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Extended Abstract

The exploitation of renewable energy sources is one of the most addressed aspects for the
sustainable development of human activities. Molecular hydroggmbe considered one of the

most interesting energy vectors to fulfil humankidd YySSRaod Ly 0KA &
photoelectrochemical water splitting (PBAZS) using solar energy to produce: Ht
semiconducting materials is considered one of the most interesting technologies. In the present
study, CuO was selected as cathode material fgrabrrect band position for hydrogen evolution,

together with norgtoxic and lowcost starting material.

The research activity was devoted to the development of photocathodes for theAREE&Nnd
their characterization under working conditions with differéathniques. The work was divided
in:

) The role of the underlayer in @b photocathodes for PEWS;

1)) Characterization of copper oxide based materials under-WBChy Ray Absorption
Spectroscopy (XAS)

11)) Characterization of Photoactive Semiconductdaterials by Cavity Micr&lectrodes
(C_ME) & Scanning ElectroChemical Microscopy (SECM)

IV)  Development of new protective layers for the PEC_WS systems: FeOOH andQuO/Cu
core-shell systems

V) Application of the Density Function Theory (DFT) to stiajying materials and vacancy
formation in CuO

1) The complete electrode scheme is constituted by (i) a transparent conductive support (usually
FTO), (i) a conductive underlayer of electrodeposited Cu, that is assumed to enhance the
electron-hole separabn (iii) the semiconductor, (iv) a thin transparent protective overlayer of
about 80 nanometers. In the present study, the underlayer of Cu replaces thesxpamd toxic

Cr/Au underlayerTherefore, a specific protocol for the preparation of the@photoconverter

was developed and validated, obtaining good results in terms of generated photocurrent (Figure
1). Appropriate modifications of underlayer deposition conditions also lead to large increase in
the CuO photocurrents, thus denoting that the uadayer has a marked influence on the system
performances.

In the final deposition protocol, several parameters were defined and controlled: deposition
potential and the relevant current intensity; temperature, pH and stirring conditions; loading
(Clen?) of Cu(0) underlayer and €D active layer. In particular, the thickness of the Cu
underlayer was controlled in order to obtain a transparent layer while maintaining high electric
conductivity. Transparency of the entire support is an important featureywatlg the use of the
electrode in both front and back illumination configurations. Moreover, a complete study of the
copper lactate bath was performed with electrochemical methods amgyXAbsorption
Spectroscopy (XAS).



The experiments show that the beft is obtained by a model where four lactate ions act as
monodentate ligands, 1:4 (Cu:L), in a distorted tetrahedral geometry.

Notwithstanding the good results in photocurrent, the actuab@yphotoconverter is able to
work at the highest potential onlfjor a few minutes and for this reason the development of a
protective overlayer was mandatory as explained later.
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Figure 1. Comparison between photocurrents obtained with bare FTO (black line), Au (red line), Cu(0) (green and blue
line) and as underlaysifor CuO semiconductor under pulsed light in pH 11 buffer electrolyte.

2) The short life of CwO photoconverteiis due to photodegradation. In order to investigate this
phenomenon, XAS measurements at-kKCedge were performed to define photodegradation
products, individuate stability potential window and elucidate the possible combined effects of
light and potential.
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Figure 2 A) XANES spectra oz0welectrode: new, at 50%, and 75% reduction of the initial photocurrent. B) FEXRAV
under dark and lightonditions of GIO@AuU@FTO electrode.
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In-situandoperandatechniques like >Ray Absorption Near Edge Structure (XANES), Extended X
Ray Absorption Fine Structure (EXAFS) and Fixed ErReyyAbsorption Voltammetry (FEXRAV)
allow us to better understand aterial behavior. Changes in copper oxidation states upon light
and/or applied potential were observed and with XANES was possible to evaluate the amount of
photo-generated Cu(0) responsible of the loss of activity (Figure 2A). FEXRAV measurements
allow fdlowing the material (photo)degradation and defining the stability windows (Figure 2B).
With difference light and dark XANES spectra the local changes in electronic structure upon
spectroelectrochemical conditions were also investigated.

3) The photodegrdation reaction showed by @D, is common to many other materials for HER
and OER (Oxygen Evolution Reaction,). This instability occurs when the redox potential of the
material lies between valence band and conduction band. This implies that the phatataurr
recorded in normal pulsed experiments are composed by the sum of water splitting and
photodegradation. The novel method here presented allows the evaluation of the intensity of
the photo-degradation processes, giving at the same time a rapid scre¢oahdor differently
prepared materials. Moreover, this method allows to evaluate the activity of a semiconductor
without any influence of the supporting material. In addition, low experimental times and low
amount of photeproduced material are requireiflcompared to actual methods (GC and volume
displacement). Scanning ElectroChemical Microcopy (SECM), here used in Tip Generation/
Substrate Collection mode (TG/SC), allows to discriminate between water splitting and photo
degradation. The system is songposed:

w Tip (working electrode 1) is a micro cavity electrode filled with the semiconducting
powder. The electrode potential is varied in the potential window of interest under light steps.

