
water. It’s produced naturally by anaerobic bacteria and algae but its mass is so low that it can
escape the gravitational pull of the earth causing that even being produced by microorganisms
its concentration in the atmosphere is bellow 1 ppm. As can be seen in table 1.1 hydrogen has
got a high specific energy.

Table 1.1: Heating values of comparative fuels. Data from Hydrogen Fuel Cell Engines[5].

Fuel Higher Heating Value
(at 25 ◦C and 1 atm)

Lower Heating Value
(at 25 ◦C and 1 atm)

Hydrogen 141.86 kJ/g 119.93 kJ/g
Methane 55.53 kJ/g 50.02 kJ/g
Propane 50.36 kJ/g 45.6 kJ/g
Gasoline 47.5 kJ/g 44.5 kJ/g
Diesel 44.8 kJ/g 42.5 kJ/g
Methanol 19.96 kJ/g 18.05 kJ/g

Figure 1.3: Global hydrogen
production feedstocks. NG: nat-
ural gas (48 %), oil (30 %), coal
(18 %), WE: water electrolysis (4
%).

Hydrogen can be produced through different ways. It can ob-
tained from fossil fuels, a non-renewable and polluting feedstock;
from biomass or from water splitting. Nowadays, the main feed-
stocks for hydrogen production are natural gas, oil, coal and water
electrolysis[6, 7], figure 1.3. As can be observed, 96 % of the
feedstocks used to produce hydrogen are fossil fuels, resulting in
close to 500 Mt of CO2 to the atmosphere [8]. According to the
2DS-High H2 scenario published in the Energy Technology Per-
spectives 2012 of the International Energy Agency[9], 15 % of the
fuel demand for vehicles will be accounted by hydrogen. Hydrogen
will also be accountable of a significant part of the industrial and
building energy. As the hydrogen requirements grow, so will grow
the hydrogen production and its related CO2 emissions, resulting
in an even less sustainable scenario because of the non-renewable
nature of fossil fuels and its emissions. To avoid that, CO2 capture

will be needed as well as increasing the portion that water electrolysis occupies in the figure 1.3.
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1.3.2 Water Splitting
Water is a chemical substance formed by 2 atoms of hydrogen and an atom of oxygen. Its most
common state is liquid and is one of the most abundant, it covers 71% of earth surface, and
inexhaustible materials in Earth. Through water splitting[10] is possible to produce H2 which
after its use, if used as a solar fuel, will become water again.

The main advantages of water splitting processes are:

• They don’t emit pollution when they’re used with renewable energy sources

• The feedstock is abuntandant

• Oxygen is the only byproduct

• Contributes as an electricity storage option for the renewable energy sources.

Water splitting can be achieved by three different ways:

• Thermolysis: There are three main ways of decomposing water through this technique.
Single stage water splitting requires a temperature higher than 2500 ◦C which makes it
impracticable to perform through solar power. The other ways consist of a cycle of chemical
reactions, multi-stage and two stage, but both of them require high temperatures: up to 500
◦C for multi-stage and up to 1600 ◦C for the two step cycle.

• Electrolysis: Consists of providing the required energy by electricity (1.23 eV ideally).
Must be taken into account that the water splitting reaction is very endothermic, making it
a effective technique for water splitting but with a high energy cost.

• Photocatalysis: Consists of using one or some photocatalysts capable of absorbing in
the visible spectrum of light whose bandgap is above 1.23 eV and is aligned correctly to
decompose the water into H2 and O2.

1.3.3 Electrolytic water splitting

Figure 1.4: Simple water elec-
trolysis cell.

Electrolysis was first discovered by Antoine Carlisle and William
Nicholson back in the 1800 when they were learning about Alessan-
dro Volta’s voltaic pile. During their learning the generated bub-
bles of H2 and O2, they had discovered electrolysis of water. Nowa-
days it is the most effective technique for water splitting, although
performed with the use of distinc electrolytes, electrodes and in
some cases membranes. The most simple water electrolysis cell
consists of two electrodes submerged in an electrolyte, figure 1.4.
When electrical current is applied hydrogen may be generated at
the cathode, equations 1.2 and 1.3, and oxygen at the anode, equa-
tions 1.4 and 1.5, if the potential is above 1.23 V vs NHE.

The overall reaction of water splitting is:

2H2O(l)→ O2(g) + 2H2(g) (1.1)
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The reaction that takes place in the cathode:
In acidic media:

2H+(aq) + 2e− → H2(g) (1.2)

In basic media:
2H2O(l) + 2e− → H2(g) + 2OH−(aq) (1.3)

The reaction that takes place in the anode:
In acidic media:

2H2O(l)→ O2(g) + 4H+ + 4e− (1.4)

In basic media:
2OH−(aq)→ 1/2O2(g) +H2O + 2e− (1.5)

The main advantage of this method is that if the source of energy used to supply the 1.23 eV
needed to split the molecule of water is a renewable source, the amount of GHG emitted to the
atmosphere is zero.

The main disadvantage of this method is that the electrode materials used to efficiently produce
hydrogen usually contain noble metals which have little abundance, are very expensive due to its
abundance and some of them are unstable in the conditions they’re used.

1.3.4 Photocatalytic water splitting

Figure 1.5: Solar spectrum (cut at 2500
nm) at sea level according to ASTM G173-
03. Range of visible light between the black
lines.

Since Fujishima and Honda performed the first pho-
tocatalytic water splitting back in 1972 using a ru-
tile TiO2 photoanode[11], photocatalytic water splitting
through the use of semiconductors has been a field of
research very studied and more than 100 of photocat-
alytic sustems based on metal oxides have been reported
to produce hydrogen and oxygen on stoichometric ratio,
2:1. The main drawback of most of these semiconductors
is that its bandgap is so wide that they work under ul-
traviolet radiation with a wavelength below 400 nm and
visible wavelength is above this value, 400<λ<800nm,
where the sun radiates with greater intensity, figure 1.5,
even if all the light energy in the UV region up to 400nm
was harnessed and turned into H2 witha 100% quantum
energy, the maximum solar light conversion efficiency
would be only 2%[12].

Photocatalytic water splitting, figure 1.6, under visible
light using through semiconductor particles consists of
the semiconductor material absorbing a photon whith
an energy greater or equal to its band gap. This photon

is capable of exciting an electron, e−, that moves from the valence band (VB) to its conduction
band (CB). When this happens holes, h+, are left in the valence band, equation 1.6. The excited
status of the semiconductor is an unstable status and the electrons and the holes may perform the
desired, or undesired, oxidation (equation 1.8) and reduction (equation 1.7) reactions or recombine
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(equation 1.9) emitting light or generating heat. In order to make possible the water splitting
reaction, the lowest unoccupied molecular orbital (LUMO) and the highest occupied molecular
orbit (HOMO) must be arranged in such a way that the potential of the LUMO is bellow 0 V vs
Normal hydrogen electrode (NHE) and the HOMO is above 1.23 V vs NHE.

Semiconductor hv−→ e− + h+ (1.6)

2e− + 2H+ → H2 (1.7)

4h+ + 2H2O → O2 + 4H+ (1.8)

e− + h+ → light or heat (1.9)

Figure 1.6: Simple schematic of photocatalytic water splitting over a semiconductor.

The main advantage of photocatalytic water splitting is that only with sunlight it’s possible to
excite a semiconductor and prouce hydrogen.

The main disadvantages are that most semiconductors with enough bandgap energy absorb in the
ultraviolet, recombination of electrons and holes is high and most semiconductors that absorb in
the visible spectrum don’t have an adequate alignment of its HOMO and LUMO levels in order
to carry out oxidation and reduction at the same time and sacrificial agents are needed.
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1.3.5 Photoelectrocatalytic water splitting
Photoelectrolcatalytic water splitting[13] emerges as an option to take advantage of both tech-
niques. Using a photocatalyst in conjuction of an electric circuit that supplies a potential differ-
ential that helps to decrease the amount of electron and hole recombination as well as a boost
in the potential or increased current flow accelerating or making possible the reaction without
using any sacrificial agent. The figure 1.7 represents a simple photoelectrocatallytic cell. It’s very
similar to a electrocatalytic cell, figure 1.4, but includes a source of light, figure 1.7.

Figure 1.7: Different cell configurations for a photoelectrocatalytic water splitting cell. a) A cell featuring an
n-type working electrode, which catalyzes the OER. b) A cell featuring an p-type working electrode, which is
catalyzes the HER.

In these cells a photoelectrode is excited by light forming a electron-hole pair. If this photoelec-
trode is based on a n-type semiconductor and working as an anode, the potential applied forces
the excited electron, that moved into the CB, to get separated and transfered to the cathode
where it reduces water into H2 while the holes gets transfered to the surface of the semiconductor
and oxides water into O2. In the case of p-type-semiconductor based photoelectrodes its surface
is used to reduce water and water gets oxidized on the surface of the other electrode. If instead of
using a p-type semiconductor photoelectrode or a n-type photoelectrode semiconductor both are
used, it’s possible achieve a photoelectrochemical system capable of reducing and oxidizing water
into H2 and O2 respectively.[14]

1.4 Graphene

Graphene[15, 16], G, is an atom width structure, the thinnest known material, composed by sp2

hybridized carbons disposed in an hexagonal array. Its thermal and current conductivities are
remarkable, it is almost transparent and it is impermeable to gases. When enough planar sheets
of G are perfectly stacked together graphite is formed whereas G can be obtained from graphite.
When the G is doped with other 2D materials or heteroatoms it must be refered as a G-mat and
some of its carbon atoms have been replaced by other elements.[17]
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G-mats present catalytic activity, depending on the doping can behave as a n-type semiconductor
or a p-type semiconductor, in addition to qualities such as thermal and electrical conductivity.