w Substrate is a Pt foil (working electrode 2) with potentieed at the H (or &) oxidation
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6x10™ -
2x10° 4,

‘\W —— Cavity Cu,0 4x10™ 4 d
i — Pt substrate o
a0 | 2x10" ﬂ ﬂ ﬂ ﬂ
\ 1 Y211 TR R V7 R VY WY TWe
| P, J

W "
AW,WW‘M ”‘MJ‘M ! L n"wn“ 7 o )

=}

I1A
o
ilA

-2x10™° 4

-4x10™ 4

-1x10° 4
-6x10™° 4

0
-8x10 —— Doped TiO, tip

1x10° 4 Pt substrate

-2x10° 4

T T T T T T
0.0 0.2 0.4 0.6 1.0 1.2 1.4
E/Vvs RHE E/Vvs RHE

Figure 3 Linear sweep voltammetry of @upowder recorded in T&C mode on SECM in pH 7 buffer electrolyte
under pulsed light. B) Linear sweep voltaety of TiQ powder in NaOH 0.1M under pulsed light.

Several materials were studied with good resultsx@uCul, NiO and TiOnfluence of cavity
depth and light intensity were tested too. From data analysis we can demonstrate different
photocurrent effciencies for the studied materials.
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Obviously Ti@is near to 100% (Figure 3B) as expected from its very high stability while other
materials, as Cul, in spite the high photocurrents, shows very low amount of photogenegated H

Material CuO NiO Cul TIO

% of photoefficeincy 68-92% 28-53% 12-35% 75-100%

4) Previously, we have seen how.Owphotodegradation is due to the combination of light and
potential. The phenomenon occurs because the photogenerated electrons have enough energy
to reduce water butal® to reduce the material itselfFor this reason, the development of a
protective layer that can avoid the photodegradation is of paramount importance. Different
materials were considered, and the final choice falls on the two phases of iron oxyhy#lfbxidh
CShhl -FeBH, notoxic and lowcost materials, deeply studied becausieey are
corrosion produts of chlorate process cathodesThese materials were here studied by
electrochemical and XAS techniques to gain information about their oxidatios dtaing HER

and its reversibility. Then the final interaction of FeOOH angDGuas studied to explore the
possibility of protecting the Cu(l) oxide by 80 nm of a transparent FeOOH layer.
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Figure 4.Fraction of reduced CuO and current intensity as a fomadf the applied potential during a FEXRAV
experiment of a G electrode at 8981 eV in the dark (A) and under LED 400 nm illumination (B).

A different approach was then adopted with the preparation of a CugiQroreshell material
(denoted as CG#D). CuwO is composed by a CuO core and an external shell 8 Gith the
proportion determined via FEXRAV 20us grown on CuO by cycling the potential as in Figure 4,
and eventually a stable and active material for HER is obtained. We were also able tdtadsess
CuO is not an active species for HER, but also that the electrochemically generfdgth€urue
active material for HER) is protected from phi@legradation by the CuO core.

Our explanation for this protective action lies in the relative bandtmmsbf CuO and GO. CuO

has a smaller band gap (1.5eV) that lies inside the larger band gap@f EEXRAV (Figure 4B)
supports this explanation, since the signal becomes constant in time, to indicate that the material
transformation is stopped and thahe only reaction occurring at the electrode is hydrogen
evolution.

These results are in agreement with the high photoefficiency of th€®©Giowder determined
with SECM.
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5) According to literature the fype character of G is strictly related to theormation of
copper vacancies in its lattic®oping can enhance the formation of vacancies, improving the
number of majority carriers (holes) and their mobility, and modifying the band gap by shifting the
CuwO states or by introducing an intermediate banihin the band gap (Figure 5B). On the basis
of the electrochemical results obtained with different underlayers, this work firstly aims to study
a large array of potentially effective metal underlayers.

The role of Density Functional Theory (DFT)iShefi 2 NJ y1 GKS dzy RSNI I @ SN& ¢
the properties of C¢O, and, in particular, the formation of copper or oxygen vacancies in the
semiconductor.

Then, the doping of the material is studied for a selected number of transition metals. For each
material, the valence and conduction band positions were computed as well as the number of
vacancies and their formation energies.

Eventually the influence of lattice strain on material band gap and energy levels is studied both
with expansion and reductioof the CuO lattice after the deposition onto different substrates.

The use of the alkaline metals as well as atomic hydrogen as dopants allowed to evaluate the
influence of the dopant size on the doped material.
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Figure 5.A) Influence of lattice stia on CeO band gap. B) Density of states ofdtéghed CeO compared to pure
material.
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1.1 Hydrogen Economy

This chaptersyntheticallydiscusse the main aspects that are at the basis of thecatied
GKe&RNR ISy SO2 yirrabietstimmary dtheIvdriyederggpioductiontrends, with
specific focus on th&echnologiedor the Hx production, storage and deliveireadyavailable

on the maket or under development shortmarket analysissincludedaimed atestimatingthe
future possibilities fothesetechnologiesAfter thisgeneralreview,the reader will enter more

in the topic of the work witha discussion about the developing BEGWVS system and the
characteristiof the chosen materialCwO. Eventuallythe different techniques useéin this work

will be briefly presented in order to make the reader more familiar with them in view of the
successiveliscussion of the obtained results.

1.11Energy Trends

I O0O2NRAY3I (2 GKS Hnamc L9! NX i MNI4 warid enerySe 2 2
production was 13800 Mtoe with an increase of 1.1 % compared to the previous year. This trend

is quite expecteddue to the higher and higheenergy demanding life of every day in OECD
countries togethelan even higher contribute afountries like China, India and Bradiile to their

extremely faseconomical and industrialevelopment On a worldwidescalefossilfuelsstill play

the main role in the energy supplfFigurelA). Despitethis, in he last 40 years but even more

nowadaysa larger increase in the interedévotedin renewable sourcef@~igurelB)is noticeable
1
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Figurel. A) Total primary energy sufipd by fuebin 1971 and 201 LYl 3S FTNRY aYSeé 22NI R 9\
H n m B)&lobalannual changén energy productiorin darkblue is reported the lonterm change, in lighblue the
short one related to 2013014.L YI 3S FNRBY dYSER&Z2 NIR 9w/ /SMEEL ¢ NBy

Thistrend is even more eviderboking at thel05 TWh decrease in fossil faebnsumption for
electricity generation, followed by an 11% increase in renewable sotwocesmpensatethis
decrease(Figure2A). Lookingat the sourcescoal is still themost usedwith 29% of the total
produced Mtoe but is interesting how the percentage of renewable sources is increasing.
Between the latteiis possible to notichow, whilehydro have more plessreachedits maximum
capacity other sources like solar, windbio and geothermadre the main actors in the fossil fuel

free alternativegyrowth. Their contribute was big in the last decades dred/ will be the majority

of the estimatedgenerationsourcesin the next 20 yearsHjgure2B) 2.
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Of Coursethis are general trend, looking in more detail in thiagle countries some differences
could be evident according to different economically and politically related energetic plans. In
Figure 3 is reported the estimated trend for U.S until 2040 with respect to theitipal
agreements before 2017.
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Figure3. U.S energy production at 2016 and projection to 2040. Image from IEA Annual Energy Report 2017

This large increase in rewable sources market is mostly due to the néedacethe lag century
climate changs, together witha significative decrease in thetechnologiesprice and increase
in efficiency Wind and solar photovoltaics (PV) are the sources with the fagteswh mainly
because the great effort of researctsavho sustain the technological progress and also thanks
to the subsidiesand financing conditioperformed by several governmenté/e can easily see
how the cost of wind and solar generated electricity éssal of 80 and 35% respectively
between 2008 and 201@-igure4) making these technologiemlmost ready to be competitive,
mature and economically affordabkg6. Figure5 shows in detail the price reduction in Italy
occurred in those years.
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1.12 Smart Grid

Simultaneouslyo their growth, the renewable sourcesdsedsystem need the development of

a smart grid in the near future or the development of a sustainable and efficient storage
systenT 8. With renewablesourcesindeed the total input in the pwer grid isfloatable and
strongly related to the availabilityf the source (Wd, sun et..).

Demand (Megawatts)
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Figure 6. Average electricity demand (in MW) during the dagorded in the U.9mage fromLawrence Berkeley
National LaboratoryThe same trend can be assumed for all the developed countries.

Moreover, the total load conrected to the power grid casignificantlyaryover timedepending

on seasorandtime of the day(Figure6). Traditionally, to respond to a rapid increase in power
consumption, generata never work atthe maximumload. Transmissionand distribution
infrastructures allow bidirectional energy flowsith small(on domestic scalednd distributed
renewable inpus coming.A largeimplementation far away better than the actualyill be not
easy and the premce of an efficient energy storage system will be manda®ayteriescannot
fulfill this aim due to their low energy densitifigure7 and Figure16) and high cosimostly for
large scale applicatioAsRagone plots provide the available energwontnergy storage devices
(ESDfor constant active power request. The qualitative form of Ragone plots strongly depends
on the type of storage (battery, capacitor, SMES, flywheel, a\ée).can see how the specific
energy density for lithium ion batterge(and batteries in general) is2lorder of magnitude lower
respect to fuel cell based systeniBhe specific power of the formers is higher but for large
application the cost will be prohibitifé®,

In this view, gdrogen seems to be one of the most promising energy vedioth on the large
andthe small scalelndeed, H can be easily produced from large facilities (windmill fields) but
also from small solar applications. Solar production pathways are also promising because their
higher production is during the time of the day with the highendhand.
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Figure7. Ragone plot comparing the performance of various systems. Figure from T. B Schon, The rise of organic
electrode materials for energy storage, Chemical Society Reviews 45(22)1.2016