Figure 1.8: a) Graphene, b) Different active sites in deffective graphene, c) Nitrogen doped graphene.

G-mats are mainly prepared through:

• Chemical oxidation - Hummers method: The raw material used in this method is
graphite and it’s a two-step based oxidation. In first instance, graphite oxidation is started
by potassium permanganate in a mixture of concentrated sulphuric and nitric acids. Then
is added hydrogen peroxide that helps to oxidize the graphite. After the oxidation, the
graphite oxide is exfolliated through sonication and GO is obtained. If the desired product
is rGO then a thermal or chemical reduction takes place. This method is capable of large
scale production of a medium quality graphene. Its downsides are the impurities and defects
of the graphene, its low electrical conductivity and that during the process a large amount
of liquid wastes are produced.[18]

• Chemical vapor deposition: Through this method is possible to obtain high quality
graphene with absence of impurites at the cost of low production. This method consists
on flowing a methane gas stream over hot metallic surfaces such as nickel or copper. The
methane is dehydrogenated over the metal surface and carbon are sorted around the metal
spheres. Then the metal sheet can be dissolved in an acid such as hydrochloric acid that
does not damage the G.[19]

• Mechanical exfoliation: Mechanical exfoliation is how graphene was first produced. It
consists in exfoliating graphite through the use of Scotch tape. The G obtained is of high
quality but is a time consuming technique that yields a very low production.

• Pyrolysis of suitable precursors: This method can be used for large scale production,
its associated costs are low, doping is easy and can be used with renewable resources such as
biopolymers. Although the G obtained is of medium quality when its electrical properties
are considered, the defects present in its structure improves catalytic reactions. It consists
on the pyrolysis of a graphene precursor in a inhert atmosphere.
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1.4.1 Defective graphene
Such as the ones that Lavorato et al.[20] and Garcia et al.[21, 22] reported: N-doped graphene
films photoelectrodes for H2 evolution could be produced from chitosan, figure 1.9, and Latorre-
Sanchez[23] reported that P-doped graphene with the same purpose could be obtained from algi-
nate, figure 1.10.

Figure 1.9: Chitosan molecular structure Figure 1.10: Alginate molecular structure

Figure 1.11: G and ml-G transmitance ob-
tained from the Zhu’s equation.

There different defects in graphene[24] can have different
sources, amongst them:

• Stone-Wales defects: These defects are caused
by the rotation of a pair carbon atoms in the hexag-
onal structure, causing that the adjacent rings
transform into two pentagonal and two heptagonal
rings.

• Vacant defects: When an atom or multiple atoms
of carbon are missing from a hexagon ring, the
material undergoes an Jahn-Teller distortion where
some of the dangling bonds are connected together
towards the missing atom in order to minimize en-
ergy.

• Out-of-plane carbon adatoms: A missing car-
bon atom may form new bonds on the surface of
the graphene and form a 3D structure.

• Heteroatoms: A carbon in the hexagonal ring is
replaced by other atom.

Defective graphene has been shown to have photocat-
alytic activity in [25], so from the point of view of
catalysis must be taken into account that defects in the

graphene can behave as active centers, so obtaining a partially oxidized graphene can be favorable.
Keeping this on mind and that pyrolosys of precursors (biopolymers) does not produce toxic waste,
this method could be best alternative to produce G-mat based catalysts which have a modulated
band gap that changes the behaviour of graphene from being a conductor to a semiconductor.

Another factor to consider is that the transmitance of multilayer graphene, ml-G. Graphene is
a layer of carbon atoms arranged in a hexagonal structure, sometimes refered as a honeycomb
structure. When multiple layers of graphene are stacked the material is known as ml-G and its
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transmittance lowers following a nonlinear negative exponential equation [26][27], absorbing more
visible light in function of the layers of G or G-mat that are stacked. This factor must be taken
into account when producing photocatalysts or photoelectrodes based on G, ml-G or G-mat which
are meant to work under visible light conditions.
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Chapter 2

Aim of this work

As the fossil fuel reliance depicts a global climate change that leads to many environmental as well
as economic disasters because, and not only, of its exploitation and shortage, a way to eventually
stop relying on it is needed. Graphene is a rather new material in its usage as sustainable
and environmentally friendly catalyst that can be used in multiple industry processes, which
amongst them is the water splitting reaction. Therefore, the aim of this work is to synthesize
and characterize a graphene material capable of performing the water splitting reaction under
photoelectrocatalytic conditions. Specifically, the aim of this Master’s Dissertation is divided in
the next goals:

• Synthesis of ml-G films through a top-bottom technique: Pyrolysis of a natural occurring
polysaccharide, alginic acid, precursor.

• Introduction of defects in the ml-G films structrure through oxygen plasma treatment.

• Characterization of the G-mat films through:

– Atomic force microscopy (AFM).

– Raman spectroscopy.

– Surface resistivity.

– Ultraviolet-visible spectroscopy (UV-spectroscopy).

– X-ray photoelectron spectroscopy (XPS).

• Testing of the photoelectrodes in an electrochemical cell.

• Quantification of the hydrogen production and identification of the best treatment.

• Validation of results.
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Chapter 3

Experimental methodology

This chapter details the followed methodology in order to meet the goals as well as a brief expla-
nation of the different characterization techniques and photoelectrocatalytic assays

3.1 Synthesis of G-mat films

3.1.1 Substrate preparation

Figure 3.1: Branson ul-
trasonic cleaner used with a
container floating.

The synthesis of ml-G is performed over a quartz substrate, therefore
the quartz must be prepared before. Quartz feedstock (2 cm x 2 cm)
requires to be cleaned before the precursor can be coated.

In order to clean the quartz, the feedstock is placed inside a container
in an ultrasonic cleaner, figure 3.1, with different solvents:

• Ethanol during 15 minutes.

• Acetone during 15 minutes.

• 18.2 MΩ water during 15 minutes.

After the three baths, the quartz is dried with the use of an air gun
and stored in 1 M HCl solution.
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3.1.2 Precursor preparation
The precursor used for the preparation of the ml-G films is alginic acid, but it is not used in powder.
In order to make a film, a precursor solution must be prepared. The solution is composed of 800
mg alginic acid, 10 mL ultra-pure water (18.2 MΩ) and 1 mL of 25% ammonia solution. First the
alginic acid powder is put inside a pot in a magnetic stirrer stirrer. Then the ammonia solution is
added to the water and then its poured over the alginic acid and left stirring at 800 rpm until all
the alginic acid is dissolved. After all the alginic acid is kept stirring for 2 hours at 100 rpm to let
all the air bubbles leave the dissolution. At last the solution is filtered with the use of, multiple,
45 µM regenerated cellulose syringe filters.

3.1.3 Coating of the quartz with the precursor

Figure 3.2: POLOS spin-
coater used.

In order to prepare ml-G films, first a thin film of precursor must be
coated on the surface of the substrate. The technique used to prepare
the precursor film is Spin-Coating[28] which is capable of making an
uniform coat of a Newtonian fluid through radial drainage. To perform
this part of the graphene film preparation, the previously cleaned quartz
feedstock is fixed on top of the chuck, the part of the spin coater,
figure 3.2 that spins, with double sided tape. Then, 1 mL of precursor
solution is placed on top of the quartz and the spin coater is set to spin
with the next parameters:

• Acceleration: 1000 rpm s−1.

• Speed: 4000 rpm.

• Duration: 30 s.

After the spin coating, the quartz is removed with a pair of tweezers
and left to dry on top of a hotplate set at 60 ◦C for 2 hours.

3.1.4 Pyrolysis of the precursor films
The last step on the preparation of ml-G films is to pyrolyze[29]. This step is carried on in a tube
furnace under inhert atmosphere, Argon.

Figure 3.3: Side image explaining the disposition of coated quartz (red), quartz (blue) and tape (yellow) in the
crucible (black).

First of all, the coated substrates are placed facing up in a crucible, figure 3.3, putting quartz
separators bellow and on top of each piece of coated quartz. A total os 6 pieces of coated quartz
are placed in the crucible separated with bigger pieces of raw quartz. A bigger piece of quartz
is placed on top of the crucible for protecting the films from contamination during the pyrolysis.
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This bigger piece of quartz is fixed to the sides of the crucible with two small pieces of Scotch
tape for convenience to avoid the top piece of quartz from falling.

Figure 3.4: Tube furnace
used.

Then the crucible is placed inside of a tube furnace, figure 3.4, and the
furnace is set to work according to the next parameters:

• Argon flow rate: 200 mL min−1.

• Set point temperature: 900 ◦C.

• Heating rate: 10 ◦C min−1.

• Set time temperature hold: 2 h.