Figure8 shows a schematic representation of a smart grid composed by the central distribution
with largescale facilities surrounded by several small distribygeeucersbased on renewable
energies Different stoage systerma based on energy vectsrlike hydrogen have to be
implemented in order to keep the energy demand/production constant despite the possible
fluctuation ofcustomerdemand and renewable sources productién
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1.1.3Hydrogen as Energy Vector

Hydrogengasis the simplestmoleculeon earth and is one of the most promising energy vextor
for a clean and sustainabénergeticfuture of humankindMolecular hydrogen is not an energy
source because it has to Ipeoduced, but is a carrieroBsilfuels are both a source and a carrier

because arenergy vector is aubstanceor a systemcontaining energy that can be later

converted to other forms such as mechanical work or heat or to operate chemical or physical
processes. Such carriers include sprimjgsctrical batteries, capacitors, pressurized air, dammed

water, hydrogen, petroleum, coal, wood, and natural gas.

Once produced hydrogen, apart from its use as chentitzlis its main actual destinatigrecan

be consumed in fuel cells to generate povtkanks to the conversion of chemical energy into

electricity through an electrochemical reaction with oxgg® another oxidizing agentuel cells

are different from batteries in requiring a continuous source of fuel and oxygen (usually from air)
to sustin the chemical reaction, whereas in a battghe chemical energy comes from chemicals

already present in the battery. Fuel cells can produce electricity continuously for aaddng|
and oxygen are supplied and as additional advantage they produigeheat and water as by
products. In this viewhydrogencanbe usa from small applicatioato bigger ones (portable
powers, houses, cars, and even satellites and space cag)sAlecording to IEA hydrogdrased

technologies are best suited to largeak electricity storageapplicatiors (from wind and PV) at

the 10-1000megawatt scal€Figure9)3.
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Note: CAES = compressed air energy storage; PH5 = pumped hydro energy storage.

Figure9. Electricity storage applicatisrand technologiesL Y 3S FNR Y
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However, His not to be restricted s.an electricity storage systeomly. It could integrate surplus

from variable renewable energi€gRE electricity, but also be used as an energyusce for end

user fuel cell electric vehicles (FCEVS), transformed in synthetic methane (with a reduction of
dispersed O in the environment) or used as a feedstock,.éghe reefing industry.
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Of course all the hydrogerbased VRE final destinati®sneeds different transformation steps
that reduce the inal efficiency as shawby Figurel0. Higher are the number of stepequired
higher are the losssin the overall process.

Power-to-power
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Power-to-fuel Power-to-power
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Figure10. Current conversion efficiencies of various hydrelgased VRE integration pathwayrhe more the step
the less is the final efficiendy.Y 3S FTNBY a¢SOKy2ft 238 w2l RYI LI | @RNR3ISY

1.1.4HydrogenrProduction

There are differentsources for hydrogen production.ofie of them are welestablished
technologieswhile otherare stillunder researclbut enclose large and interesting possibilities
for further developments.

1 Fossil fuedand natural gaghis isthe most employedsourcenowadaysor H production.

The reforming of fossil fugto obtain hydrogen from hydrocarbaris an advanagand
mature technique that, by the way, will not make our society independent from fossil
fuels consumption and abuse. Another usddchnology from fossil fue$ is coal
gasification but the same drawbao&f reforming are here present.

1 Nuclear energy able to work on large scale procesg can generatgreenhouse gasses
free H from water by electrolysis, thermochemical, and hybrid procesBesg. torecent
events, this technology goingto be dismissedh several countries.

1 Renewable sourcessbiomass, wind, solageothermal,and hydroelectric powerAny
of theseclean processscan be spliin different subcategories:

0 Solar;usean abundant ad unlimited source. Processes related to sunlight are
Solar Thermochemical Hydrogen (STCH), PhotoelectrochemicalERE))ysis
and Photobiological ones. A solar based system, the photoelectrochemical water
splitting (PEGVS) will be the main topicfahis work.

o0 Biomass; isanother alundant and renewablesource. Bsily produced
domesticallyit can be converted in +as well asn many otherusefulbyproducts.
An additional advantage of biomabased processes is their ability of removing
CQ from atmaosphere. The main processes are: Biomass gasification, biemass
derived liquid reforming and microbial biomass conversion.

o Wind; is an abundant but variablesourcefor the generation of electricityits
proper useneedsthe development of @mart gridwith a hydrogen based storage
system able to generate;Hrom water electrolysis.
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Apart from natural gas reforming, allH> production technologies require significant
improvementsbefore theircommercial applicabilityWhile some sustainable technologies are
further from commercial readiness than others, all these production pathways have the potential
to improve hydrogen availability and affordability while helptg society in moving away from
fossil fuet dependence Some technologies will be cesbmpetitive for the transition period,
while others are considered longézrm technologiegFigurel1) 4.