After the temperature hold, the furnace resistance shuts down and is left
to cool. When the furnace reaches room temperature, the ml-G films
over quartz substrates, figure 3.5, can be removed from the crucible and
stored in a proper container for its future usage.

Figure 3.5: Example of a resulting ml-G film on a quartz substrate the dark spots are caused due to adhesive
residue in the backside of the quartz.

3.1.5 Oxygen plasma treatment of ml-G
After the multilayer graphene films are prepared, the films are cut in two pieces of aproximately
2 cm x 1 cm. For this dissertation, the 2 cm x 2 cm ml-G films are marked with a diamond tip
pencil on the clean side of the substrate. Then, the quartz and ml-G are split in two pieces using
a Silberschnitt branded cut running plier.

Figure 3.6: Diener Femto plasma cleaner used to treat the ml-G films.
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Once the films are split, two pieces of the same ml-G film are identified with a small mark in a
corner of the clean side of the quartz and placed in a crucible and then inside the plasma cleaner.
Then chamber is put under vacuum conditions for 20 minutes. After the vacuum, the oxygen gas
valve is partially opened to set the chamber to 0.40 mbar and is left for 5 minutes to stabilize.
Once the chamber has stabilized, the plasma generator is set to work at 10% power for different
amounts of time depending on the sample 6 s, 12 s and 18 s, and then is powered on. Once the
plasma treatment has finished, the oxygen valve is closed and the chamber is ventilated. After
the chamber has reached atmospheric pressure, the samples are removed and stored. One half for
later characterization and the photoelectrochemical testing.

3.1.6 Photoelectrode preparation

Figure 3.7: Example of a
prepared photoelectrode.

In order to prepare the photoelectrode, a rectangular area is delimited
with polymeric insulating paint in the half G-mat on quartz stored for
testing. Then, the polymeric paint is left to cure on a hot plate set
at 60 ◦C during 2 hours. After curing, a 1 wt. % paraloid B-72 in
acetone solution is prepared, paraloid B-72 is used to give mechanical
stability to the G-mat, 50 µL cm−2 of paraloid solution is added to
the delimited rectangular area of the electrode using a micropipette.
Silver conductive paint is added to the top part of the G-mat in order
to allow a better connection with the instruments and have a better
current distribution over the photoelectrode. The resulting electrode,
figure 3.7, is ready to be tested in the electrochemical reactor.

3.2 Characterization

This section is dedicated to explaining the different characterization techniques used.

3.2.1 Atomic force microscopy

Figure 3.8: Buker
Multimode8-HR atomic
force microscope used.

Atomic force microscopy[30], figure 3.8, is a scanning probe microscopy
technique. It consists of a tapping probe, a conducting metal tip, that
is held close to the sample, between 0.3 nm and 1 nm above. As the
tip surveys the sample it oscillates due to interactions with the surface
and is measured with a laser. Then, it is translated as z axis variation.
Together with the translation of the x and y axis a 3D image with a high
resolution, up to a subnanometer scale, can be obtained. This technique
is used to have a visual variation of the photoelectrode material in
function of the plasma treatment time as well as parameters such as
surface rugosity and material thickness. In order to be able to measure
the film thickness, a scratch made in the film exposing the substrate had
to be made. According to the standard ISO-25178, the surface rugosity
is the root mean square height of the surface (Sq). The Kurtosis of
height distribution is also obtained following the same standard.
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3.2.2 Raman spectroscopy

Figure 3.9: Renishaw
branded Raman spectropho-
tometer used.

Raman spectroscopy[31], figure 3.9, is a high resolution technique ca-
pable of analyzing compounds, whether organic or not, by using a
monochromatic light beam that is capable of exciting the molecules
to a higher energy state. These high energy states are quickly vacated
and the energy is released in the form of scattered photons of a de-
terminated wavenumber which is compared with the excitation light
wavenumber. The difference between them is known as the Raman
shift.

When graphene materials are analyzed, figure 3.10, three peaks appear
in the Raman shift. These peaks are known as D peak, at 1350 cm−1;
G peak, at 1580 cm−1; and 2D band, around 2700 cm−1. D band shows
how disordered is the material, G band reefers to the graphitic carbon and the 2D band reefers
to the stacking of the graphene layers[30].

Figure 3.10: Example of a G-mat Raman spectroscopy with the D and G peaks and 2D band identified.

3.2.3 Surface resistivity
Surface resistivity is the resistance between the two opposite edges of a 1 cm2 surface film[32],
so is the quantification of a material opposition to current flow. In order to measure the surface
resistivity of a material, it must be deposited as a film in the surface of an insulator, in this case
quartz. In order to obtain this measuring, a four-point collinear probe, figure 3.12 is connected
to a multimeter, figure 3.11.
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1
23

4

Figure 3.12: Four-point collinear probe used with a zoom in on the probe identifying the four points.

Figure 3.11: Keithley 2450
sourcemeter used.

The four-point collinear probe has got four equally spaced probes, fig-
ure 3.12, then, the probes are placed over the material that is going
to be measured, avoiding any lateral movement of the head to avoid
damaging the material. The sourcemeter uses the points 1 and 4 to
source a current through the sample, in the case of this study 1 mA,
and the two inner probes measure the voltage drop between them.[33]
In order to obtain the volume or bulk resistivity, ρ, the next equation
is used:

ρ = π

ln 2
V

I
tk (3.1)

where:

• ρ = volume resistivity (Ω cm)

• V = voltage between probes 2 and 3 (V)

• I = magnitude of the source current (A)

• t = sample thickness (cm)

• k = correction factor

For materials as thin films, which are the ones measured in this work, sheet resistance or surface
resistivity is determined and does not take thickness into account. The sheet resistance, σ, is
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calculated using the next equation:

σ = π

ln 2
V

I
k (3.2)

where:

• σ = sheet resistance (Ω/�)

and the rest of symbols are the same as in equation 3.1.

The measurement obtained with the sourcemeter is σ which given in Ω/�. Is possible to obtain
the volumetric resistivity as is expressed in the next equation:

ρ = π

ln 2
V

I
tk −→ ρ

t
= π

ln 2
V

I
k = σ −→ ρ = tσ (3.3)

3.2.4 Ultraviolet-visible spectroscopy (UV-spectroscopy)

Figure 3.13: Cary 50
Conc UV-Visible Spec-
trophotometer used.

Ultraviolet-visible molecular absorption spectroscopy[34] is a technique
widely used in quantitative determination of the transmitance, T, or
absorbance, A which both have adimensional units and are related be-
tween them according to the equation 3.4. Although it is mostly used
with solutions, it can be used with non opaque solids such as graphene
or multilayer graphene.

A = − log T (3.4)

In order to make the measurements, first, a clean quartz is put in the spectrophotometer, fig-
ure 3.13, and its absorbance Then, the different samples of quartz supported G-mats will be
measured and compared and identify if any change appears in the absorption spectra.

3.2.5 X-ray photoelectron spectroscopy (XPS)
X-Ray Photoelectron Spectroscopy (XPS) is based on the photoelectric effect and consists in a
photoemission process from a solid sample that interacts with an high energy photon (X-ray from
300 up to 1000 eV) and haves one electron removed from an atomic orbital that escapes into the
vacuum. Then, the photoemission event takes place obeying the energy conservation rule[35][36],
equation 3.5:

hv = EB + Ekin (3.5)

where:

• hv = photon energy

• EB = electron binding energy relative to the vacuum.

• Ekin = kinetic energy of the photoelectron
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The resulting spectra shows peaks with different binding energy. Each peak can be translated to
different chemical states, for example, for C1s C-C has got a binding energy of 284.8 eV, C-O-C
286 eV and O-C=O 288.5 eV. This way, changes in the binding of the C that compose the G-mat
can be identified.

3.3 Water splitting reaction tests

In this section are explained the experimental assebmly, the techniques used to carry out the
water splitting reaction as well as the quantification of the produced hydrogen.

3.3.1 Experiment assembly

Figure 3.14: Potentio-
stat/Galvanostat used.

All electrochemical tests were performed in an AMETEK VersaSTAT
3 Potentiostat/Galvanostat, figure 3.14, using its software, VersaStu-
dio 2.57.1. Once the photoelectrode is prepared it is mounted in a
3-electrode gas-tight electrochemical cell, figure 3.15, and the tests are
performed. Hydrogen evolution was measured using an Agilent Tech-
nologies gas chromatograph model 7890A, figure 3.23.

Figure 3.15: Electrochemical cell used. 1: Counter Electrode, 2: Working electrode, 3: Reference electrode, 4:
Light source, 5: Gas purging entrance and gas venting and sample taking valve, 6: Cooling fan.

The electrochemical cell used is configured as a 3 electrode cell:

• Working electrode (WE): The photoelectrode prepared.

• Counter electrode (CE): A 2.5 cm x 2.5 cm x 0.1 cm platinum sheet.
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• Reference electrode (Ref): Ag/AgCl saturated reference electrode[37].

The cell also has got a glass capillary that releases purging gas into the electrolyte and another
steel capillary that serves as a gas venting valve during the purge. As electrolyte, 72 mL of 1 M
Lithium perchlorate in 18.2 MΩ water was used, that after preparing the electrochemical cell for
the experiment gets purged during 30 minutes with N2 gas in order to remove all O2 from the
electrolyte. After the purge, the reactor is pressurized to 1.2 bar with N2. The gas phase of the
reactor is 134 mL, value obtained measuring the whole reactor, 206 mL, and then substracting
the amount of electrolyte that is added.