Established
Industrial Process

High-temp
Coal Gasificatior Electrolysis
With CCS | 4

Natural Gas

Reforming O
biological

Near-term Mid-term Long-term

Microbial Biomass

Electrolysis Bio-derived

Reforming (Grid) Liquids Conversion
s ot paiar:

Estimated Plant [Gpio 50.000 = 500,000
Capacity (kg/day) ~ [15% '

Figurell. Scheme of fHproduction in nearmid, and long termwith different sourcedn which these technologies
are expected to move into commercial productitmage fromUS Drive Hydrogen Production TechnicBam

Roadmap 2013,

Distributed

ﬁ&D Subprogram R&D efforts
successfully concluded

According to the International Energy Agency (IEA) to fulfil thesgddhe 2DS scenario, where
there isat least a 50% chance of limiting the average global temperatseof 2°C, a larg
increase (63%) of renewable power is needed within 2038 order to reduce the amount of
greenhouse gassefossil fues consumption have to be reduced as well. We can see from the
prediction that the leader technologsto afford this big change are expected to be wind and
sdar (Figurel?). As stated beforethe growth ofthesetechnologies is strongly related to the
development of an efficient hydrogemased powestoragesystem.

As we can see from the prediction suggested by IE&Atain changes are addressedvind and
solar technologies that are supposed to fulfil a large portion of the future power production.
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Figure 13. PV global electrigjt generation prediction in TWh until 209énage from Technology Roadm Solar
Photovoltaic Energy, IEA, 20°4

In the Scenario PV will provide 16% of global eleityrby 2050 with China having a 35% share
on the total productiorfollowed by US and India.
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1.1.5HydrogerProductionFacilities

Actually there are 3 differentpossible sizefor hydrogen production facilities: central, semi
central and distributeéf. The different resources and processes used in the hydrogen production
are strongly related to the scale of the ptan

Distributed Production This is the most interesting approach for viable distributdn
hydrogen in the neaterm due to the initialsmalldemand of hydrogen. Hs produced in small
units located where they are needed (evghiclesrefueling statiors). The starting resources for
suchfacilitiescould be ethanol and btoil or smalscale water(photo) electrolysis. Otourse
the production cost in such small plawill be higher, butwill allow to reduce transport and
storage cost

Centralized Prodction: It includes facilities able to produce up to 7500@fid of H. Is
the most interesting one for the storage of renewable energies due to the reduced cost of
economies of scale. Off course, it will require more capital investaemd efficient hydogen
transport and delivery infrastructuse

SemiCentral Production Thisis the most interestingor the longterm use of hydrogen
thanks toits quite high hydrogen production (50680000 Kg/d) ands location in close proximity
of the consumption sites (25100 miles). This siae able to combine the reduced cost of scale
economy together with minimized hydrogen transport oSt

1.1.6Hydrogen Delivery

Hydrogen delivery iguite complicaé despitesomedelivery technologies and infrastructisare
currently available.Together with the limited spreading of hydgen consumption from
consumersthis is one of the main reas@why hydrogen actually is made in big facilities and
used irloco €.g near petroleum refineries His produced for oil processing and chemical
preparatiors like NH). Indeed H; is the smaller and lightesholeculeon earth (10 liter of K
have a mass of 0.00198 Kg) and it have to be pressurized to be delivered agssedpgas or
liquefied. This meanthat is very important where Hs produced and consumelsie to the large
volumes required to obtain the same amount of energy obtained from oil {&gyof gasoline is
equivalent to 1 Kg of +but the required volume imore than 3000 times higher).

There are different mehods for hydrogen transportation:

Hydrogen Pipelines The same pipelines for natural gas could be used for gaseous
hydrogen.Someof them are operative but the high casand the problens related to leakages
and embrittlement, have limited this technology to large plamroduction suchas petroleum
refineriesand chemical plarst

Hydrogen Tube Trailerd+ is compressed to the pressure of 1B8r in long and heavy
cylinders stackedon trucks or on trairs. Ths method iscurrently uncommon and typicallyot
cheapunless the hydrogen is its liquid form.

Liquefaction Hydrogen is most commonly transported and deliveasdiquid Gaseous
KERNRISY A& fAIjdzSTASR o0& O2 2ifi large Ihsukatdd tard2The St 2 &
liquefaction is expesive and consunsamore than 30% of the +energy content.
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Moreover, some stored hydrogen is lafite to evaporation or boibff. This method is cheaper
for longer distances but stithallengingdue to loil-off issues.

Novel Hydrogen Carriergdydrogen is stored in a different chemical state rather than as
free moleculs. Hydrogen i9ondedto other chemical compourgin the production plant and
then released on consumption site. Potential carriers ineludetal hydrides, metal organic
frameworks (MOF), carbon or other nanostructures, reversibjerocarbonspr other liquids It
is a technology stilinder research and not ready for the market.