Figure 3.16: DC power
supply used. Model EL303R
branded by AimTTi.

The light source used is was a Bridgelux RS LED Array series model
BXRA-50C5300-H-00 driven by a constant voltage power supply, fig-
ure 3.16. Its color temperature is 5000 K and it is close to 6000 lm at
operating temperature. The LED emission spectra shows no emission
in the UV region nor the IR region, meaning that all the radiation is
in the visible region as can be seen in figure 3.17. The light source
is placed at a distance of 5 cm parallel to the photoelectrode and the
operating parameters of the power supply are:

• Voltage: 28.80 V (set).

• Forward current: Between 1.505 A and 1.490 A (measured current
through the device, lowers varies a few mA during operation).

Figure 3.17: LED light source spectra, sourced from Bridgelux RS Array data sheet[38].
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3.3.2 Electrochemical tests and parameters

Figure 3.18: Schematic of
a potentiostat operating a
three electrode cell.

In order to study the photoelectrodes, three electrochemical dynamic
methods were used:

• Cyclic voltammetry

• Linear scan voltammetry

• Chronoamperometry

These have in common that they are controlled potential methods,
meaning that the fixed value is the potential between the reference
electrode and the working electrode. A current responds to the forced
potential through the counter electrode. As can be seen in figure 3.18,
potential (EP ) is fixed between the working electrode (WE) and the ref-
erence electrode (Ref); current (I) passes between the counter electrode
(CE) and the working electrode.

Cyclic voltammetry

Figure 3.19: Evolution of a cyclic
voltammetry potential during time.

Cyclic voltammetry[39] is an electrochemical method that forces
a potential between two defined limits from an initial value at a
given sweep sweep speed, figure 3.19 where E0 is the initial po-
tential, E1 is the upper potential limit, E2 is the lower potential
limit and v the sweep speed. The parameters used are:

• E0 = -1.2 V vs Ag/AgCl sat.

• E1 = 1.2 V vs Ag/AgCl sat.

• E2 = -1.2 V vs Ag/AgCl sat.

• v = 0.1 Vs−1

Figure 3.20: Example of a cyclic
voltammetry.

It is used in this work to check if the working elec-
trode is able to force a charge separation and to ver-
ify the stability of the electrode. That is achieved
by visual inspection of the resulting shape of the cyclic
voltammetry. As can be seen in figure 3.20, the seg-
ment of the cyclic voltammetry that has raising potential
does not overlap with the one that has decreasing poten-
tial.
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Linear staircase voltammetry

Figure 3.21: Potential evolution in
a linear staircase voltammetry.

Linear staircase voltammetry[39] is a method that instead of ap-
plying a linear evolving potential, it raises the potential in steps
with a delay between them as can be seen in figure 3.21 where E0

is the starting potential, E1 the ending potential, t the step time
and h the step height. As the step time rises the behaviour of
the system becomes closer to statonary. This method is used to
compare the behaviour of the electrode between dark and light
conditions. The parameters used during this work are:

• E0 = 0 V vs Ag/AgCl sat.

• E1 = -1.2 V vs Ag/AgCl sat.

• h = 25 mV

• t = 1 s

Chronoamperometry

Figure 3.22: Potential evolution in
a chronoamperometry.

Chronoamperometry is a fixed potential method where the mea-
sured variable is the current versus time at a given potential,
figure 3.22. Although steps may be programmed in order to
measure kinnetics of the reaction, in this work it is used monitor
the current evolution during the experiment. The parameters
used for this method during this work are:

• E0 = -1.1 V vs Ag/AgCl sat.

• time = 4 hours

3.3.3 Hydrogen quantification

Figure 3.23: Gas
chromatograph used.
Agilent Technologies
model 7890A.

In order to quantify the hydrogen produced, 200 µL samples of the gas phase
of the reactor were taken every hour. These samples were taken with a 200
µL Hamilton syringe and were introduced in an Agilent gas chromatograph
model 7890A, figure 3.23. After running the gas chromatograph program,
the H2 peak was integrated in order to obtain its area. Then, the area
was translated into a concentration according to the equation 3.6 that is
obtained through the prior calibration with known amounts of hydrogen of
the gas chromatograph.

V ol%H2 = Area− 10.210 · 103

8.829 · 106 (3.6)

Then, in order to transform the data to mol of hydrogen obtained a few
assumptions are made:

• The gas behaves ideally.
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• The temperature inside the reactor is 25 ◦C.

• The pressure difference after taking samples is insignificant.

Being these assumptions made, the amount of hydrogen generated is reflected in equation 3.7
using the ideal gas law.

nH2 = P · V
R · T

V ol%H2 (3.7)

where:

• P is the pressure in Pa.

• V is the volume in m3.

• n is the amount of moles of gas.

• R is the ideal gas constant in J·mol−1·K−1.

• T is the temperature of the gas in K.

As the only variable in the equation is Vol % H2 , the hydrogen produced is:

nH2 = 1.2 · 105Pa · 134 · 10−6m3

8.314J ·mol−1 ·K−1 · 298.15K · V ol%H2 = 6.487 · 10−3 · V ol%H2 (3.8)
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Chapter 4

Discussion of results

In this chapter, the results obtained are discussed. First of all, the characterization results will be
presented. After the discussion of the characterization of the samples, the photoelectrochemical
tests results are discussed. These results include the hydrogen produced at different times of the
test (1 hour, 2 hours, 3 hours and 4 hours). At the end of each section of characterization the
results are summarized.
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4.1 Characterization

In this section, the characterization results will be discussed.

4.1.1 Atomic force microscopy
In this section, results of the atomic force microscopy are discussed.

G-mat without plasma treatment

Figure 4.1: Regions (green rectangles) of scratched film used for measurement of the height of the sample
without plasma treatment.

Atomic force microscopy of the G-mat sample that was not treated with oxygen plasma shows a
film thickness of 71.21 nm, a root mean square height of the surface of 3.708 nm and a Kurtosis
of height distribution of 3.32 nm. The figure 4.1 shows the regions of the scan that were used in
order to measure the thickness of the film. Figure 4.2 shows a 3D image of the region used to
measure the surface roughness parameters of the film.

Figure 4.2: 3D AFM image of G-mat film without plasma treatment.
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G-mat with 6 seconds of plasma treatment

Figure 4.3: Regions (green rectangles) of scratched film used for measurement of the height of the sample with
6 seconds of plasma treatment.

Atomic force microscopy of the G-mat sample that was treated with oxygen plasma during 6
seconds shows a film thickness of 54.58 nm, a root mean square height of the surface of 24.91 nm
and a Kurtosis of height distribution of 2.87 nm. The figure 4.3 shows the regions of the scan
that were used in order to measure the thickness of the film. Figure 4.4 shows a 3D image of the
region used to measure the surface roughness parameters of the film.

Figure 4.4: 3D AFM image of G-mat film with 6 seconds of plasma treatment.
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G-mat with 12 seconds of plasma treatment

Figure 4.5: Regions (green rectangles) of scratched film used for measurement of the height of the sample with
12 seconds of plasma treatment.

Atomic force microscopy of the G-mat sample that was treated with oxygen plasma during 12
seconds shows a film thickness of 53.40 nm, a root mean square height of the surface of 3.07 nm
and a Kurtosis of height distribution of 4.67 nm. The figure 4.3 shows the regions of the scan
that were used in order to measure the thickness of the film. Figure 4.4 shows a 3D image of the
region used to measure the surface roughness parameters of the film.

Figure 4.6: 3D AFM image of G-mat film with 12 seconds of plasma treatment.
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G-mat with 18 seconds of plasma treatment

Figure 4.7: Regions (green rectangles) of scratched film used for measurement of the height of the sample with
18 seconds of plasma treatment.

Atomic force microscopy of the G-mat sample that was treated with oxygen plasma during 18
seconds shows a film thickness of 50.06 nm, a root mean square height of the surface of 19.46 nm
and a Kurtosis of height distribution of 3.43 nm. The figure 4.7 shows the regions of the scan
that were used in order to measure the thickness of the film. Figure 4.8 shows a 3D image of the
region used to measure the surface roughness parameters of the film.

Figure 4.8: 3D AFM image of G-mat film with 18 seconds of plasma treatment.
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Summary and discussion of atomic force microscopy results

The thickness values obtained are collected in table 4.1 and the surface roughness in table 4.2 and
plotted in figure 4.9(a) and 4.9(b). Thickness seems to lower with the oxygen plasma treatment.
This results seems logical, as oxygen plasma is an highly reactive form of oxygen and it is known
to react with carbon[40]. Surface roughness results may be caused by the peeling off of the G-mat
and the incorporation of defects and dangling bonds caused by the plasma treatment. With no
plasma treatment, the surface of the G-mat has got a low roughness. Then, high reactive oxygen
plasma starts to peel off the top layer of the G-mat, incorporating oxygen in the structure and
removing carbon atoms in the form of CO2 hereby generating dangling bonds. These defects in
the structure causes the surface roughness that after completely peeling off a layer, the roughness
lowers.
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Figure 4.9: Thickness and roughness evolution of the films for different plasma times.

Table 4.1: Summary of film thickness results.

Thickness
Plasma: 0 s 6 s 12 s 18 s Units
Thickness 71.21 54.58 53.40 50.06 nm

Table 4.2: Summary of film surface roughness results.

Area roughness
Plasma: 0 s 6 s 12 s 18 s Units
Sq 3.71 24.91 3.07 19.46 nm
Sku 3.32 2.87 4.67 3.43 -
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4.1.2 Raman spectroscopy
In this section, results of Raman spectroscopy are discussed.

G-mat without plasma treatment
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Figure 4.10: Raman spectra of G-mat sample without plasma treatment. 3 mappings. Each mapping is made
in a different region of the same sample.

The Raman spectra of the G-mat sample without oxygen plasma treatment, figure 4.10, shows 2
well defined D and G peaks and a wide 2D region, which is expected for a multi-layer G-Mat. The
G/D ratio, summarized in table 4.3, shows a value between 1.21 and 1.25, which are expected
values for a defective G-mat film obtained from alginic acid.

Table 4.3: G-Mat without oxygen plasma treatment (0 s) D and G peaks counts and ratio.

0 s D G G/D
Map 1 5187.44 6398.93 1.23
Map 2 2293.08 2869.76 1.25
Map 3 4608.09 5587.66 1.21

Average 1.23
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G-mat with 6 seconds of plasma treatment
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Figure 4.11: Raman spectra of G-mat sample with 6 seconds of plasma treatment. 3 mappings. Each mapping
is made in a different region of the same sample.

The Raman spectra of the G-mat sample with 6 seconds of oxygen plasma treatment, figure 4.11,
shows 2 well defined D and G peaks and a wide 2D region, which is expected for a multi-layer
G-Mat. The G/D ratio, summarized in table 4.4, shows a value between 1.24 and 1.25, which are
expected values for a defective G-mat film obtained from alginic acid.

Table 4.4: G-Mat with 6 seconds of oxygen plasma treatment D and G peaks counts and ratio.

6 s D G G/D
Map 1 4156.87 5167.46 1.24
Map 2 3743.26 4680.88 1.25
Map 3 5699.233 7066.41 1.24

Average 1.24
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G-mat with 12 seconds of plasma treatment
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Figure 4.12: Raman spectra of G-mat sample with 12 seconds of plasma treatment. 3 mappings. Each mapping
is made in a different region of the same sample.

The Raman spectra of the G-mat sample with 12 seconds of oxygen plasma treatment, figure 4.12,
shows 2 well defined D and G peaks and a wide 2D region, which is expected for a multi-layer
G-Mat. The G/D ratio, summarized in table 4.5, shows a value between 1.23 and 1.25, which are
expected values for a defective G-mat film obtained from alginic acid.

Table 4.5: G-Mat with 12 seconds of oxygen plasma treatment D and G peaks counts and ratio.

6 s D G G/D
Map 1 3468.15 4346.36 1.25
Map 2 5396.17 6660.47 1.23
Map 3 8383.73 10349.91 1.23

Average 1.24
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G-mat with 18 seconds of plasma treatment
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Figure 4.13: Raman spectra of G-mat sample with 18 seconds of plasma treatment. 3 mappings. Each mapping
is made in a different region of the same sample.

The Raman spectra of the G-mat sample with 12 seconds of oxygen plasma treatment, figure 4.13,
shows 2 well defined D and G peaks and a wide 2D region, which is expected for a multi-layer
G-Mat. The G/D ratio, summarized in table 4.6, shows a value between 1.26 and 1.27, which are
slightly higher than expected values for a defective G-mat film obtained from alginic acid.

Table 4.6: G-Mat with 18 seconds of oxygen plasma treatment D and G peaks counts and ratio.

18s D G G/D
Map 1 3706.97 4689.99 1.27
Map 2 3620.83 4567.41 1.26
Map 3 2746.79 3455.36 1.26

Average 1.26
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Summary and discussion of Raman spectroscopy
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Figure 4.14: Raman spectra of the different G-mat samples. Average of the 3 mappings of each sample.

The Raman spectra of the different G-mat samples, figure 4.14, does not show any significant
change in its spectra. The G/D ratio, summarized in table 4.7, shows a slightly increase in
the G/D ratio after 18 seconds of treatment. For 6 and 12 seconds the change in the ratio is
insignificant.

Table 4.7: D and G raman peaks values obtained from the mapping average of each sample and its G/D ratio.

Sample D G G/D
0 s Avg. 2918.44 3611.52 1.24
6 s Avg. 4513.24 5628.38 1.25
12 s Avg. 3387.70 4155.94 1.23
18 s Avg. 2860.06 3618.77 1.27
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4.1.3 Surface resistivity
In this section, the values of surface resistivity are discussed.

G-mat without plasma treatment

The obtained sheet resistance of the G-mat film without plasma treatment shows a sheet resistance
between 4.3 and 5.3 kΩ�−1 and as the film has got a thickness of 71.21 nm, a volume resistivity
between 3.1 and 3.8 ·10−2Ω cm, table 4.8. This value is quite bigger than pristine graphene,
around 10−6Ω cm, caused by the presence of impurities and stacking of layers.

Table 4.8: Resistivity of the G-mat sample without plasma treatment.

0 s Sheet resistance (kΩ�−1) Volume resistivity (Ω cm)
1 4.360 3.11·10−2

2 5.251 3.74·10−2

3 4.449 3.17E·10−2

G-mat with 6 seconds of plasma treatment

The obtained sheet resistance of the G-mat film with 6 seconds of plasma treatment shows a sheet
resistance between 4.7 and 5.7 kΩ�−1 and as the film has got a thickness of 54.58 nm, a volume
resistivity between 2.6 and 3.1 ·10−2Ω cm, table 4.9. It seems to have a slightly lower resistivity
than the untreated one, although the difference is minimal.

Table 4.9: Resistivity of the G-mat sample with 6 seconds of plasma treatment.

6 s Sheet resistance (kΩ�−1) Volume resistivity (Ω cm)
1 4.781 2.61·10−2

2 5.644 3.08E·10−2

3 4.894 2.67E·10−2

G-mat with 12 seconds of plasma treatment

The obtained sheet resistance of the G-mat film with 12 seconds of plasma treatment shows a
sheet resistance between 5.4 and 6.8 kΩ�−1 and as the film has got a thickness of 53.40 nm, a
volume resistivity between 2.9 and 3.6 ·10−2Ω cm, table 4.10. It seems to have a slightly lower
resistivity than the untreated one and slightly higher than the one treated for 6 second in oxygen
plasma, although the difference is minimal.

Table 4.10: Resistivity of the G-mat sample with 12 seconds of plasma treatment.

12 s Sheet resistance (kΩ�−1) Volume resistivity (Ω cm)
1 5.456 2.91·10−2

2 6.784 3.62·10−2

3 5.611 3.00·10−2
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G-mat with 18 seconds of plasma treatment

The obtained sheet resistance of the G-mat film with 18 seconds of plasma treatment shows a
sheet resistance between 9.0 and 12.8 kΩ�−1 and as the film has got a thickness of 50.06 nm, a
volume resistivity between 5.6 and 6.41 ·10−2Ω cm, table 4.11. It seems to have a slightly higher
resistivity than the rest of the samples.

Table 4.11: Resistivity of the G-mat sample with 18 seconds of plasma treatment.

18 s Sheet resistance (kΩ�−1) Volume resistivity (Ω cm)
1 12.810 6.41·10−2

2 9.092 4.55·10−2

3 11.207 5.61·10−2

Summary and discussion of resistance results
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Figure 4.15: Sheet resistance and volume resistivity evolution of the samples for different plasma treatment
times.

As can be seen in the figures 4.15(a), the sheet resistance of the film raises as longer plasma
treatment times are used this can be caused due to oxidation of G-mat surface as well as the
thinning down of the film. Figure 4.15(b) shows that the volume resistivity, which varies in
function of the thickness of the film, of the G-mat experiences a decrease in its resistivity during
the first 6 seconds of the plasma treatment and then it raises again. A possible explanation for this
behavior can be that during the first 6 seconds of plasma treatment, the highly reactive oxygen
plasma can be reacting with the first defective layer of the graphene, thus with higher resistivity,
and is exposing a less defective layer which posseses a lower resistivity. Then, the highly reactive
oxygen plasma starts to raise the amount of defects and so does its volume resistivity.
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4.1.4 Ultraviolet-visible spectroscopy
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Figure 4.16: Normalized UV-Visible absorbance spectra of the different G-mat samples, absorbance of quartz
corrected.

The resulting spectra, figure 4.16 shows the same peaks for all the samples and its shape is the
same as the one expected for a non-pristine graphene [41]. Although the 6 s sample shows slightly
more flattened peak, the difference can be caused due to a slightly more thick region of the film or
a slight inclination in the film assembly in the spectrophotometer, causing a thicker optical path.
Therefore, all the samples UV-visible absorption spectra can be considered equal.
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4.1.5 X-ray photoelectron spectroscopy
In this section, X-ray photoelectron spectroscopy results are discussed.