Most of thesetechnologiesare currently available but thegre not sufficient for a widespread
use of hydrogen unrelated with large scale industrial paGioss, risksand energetic losses are
the most important reasosblocking this energy vector to be largely availdleconsumer&’.

Transpoit Vaniabie Deployment
Loy Low Lover High

Gt o, wrte
Liguefied truck Mediurm te
—— Medium High High pedium kedium e ———
Hydrogen ) ) Medium T
pipelines High High Low High Low long term

Figure 14. Hydrogen transport and delivery technologigith the respective performaneén transport distancg
energy losss technological developmesiand costsimage from Tehnology Roaahap Hydrogen and fuel cell 2015,
IEAS,

Figurel5gives an atline of the recommended systesand their expected actualization time.

This roadmap recommends the following actions Time frame

Underground hydrogen Establish national inventories of underground caverns suitable for Complete
storage hydrogen storage. Develop demonstration projects for hydrogen by 2025-35
storage in salt caverns and prove feasibility to reduce investment
costs for storage to USD 1 per kWh. Prove the feasibility of
hydrogen storage in depleted oil and gas fields as well as aquifers.

Pressurised tanks Reduce material costs for high-pressure tanks on board FCEVs to at  Complete by
least USD 15 per kWh. 2025

Cryogenic storage and Improve the efficiency of the liquefaction process to reduce energy  Complete
liquefaction of hydrogen losses to below 30%. Reduce boil-off through improved insulation by 2030-35
of the vessel as well as increased pressure levels.

Metal hydrides and Ensure continued R&D funding to further explore the potential 2015
carbon nano-structures  application of solid hydrogen storage options. onwards

Figure15. Roadmap for hydrogen delivery system predicted by TechnologyriRpadydrogen and fuel cell 2015,
IEAS
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Figure 16. Space required by different energy storage systémlitres. Image fromlstitut fur Kraftfahrzeuge,
Road2Hy.com

Fram Figurel6we can see how hydrogen is an interesting energy vector, apart from all its safety
requirements if compared to batteries which are off cegiisuitable onlyor smaller applicatios

If compared tothe oil system H. requires higher volume for the sameamount of energy
transported

1.1.7 ActualUse ofHydrogen

The hydrogen production is nowadays quite low and mostly focused on chemicals production and
oil refining. This is mainly due to the poor maturigf hydrogen based storage system. An
improvement in this direction wilsurely come from the need of changing our energy supply
system in the neaterm due the lack of fossil fuetogether with the need to stop climate
changes'®.

Other 0.9%

Metals 0.8% ‘
Oy
Methanol 0.8% —al

Ammonia 5% Refining 12%

Figurel7. Hydrogen consumption in Western Union (2013 dawajge from Istitut fur Kraftfahrzeuge, Road2Hy.com

The totalproductionis 19million tonnes of oil equivalent per year. In energy terms, thansost
equivdent to 0.5% of theg 2 NI RQ& | yydzZ f 2Af O2yadzyLihd 2y
energetic use is absolutely not contemplat@ggurel?).
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1.1.8 TheHydrogenCost

The high production cost is the main challenige H production. Find a fossifuels free
production, with a costcompetitive transport and storage systecompared toconventional
fuels and technologis is the goal that hydrogemust reach to be largely implemented in our
lifes. Moreover, increase hydgen energy efficiencychievehigh hydrogerpurity, and minimize
leakages from storages are additional tas&that mustbe fulfilled.

The goal is to reduce the price for hydrogen production to less than 48éigered and
dispensed (this goal iactually achievedonly by natural gas reforminglrom environmental
friendly route. The cost at which hydrogen fuel ce#lectric vehicles will be competitive is
estimatedto be $2%$4/gge (gasoline gallon equivalantThe folowing tablefrom DOE (U.S
Department of Energy) listthe technical target, the cossand the performance parametsithat
different renewable systesshould fulfillto be competitivéC.

Reduce the Cost of Hydrogen to <$2.00 Produced and Untaxed.
This Geal Is Independent of the Technology Pathway.

5,205

Distributed production of hydrogen from bio-derived renewable
liquids

$5.90/gge

$3.90/gge Dustributed production of hydrogen from water electrolysis

Central production of hydrogen from water electrolysis using

/! -
$3.00/gee green electricity

$2.10/gge  Central production of hydrogen from biomass gasification

Central production of hydrogen from solar-driven high-temperature

/ _ o
S14.3088 4 mochemical water splitting

Central production of hydrogen from solar-driven low-temperature

f . .-
$1730/gge photoelectrochemical water splitting

By 2020

Dastributed production of hydrogen from bio-denived renewable

i S
$2.30/gge quids
$2 30/zge Dlsmbure_d production of hydrogen from water
= electrolysis
$2.00/gge Central production of hydrogen from water electrolysis

using green electricity

$£2.00/gge Central production of hydrogen from biomass gasification

Central production of hydrogen from solar-driven high-

/
$3.707gge temperature thermochemical water splitting
$5.70/gge Central production of hydrogen from solar-drven low-
HEE temperature photoelectrochemical water sphitting
$9 20/gge Central photolytic biological production of hydrogen

Figure 18. DOE Hydrogen production cost reduction goals. Image from Hydrogen Production Technical Team
Roadma013 DOE*.
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To achieveheseresults some technological barrseshouldbe overcomeét?2

1 Hydrogen quhty: this is one of the major issador H destinedto fuel celk due to the
possible poisoning of Pt catalgsh these systems. Theref@; hydrogen technologies
must produce directly higipurity hydrogen or incorporatéow-costpurification systems

downstream.