G-mat without plasma treatment

Figure 4.17: Deconvoluted XPS of the sample without plasma treatment.

The deconvolution of the XPS C 1s peak, figure 4.17, shows that the main bond in the material
is C-C, as is expected for a G-mat. The presence of oxygen bonds in the sample is caused due to
the precursor used to prepare the G-mat is rich hydroxil and carboxyl groups.

Table 4.12: Carbon bond percentage for the sample without plasma treatment determined by XPS.

Sample C-C C-O O-C=O
0 s 75.94 at.% 12.41 at.% 11.66 at.%
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G-mat with 6 seconds of plasma treatment

Figure 4.18: Deconvoluted XPS of the sample with 6 seconds of plasma treatment.

The deconvolution of the XPS C 1s peak, figure 4.18, shows a decrease in the amount of C-C
bonds and a clear increase in the C-O bonds respect the sample without plasma treatment. This
results seems to indicate that the oxygen plasma may be setting in the structure forming bonds
with the carbon, although in the other techniques were no clear evidences.

Table 4.13: Carbon bond percentage for the sample with 6 seconds of plasma treatment determined by XPS.

Sample C-C C-O O-C=O
6 s 62.64 at.% 27.78 at.% 9.58 at.%

44



Study of the photoelectrocatalytic production of hydrogen from water using graphene-based
materials.

G-mat with 12 seconds of plasma treatment

Figure 4.19: Deconvoluted XPS of the sample with 12 seconds of plasma treatment.

The deconvolution of the XPS C 1s peak, figure 4.19, shows a decrease in the amount of C-C
bonds and a clear increase in the C-O bonds respect the sample without plasma treatment, as
happened with 6 seconds of plasma treatment.

Table 4.14: Carbon bond percentage for the sample with 12 seconds of plasma treatment determined by XPS.

Sample C-C C-O O-C=O
12 s 55.87 at.% 30.29 at.% 13.84 at.%
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G-mat with 18 seconds of plasma treatment

Figure 4.20: Deconvoluted XPS of the sample with 18 seconds of plasma treatment.

The deconvolution of the XPS C 1s peak, figure 4.20, shows a decrease in the amount of C-C bonds
and a clear increase in the C-O bonds respect the sample without plasma treatment, table 4.15,
as happened with 6 and 12 seconds of plasma treatment.

Table 4.15: Carbon bond percentage for the sample with 18 seconds of plasma treatment determined by XPS.

Sample C-C C-O O-C=O
18 s 61.14 at.% 29.32 at.% 9.55 at.%
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Summary and discussion of X-ray photoelectron spectroscopy results

Table 4.16: Summary of carbon bond percentage for the different samples determined by XPS.

Sample C-C C-O O-C=O
0 s 75.94 at.% 12.41 at.% 11.66 at.%
6 s 62.64 at.% 27.78 at.% 9.58 at.%
12 s 55.87 at.% 30.29 at.% 13.84 at.%
18 s 61.14 at.% 29.32 at.% 9.55 at.%

The values summarized in table 4.16 are represented in figure 4.21 as percentage of bonds versus
duration of plasma treatment. There can be seen that the amount of C-C bonds lowers fast
during the first 6 seconds of treatment and then it stays close to that value. In the case of C-O
bonds a similar behaviour is seen, they raise to a value close to 30 % and stays over time at that
percentage. In other hand, the case of the O-C=O bonds does not show any significant change
over time.
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Figure 4.21: Evolution of C-C, C-O and O-C=O bonds over different plasma treatment times.
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4.2 Photoelectrochemical tests

4.2.1 Sample without plasma treatment - chronoamperometry with light
irradiation.

As expected, a film with very few defects is non photoreactive, so the sample without any treatment
does not show any notable change in the linear scan voltammetry current density when it is
irradiated with visible light, figure 4.22.
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Figure 4.22: Linear scan voltammetry under light and dark conditions of the sample without plasma treatment.

Figure 4.23 shows the cyclic voltammetry of the sample without plasma treatment before (Initial)
and after (End) the electrocatalytic tests. There is no change in the shape of the voltammetry,
although there is an increase in the current density after the 4 hours of chronoamperometry. A
possible explanation for this behaviour can be the activation of the surface of the electrode after
4 hours at -1.1 V vs Ag/AgCl.

The current evolution of the chronoamperometry is shown in figure 4.24. No abrupt changes in
the current can be observed. There is a change over time in the current density which, in absolute
value, raises. This is coherent with the cyclic voltammetry results. Figure 4.25 shows that no
hydrogen was produced during the experiment, exact amount collected at table 4.17.

Table 4.17: Hydrogen production over time for the sample without plasma treatment with light irradiation.

Sample µmol cm−2 at 1 h µmol cm−2 at 2 h µmol cm−2 at 3 h µmol cm−2 at 4 h
0 s 0 0 0 0
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Figure 4.23: Cyclic voltammetry of the sample without plasma treatment before and after the chronoamper-
ometry.
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Figure 4.24: Chronoamperometry of the sample without plasma treatment irradiated with light.
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Figure 4.25: Hydrogen production over time for the sample without plasma treatment with light irradiation.
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4.2.2 Sample without plasma treatment - chronoamperometry without
light irradiation.

Figure 4.26(a) shows the cyclic voltammetry of a fresh sample without plasma treatment and with
no irradiation of light before (Initial) and after (End) the electrocatalytic tests, figure 4.26(b).
There is no change in the shape of the voltammetry, although there is an increase in the current
density after the 4 hours of chronoamperometry. A possible explanation for this behaviour can
be the activation of the surface of the electrode after 4 hours at -1.1 V vs Ag/AgCl as happened
with the other sample. Some abrupt changes can be seen during the chronoamperometry. These
changes coincide with the sampling of gas and are caused by the slight movement of the reactor.
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(a) Cyclic voltammetry before and after chronoamper-
ometry.
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Figure 4.26: Cyclic voltammetry and chronoamperometry of a fresh sample without plasma treatment.

Figure 4.27 shows that no hydrogen was produced during the experiment, exact amount collected
at table 4.18.
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Figure 4.27: Hydrogen production over time for the sample without plasma treatment without light irradiation.

Table 4.18: Hydrogen production over time for the sample without plasma treatment without light irradiation.

Sample µmol cm−2 at 1 h µmol cm−2 at 2 h µmol cm−2 at 3 h µmol cm−2 at 4 h
0 s Dark 0 0 0 0
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4.2.3 Sample with 6 seconds of plasma treatment - chronoamperometry
with light irradiation.

The first sample with 6 seconds of plasma treatment shows a slight change in the linear scan
voltammetry current density when it is irradiated with visible light, figure 4.28. As the current
density difference between the two experiments at -1.1 V vs Ag/AgCl, -0.901 V vs NHE, is notable,
this potential was the one set to perform all the experiments.
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Figure 4.28: Linear scan voltammetry under light and dark conditions of the first sample with 6 seconds of
plasma treatment.

Figure 4.29 shows the cyclic voltammetry of the sample with 6 seconds of plasma treatment be-
fore (Initial) and after (End) the electrocatalytic tests. There is no change in the shape of the
voltammetry, although there is an increase in the current density after the 4 hours of chronoam-
perometry. A possible explanation for this behaviour can be the activation of the surface of the
electrode after 4 hours at -1.1 V vs Ag/AgCl as happens with the other samples.

The current evolution of the chronoamperometry is shown in figure 4.30. No abrupt changes in
the current is present. There is a change over time in the current density which, in absolute value,
raises. This is coherent with the cyclic voltammetry results. Figure 4.31 shows that hydrogen was
produced during the experiment, exact amount collected in table 4.19.

Table 4.19: Hydrogen production over time for the first sample with 6 seconds of plasma treatment with light
irradiation.

Sample µmol cm−2 at 1 h µmol cm−2 at 2 h µmol cm−2 at 3 h µmol cm−2 at 4 h
6 s F irst 0.134 20.046 40.531 85.640
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Figure 4.29: Cyclic voltammetry of the first sample with 6 seconds of plasma treatment before and after the
chronoamperometry.
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Figure 4.30: Chronoamperometry of the first sample with 6 seconds of plasma treatment irradiated with light.
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Figure 4.31: Hydrogen production over time for the sample with 6 seconds of plasma treatment with light
irradiation.
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4.2.4 Sample with 6 seconds of plasma treatment - chronoamperometry
without light irradiation.

Figure 4.32(a) shows the cyclic voltammetry of a fresh sample with 6 seconds of plasma treat-
ment and with no irradiation of light before (Initial) and after (End) the electrocatalytic tests,
figure 4.32(b). There is no change in the shape of the voltammetry, although there is an increase
in the current density after the 4 hours of chronoamperometry. A possible explanation for this
behaviour can be the activation of the surface of the electrode after 4 hours at -1.1 V vs Ag/AgCl
as happened with the other sample. No abrupt changes are seen during the chronoamperometry.
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(a) Cyclic voltammetry before and after chronoamper-
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Figure 4.32: Cyclic voltammetry and chronoamperometry of a fresh sample with 6 seconds of plasma treatment
without light irradiation.

An insignificant amount of hydrogen was produced during this experiment as is shown in figure 4.33
and collected in table 4.20.
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Figure 4.33: Hydrogen production over time for the sample with 6 seconds of plasma treatment without light
irradiation.