1 Control and safetyWorking with a highcombustible moleculaequires strict safety

requirementswith remote monitoring and maintenance schedules.

91 Capital and perating coss. nowadaysthe cost is stillao high to be competitive and for
this reason the development of better materials and larggralemanufacturingare the

main routesto follow to reduce capital cost
1 Community acceptance barrgmregulatiors, codes, education

Each source tsts R&D priorities:

Production Technologies | R&D Priorities
Distributed Natural Gas fl:_'ff"‘fﬂﬂllﬁ‘ml‘f Ie::]nil}cal and .cozt ch_:l]ienge:s have beeulsufﬁmalltil}' laddre*ssed
e Of steam met ane reforming so 13t imndustry may complete technica
= development without additional DOE resources
Bio-derived Liquds Catalyst development, capital cost reduction, and affordable feedstocks
Reforming
Coal and Biomass Capital cost reduction, carbon capture and storage, and greater flexibility for use
Gasification of renewable biomass feedstock
‘Water Electrolysis Capital cost reduction, higher efficiency, and materials development
T hemical Hvdrogen Chemical cycle selection and materials development for improved kinetics and
yarog durability, reactor design and development for high solar to hydrogen efficiency
Photoelectrochemical Identification and_dcvelopment of optimal materials, integrated devices, and
reactor configurations
- : Biological candidate identification and genetic engineering to increase
Biological ) .
hydrogen production efficiency

Figure 19. R&D priorities for the
Technical Team Roadmap 2&413

most developed production technologies. Image from Hydrogen Production

In Tablel are reportedthe actual and the predicted casfor hydrogen productionn $/Kg

Technology Cost 2011 Cost 2015 Cost 2020 Finaltarget
Photoelectrochemical water splitting N.A 17.30 5.70 2.10
Biomass gasificatiorgyrolysis 2.20 2.10 2.00
nghtemperature Thermochemical H NA 14.80 3.70 200
production

Photolytic Biological Hproduction NA NA 9.20 2.00
Photosynthetic bacterial kiproduction NA 3.00 4.50

Dark fermentative H production and

Microbial Electrolysis Cells 13.50 10.00 8.00

Water electrolysis (distributed) 6.60 5.60 4.00

Water electrolysis (centralized) 4.10 3.00 2.00
High-Temperature Ethanol reforming 9.10 7.70 4.00

Tablel. Different H production technologies and their predicted datthe next years.
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Is possible to notice how only the biomass gasification is actually able to fulfil the DOE threshold
for He cost sustainability. This is iedd the most maturgechnology,but it still presentssome

big drawbacks. The main ones are tieed of highlylocalized structureclose to the feedstock
production, the high dependence from the feedstock type and the limited flexibility.

Emissions GHG emizsions, specifically carbon dioxide, result from the use of coal. Technologies
(primarily coal) to capture and store these emissions effectively are not economically viable.

Sources and supplies of feedstock are not consistent or reliable with respect to
Feedstock Issnes composition and quality. Feedstock preparation. storage and handling systems, and
(primarily biomass) transportation are all costly and nwnderdeveloped. In addition, competition for biomass
may limit its availability in some geographic areas.

Current gasification systems are capital-infensive becanse of non-standardized plant
Capital Costs designs and inefficient. nmlti-step processes. Hydrogen quality requirements for PEM
finel cells also result in significant capital costs.

O&M costs need to be reduced. BOP equipment needs to be made more efficient and
durable than that which is currently available. Feedstock on-site storage, handling, and)
preparation need to be improved. Hydrogen monitoring also increases O&M costs.
Additional data and demonstration of the numerons combinations of coal and biomass
types and concentrations that can be co-fed into high-pressure gasifiers would be
useful

Control and Safety Improved sensors and controls that enable feed-flexible operation would reduce costs.

Figure20. Main drawbacks of biomass/coal gasification fergt#oduction. Image from Hydgen Production section
of the Fuel Cell Technologies Office's Muls I NJ wSa Sk NOKX 5S@St2LISyis FyR 5
Department of Enerdy.

€N

Due to the large amount of riskand coss related to the H transportation and storage is
suggestion of this work to move to sewentral or distributed production with the use of
renewable sourceglike sun and wind. Compared to biological procesesesystensare indeed
more efficient and are not limited by thevaiability of the proper biomass. Stdriven systers,

like PEGVS are a promising route to directly obtain hydrogen from the solar light without the
additional step of electrolysis requireglsexample by the windyenerated Hproduction systers.