Table 4.20: Hydrogen production over time for the sample with 6 seconds of plasma treatment without light
irradiation.

Sample µmol cm−2 at 1 h µmol cm−2 at 2 h µmol cm−2 at 3 h µmol cm−2 at 4 h
6 s Dark 0 0 0 3.002
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4.2.5 Sample with 12 seconds of plasma treatment - chronoamperometry
with light irradiation.

The sample with 12 seconds of plasma treatment shows a slight change in the linear scan voltam-
metry current density when it is irradiated with visible light, figure 4.34.
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Figure 4.34: Linear scan voltammetry under light and dark conditions of the sample with 12 seconds of plasma
treatment.

Figure 4.35 shows the cyclic voltammetry of the sample with 12 seconds of plasma treatment
before (Initial) and after (End) the electrocatalytic tests. There is no change in the shape of the
voltammetry, although there is an increase in the current density after the 4 hours of chronoam-
perometry. A possible explanation for this behaviour can be the activation of the surface of the
electrode after 4 hours at -1.1 V vs Ag/AgCl as happens with the other samples.
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Figure 4.35: Cyclic voltammetry of the second sample with 12 seconds of plasma treatment before and after
the chronoamperometry.
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The current evolution of the chronoamperometry is shown in figure 4.36. No abrupt changes in
the current is present. There is a change over time in the current density which, in absolute value,
raises. This is coherent with the cyclic voltammetry results. Table 4.21 shows that hydrogen was
produced during the experiment.
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Figure 4.36: Chronoamperometry of the sample with 12 seconds of plasma treatment irradiated with light.
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Figure 4.37: Hydrogen production over time for the sample with 12 seconds of plasma treatment with light
irradiation.

Table 4.21: Hydrogen production over time for the sample with 12 seconds of plasma treatment with light
irradiation.

Sample µmol cm−2 at 1 h µmol cm−2 at 2 h µmol cm−2 at 3 h µmol cm−2 at 4 h
12 s 0 11.156 24.491 54.592
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4.2.6 Sample with 12 seconds of plasma treatment - chronoamperometry
without light irradiation.

Figure 4.38(a) shows the cyclic voltammetry of a fresh sample with 12 seconds of plasma treat-
ment and with no irradiation of light before (Initial) and after (End) the electrocatalytic tests,
figure 4.38(b). In this case, two strange peaks appear in the cyclic voltammetry before and after
the chronoamperometry. This behaviour is caused by contamination of the sample or degradation
of the reference electrode, as is a strange peak that does not appear before. Also, as happened
with the other samples there is an increase in the current density after the 4 hours of chronoam-
perometry that can be explained due to the activation of the surface of the electrode after 4 hours.
No abrupt changes are seen during the chronoamperometry.
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Figure 4.38: Cyclic voltammetry and chronoamperometry of a fresh sample with 12 seconds of plasma treatment
without light irradiation.

A small amount of hydrogen was produced during this experiment as is shown in figure 4.39, exact
data values collected at table 4.22. Although the presence of the strange peaks and the possibility
of contamination forces to discard this result.
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Figure 4.39: Hydrogen production over time for the sample with 12 seconds of plasma treatment without light
irradiation.
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Table 4.22: Hydrogen production over time for the sample with 6 seconds of plasma treatment without light
irradiation. Marked with an * as the truthfulness of the results of this experiment are in doubt.

Sample µmol cm−2 at 1 h µmol cm−2 at 2 h µmol cm−2 at 3 h µmol cm−2 at 4 h
12 s Dark* 0 1.957 11.884 23.759

4.2.7 Sample with 18 seconds of plasma treatment - chronoamperometry
with light irradiation.

The sample with 18 seconds of plasma treatment shows an insignificant change in the linear scan
voltammetry current density when it is irradiated with visible light, figure 4.40.
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Figure 4.40: Linear scan voltammetry under light and dark conditions of the sample with 12 seconds of plasma
treatment.

Figure 4.41 shows the cyclic voltammetry of the sample with 18 seconds of plasma treatment
before (Initial) and after (End) the electrocatalytic tests. There is no change in the shape of the
voltammetry, although there is an increase in the current density after the 4 hours of chronoam-
perometry. A possible explanation for this behaviour can be the activation of the surface of the
electrode after 4 hours at -1.1 V vs Ag/AgCl as happens with the other samples.

The current evolution of the chronoamperometry is shown in figure 4.42. No abrupt changes in
the current is present. There is a change over time in the current density which, in absolute value,
raises. This is coherent with the cyclic voltammetry results. Figure 4.43 shows that no hydrogen
was produced during the experiment, exact values collected at table 4.23.

Table 4.23: Hydrogen production over time for the sample with 18 seconds of plasma treatment with light
irradiation.

Sample µmol cm−2 at 1 h µmol cm−2 at 2 h µmol cm−2 at 3 h µmol cm−2 at 4 h
18 s 0 0 0 0
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Figure 4.41: Cyclic voltammetry of the second sample with 18 seconds of plasma treatment before and after
the chronoamperometry.
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Figure 4.42: Chronoamperometry of the sample with 18 seconds of plasma treatment irradiated with light.
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Figure 4.43: Hydrogen production over time for the sample with 18 seconds of plasma treatment with light
irradiation.
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4.2.8 Summary and discussion of the photoelectrochemical tests
In this section the hydrogen production results are collected in table 4.24 shown in figure 4.44. In
the figure, the samples without oxygen plasma treatment, 6 seconds of plasma treatmet without
light irradiation treatment and 18 s of plasma treatment with light irradiation are overlapped in the
bottom of the figure. The greatest amount of hydrogen is produced by the films treated
during 6 seconds with oxygen plasma and with light irradiation. The film treated with
12 seconds of plasma oxygen irradiated with light shows a lower production of hydrogen. The
results of the film with 12 seconds of plasma treatment and without light irradiation are to be
ignored because the lack of truthfulness of its results as are discussed in its section. Of these
results can be concluded that the best films are produced treating the films during 6 seconds in
oxygen plasma and that visible light promotes the photoelectrocatalytic production of hydrogen.
For greater plasma times, the benefits are diminished or completely vanished.
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Figure 4.44: Hydrogen evolution for the different experiments.

Table 4.24: Summary of hydrogen production over time for all the samples.

Sample µmol cm−2 at 1 h µmol cm−2 at 2 h µmol cm−2 at 3 h µmol cm−2 at 4 h
0 s 0 0 0 0
0 s Dark 0 0 0 0
6 s F irst 0.134 20.046 40.531 85.640
6 s Second 3.554 29.904 61.057 88.924
6 s Dark 0 0 0 3.002
12 s 0 11.156 24.491 54.592
12 s Dark* 0 1.957 11.884 23.759
18 s 0 0 0 0
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Chapter 5

Conclusions

Multilayer-graphene was obtained through pyrolisis of alginic acid and treated with oxygen plasma
for different amounts of time. The films were characterized and the different techniques revealed
different characteristics of the produced materials:

• Atomic force microscopy shown that plasma treatment had an effect on the thickness of
the films. They became thinner after oxygen plasma treatment due to, presumably, the
production of carbon dioxide with the outer layers of the G-mat. Oxygen plasma treatment
had no clear tendency over its surface roughness as some samples had higher rugosity and
others lower.

• Raman spectroscopy demonstrated that the different G-mats had the characteristic peaks of
a graphenic material, D and G peak, and its 2D region was wide, which indicates that the
material has many layers stacked.

• Surface resistivity test revealed that the oxygen plasma treatment increased the sheet re-
sistance of the material but when its results were merged with the thickness acquired in
atomic force microscopy, volume resistivity showed that for short times of plasma treatment
lowered.

• Ultraviolet-visible absorbance shown that the absorbance spectra of the different G-mats had
no changes and its absorption was approximately the same for the different oxygen plasma
treatment times.

• X-ray photoelectron spectroscopy revealed after its deconvolution that the material bond
ratio changed after the oxygen plasma treatment, lowering its amount of C-C bonds and
increasing the amount of C-O bonds. The amount of carboxyl groups hovered around the
same value no matter the duration of the plasma treatment.

The effect of oxygen plasma can be observed through the different characterization techniques.
When high reactivity oxygen reacts with the outer layers of the G-mat, it starts to reacts with the
layers through the incorporation of oxygen in the structure, producing defects and carbon dioxide
or monoxide and as a result of the loss of layers the thickness lowers. These defects alter the ratio
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of C-C and C-O bonds, reducing the first but keeping the defective-graphene structure as shown
in the Raman spectra and UV-visible absorbance spectra. The increase in defects, corroborated
by the C-O bond and Raman G/D ratio, translates into an increase of active sites for catalysis
but also an increase its sheet resistance that lowers its effectiveness as an electrode.

The experimental assembly used to test the photoelectrodes shown valid results and the amount of
hydrogen produced depending of its oxygen plasma treatment, being 6 seconds the best duration
for the treatment for photoelectrocatalytic hydrogen production. The best sample was repeated
in order to validate its result and experiments without light were also performed to validate the
effect of the light in the hydrogen production.

Although low amounts of hydrogen were produced, the working conditions were far from the ideal.
This work was performed in a neutral electrolyte and the photoelectrode was irradiated only with
visible light. Optimal working conditions for this reaction are an acidic media and UV-visible
irradiation. Further studies of this material should be done under better reaction conditions in
order to improve its productivity.
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Chapter 6

Budget

In order to calculate the budget the following considerations were taken:

• All the equipment used in this research was already purchased and its cost is not exclusive
of it, so the amortization was taken as a cost of this research. In order to calculate the
amortization, the lifespan of the equipment is considered to be 10 years, being each year 200
laboral days.

• Some characterization techniques are offered as a service by the university/research centre
with the next costs:

– Atomic force microscopy: 13 e per hour per hour of service.

– Raman spectroscopy: 10 e per hour of service.

– X-ray photoelectron spectroscopy: 25 e per hour of service.

6.1 Budget break down

6.1.1 Synthesis of G-mat films
In this chapter, the synthesis of G-mat films is broken down in six sub-chapters.
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Substrate preparation

This sub-chapter shows the budget for the preparation of the substrate. A 3000 e sonicator was
used for a day.

Table 6.1: Substrate preparation budget.

6.1.1.1 Substrate preparation
Amount Unit Concept Cost per unit (e) Cost (e)
7 ea. Quartz substrate 10.00 70.00
0.2 L Ultrapure water 0.51 0.10
0.2 L Ethanol 15.00 3.00
0.2 L Acetone 13.00 2.60
1 day Sonicator 1.50 1.50

Total 77.20

Precursor preparation

This sub-chapter shows the budget for the preparation of the substrate. A 800 e magnetic stirrer
was used for a day.

Table 6.2: Precursor preparation budget.

6.1.1.2 Precursor preparation
Amount Unit Concept Cost per unit (e) Cost (e)
2.4 g Alginic acid from brown algae 0.43 1.03
3 mL Ammonia solution 25% 0.02 0.06
0.03 L Ultrapure water 0.51 0.02
1 day Magnetic stirrer 0.40 0.40
12 ea. 45µ M regenerated cellulose syringe filters 0.50 6.00

Total 7.51

Coating of quartz with the precursor

This sub-chapter shows the budget for the coating of the substrate with the precursor. A 1 000
e spincoater was used for a day.

Table 6.3: Coating of quartz with the precursor budget.

6.1.1.3 Coating of quartz with the precursor
Amount Unit Concept Cost per unit (e) Cost (e)
1 day POLOS spincoater 0.50 0.50
1 ea. Pasteur pipette 0.05 0.05

Total 0.55
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Pyrolisis of the precursor films

This sub-chapter shows the budget for the pyrolysis of the precursor coated substrate. A 16000
e tube furnace was used for two days.

Table 6.4: Pyrolisis of the precursor films budget.

6.1.1.4 Pyrolisis of the precursor films
Amount Unit Concept Cost per unit (e) Cost (e)
2 day Tube furnace 8.00 16.00
216 NL Argon 0.05 10.80

Total 26.80

Oxygen plasma treatment of ml-G

This sub-chapter shows the budget for the oxygen plasma treatment of the ml-G films. A 7 500
e plasma cleaner was used for a day.

Table 6.5: Oxygen plasma treatment of ml-G budget

6.1.1.5 Oxygen plasma treatment of ml-G
Amount Unit Concept Cost per unit (e) Cost (e)
1 day Diener Femto plasma cleaner 3.75 3.75
50 NL Oxygen 0.03 1.50

Total 5.25

Photoelectrode preparation

This sub-chapter shows the budget for the preparation of the photoelectrodes.

Table 6.6: Photoelectrode preparation budget.

6.1.1.6 Photoelectrode preparation
Amount Unit Concept Cost per unit (e) Cost (e)
1 ea Silver paint 30.00 30.00
1 ea Polymeric paint 20.00 20.00
2 g Paraloid B-72 0.02 0.04
0.07 L Acetone 13.00 0.91

Total 50.95
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Overall cost of the chapter

In table 6.7 are collected the different sub-chapters showing the overall cost of the synthesis of
the G-mat films.

Table 6.7: Synthesis of G-mat films budget.

6.1.1 Synthesis of G-mat films
Chapter Concept Cost (e)
6.1.1.1 Substrate preparation 77.20
6.1.1.2 Precursor preparation 7.51
6.1.1.3 Coating of quartz with the precursor 0.55
6.1.1.4 Pyrolisis of the precursor films 26.80
6.1.1.5 Oxygen plasma treatment of ml-G 5.25
6.1.1.6 Photoelectrode preparation 50.95

Total 168.26

6.1.2 Characterization
This chapter shows the budget for the characterization of the G-mat films.

Characterization services

This sub-chapter shows the budget for the characterization services. Atomic force microscopy
requires 10 minutes for preparing the sample and 50 minutes to perform the scanning. A total of
1 hour per sample is needed and 4 samples were scanned. Raman microscopy requires 10 minutes
per mapping. 3 mappings were made in each sample and 4 sample were measured. 2 hours of
Raman spectroscopy serviced was required. X-ray photoelectron spectroscopy requires 1 hour of
high vacuum before performing the scan and a 30 minute scan. A total of 4 samples were scanned.

Table 6.8: Characterization services budget.

6.1.2.1 Characterization services
Amount Unit Concept Cost per unit (e) Cost (e)
4 h Atomic force microscopy service 13.00 52.00
2 h Raman spectroscopy service 10.00 20.00
6 h X-ray photoelectron spectroscopy service 25.00 150.00

Total 222.00
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Characterization equipment

This sub-chapter shows the budget for the characterization equipment.

Table 6.9: Characterization equipment budget.

6.1.2.2 Characterization equipment
Amount Unit Concept Cost per unit (e) Cost (e)
1 day Keithley 2450 sourcemeter 3.00 3.00
1 ea. Four-point collinear probe 50.00 50.00
1 day Cary 50 Conc UV-Visible spectrophotometer 2.25 2.25

Total 55.25

Overall cost of the chapter

In table 6.10 are collected the different sub-chapters showing the overall cost of characterization.

Table 6.10: Characterization budget.

6.1.2 Characterization
Chapter Concept Cost (e)
6.1.2.1 Characterization services 222.00
6.1.2.2 Characterization equipment 55.25

Total 277.25

6.1.3 Water splitting reaction tests
This chapter shows the budget for the photoelectrochemical tests.

Water splitting reaction tests

This sub-chapter shows the budget for the photoelectrochemical tests break down. A 8 000 e
potentiostat/galvanostat was used during 7 days. A 600 e Electrochemical reactor was used for
7 days. A 50 000 e gas chromatograph was used during half day.
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Table 6.11: Water splitting reaction tests budget.

6.1.3.1 Water splitting reaction tests
Amount Unit Concept Cost per unit (e) Cost (e)
7 day VersaSTAT 3 Potentiostat/Galvanostat 4.00 28.00
7 day Electrochemical reactor 0.30 2.10
1 ea. Bridgelux RS LED Array BXRA-50C5300-H-00 30.00 30.00
0.50 L Ultrapure water 0.51 0.26
53.62 g Lithium perchlorate, 98% 0.35 18.66
1050 NL Nitrogen 0.001 1.05
1 ea. Ag/AgCl reference electrode 100.00 100.00
1 ea. 25 mm x 25 mm Platinum sheet 350.00 350.00
0.5 day Gas chromatograph 25.00 12.50

Total 542.57

Overall cost of the chapter

In table 6.12 are shown the overall costs of the chapter.

Table 6.12: Water splitting reaction tests budget.

6.1.3 Water splitting reaction tests
Chapter Concept Cost (e)
6.1.3.1 Water splitting reaction tests 542.57

Total 542.57

6.1.4 Workforce
This chapter shows the budget for the workforce.

Workforce

This sub-chapter shows the budget for the workforce. A chemical engineer worked for 300 hours
(12 ECTS). The tutor dedicated 30 hours to oversee the different stages of the work.

Table 6.13: Workforce budget.

6.1.4.1 Workforce
Amount Unit Concept Cost per unit (e) Cost (e)
300 h Chemical engineer 30.00 9000.00
30 h Tutor 42.00 1260.00

Total 10260.00
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Overall cost of the chapter

In table 6.14 are shown the overall costs of the chapter.

Table 6.14: Workforce budget.

6.1.4 Workforce
Chapter Concept Cost (e)
6.1.4.1 Workforce 10260.00

Total 10260.00

6.2 Total budget

In this section, the broken down budget is put together, table 6.15. General costs and taxes are
added in order to obtain the overall budget of the research.

Table 6.15: Total budget

C Total budget
Chapter Concept Cost (e)
6.1.1 Synthesis of G-mat films 168.26
6.1.2 Characterization 277.25
6.1.3 Water splitting reaction tests 542.57
6.1.4 Workforce 10260.00

Total 11248.08

The overall budget of the research ascends to 11248 EUROS AND 8 CENTS.

Table 6.16

TOTAL BUDGET 11248.08
General expenses (10%) 1124.81
TOTAL BEFORE TAXES 12372.89
21% Taxes 2598.31
TOTAL BUDGET AFTER TAXES 14971.19

The overall budget after taxes of the research ascends to 14971 EUROS AND 19 CENTS
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