The mainadvantage of PEWS is its ability to generatthemicalenergy from light as hydrogen.
An additional advantage is the high purity of the so produced hydrogendiabe used as
reagent for fuel cewithout undergoing to further purification steps.

Moreover, in the last yea, people attention to solabasedsystens is largely increased and
domestic installatiosincreased up to 400%. Is of paramount importance that public opinion and
market moves toward this direction in order to improve the spreadifiipese new technologies.

Figure21 shows the wide acceptance of solar technologies all over the world with its exponential
growth in the last years.
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Figure2l. Increase in the global itedled capacity of residentiagdcale solar PV (2042D14) in the world Image from
International Renewable Energy Agency (IRENA)

Between all the suggested rowéor H production, photoelectrochemical water splittinthe
main topic of this workhasin additionsome further advantages

1 It is a technology thatan be used both for large central applicat®and for semi
distributed facilities like fuel stati®ifor new flees of hydrogen vehicles without any
additional distribution cost.

1 No need of any supply of feedstock, it only needs sunlight and water.

=

Higher production during the time of the day witigher uses demand.

1 High purity product with less purification stepequired (compared for example with
biomass H) being more suitable for fuel celusage without any poisoning of the Pt

catalyss.

1 Welldevelgped knowledge on the matersthanks toconsolidated PV technology
1 According to the projectiosthe cost of photoelectrochemical hydrogen is on the way to
be competitive.
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1.1.8.1Photoelectrochemical Hydrogen Productiddost:

Characteristics Units 2011 2015 2020 | Ultimate
Status | Target | Target | Target

Photoelectrochemical hydrogel $/kg
cos®
Capital cost of concentrator an $/m?
PEC receiver (nenstalled, no NA 200 124 63
electrode)

Annual electrode cost per TH $/yr-TPD
Hpp Hy NA | 20M | 255K | 14K

NA 17.30 5.70 2.10

Solar to hydrogen (STkpnergy| %
conversion ratig-¢

1-sun hydrogen production rate kg/s pernt | 3 3,107 | 1.2x10° | 1.6x10° | 2.0x10®
@ Hydrogen cost represents the complete system hydrogesdpction cost for purified, 20bacompressed gas.

System level losseand expenses due to solar collection/concentration, window transmittance/refraction,
replacement parts, operation, and maintenance are included in the cost calculations

4to12 15 20 25

b Annual electrode cost refers to the annual replacement cost of the PEC photoelegierstl normalized by the
design capacity of the system (in metric tons per day). Electrode cost includes both the material and
manufacturing cost of the PEC electrode used within the reactor.

¢STH energy conversion ratio is defined as the energyeofigth hydrogen produced (LHV) divided by-§géctrum

solar energy consumed. For systems utilizing solar energy input only, the consumed energy is calculated based on
the incident irradiance over the total area of the solar collector. For hybrid systdhegjditional norsolar energy

sources (e.g., electricity) must be included as equivalent solar energy inputs added to the denominator of the ratio

4 The Status of STH ratio is in the range of 4% and 12% for different semiconductor material systertisgexhibi
different levels of operational durability. Thin film material systems have been demonstrated with STH >4% for
hundreds of hours

€The hydrogen production rate in kg/s per total area of solar collection undesgelttrum 2sun incident irradiance
(1,000 W/n?). Under ideal conditions, STH can be related to this rate as follows: SIPreddction Rate (kg/s per
m?) * 1.2%1C¢ (J/kg) / 1.081C° (W/m?). Measurements of the -sun hydrogen production rate can provide an
invaluable diagnostic tool in thevaluation of loss mechanisms contributing to the STH ratio.

Example Parameter Values to Meet Cost TargetsPEGNS H Production

Characteristics Units 2011 Status20152020Ultimate
Solar to hydrogen (STH) energy conversion rai% NA 15 20 25

PEC eletrode cost $/m2 NA 300 200 100
Electrode cost per TPDH $/TPCNA 1.0M510K135K
Electrode replacement lifgme° Years NA 05 2 10
Balance of plant cost per TPR'H $/TPCNA 420K380K310K
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aPEC photoelectrode cost refers to the material and ofanoturing cost of the PEC electrode. Area is based on the
actual area of the electrode itself.

b This parameter is the PEC photoelectrode cost (as defined above) normalized by the metric tons per day of
hydrogen design capacity of the electrode.

¢ Eledrode replacement lifetime denotes the projected total duration of the electrode being immersed in electrolyte
and under cyclic solar illumination until process energy efficiency drops to 80% of its original values. Tiyesgra 10
electrode replacementfietime refers to 10 years of operation under diurnal cycles and approximately 5 years of
actual hydrogen production.

dThis parameter denotes neelectrode, noRconcentrator/PEC receiver, nenstallation balance of plant costs
normalized by the metric tos per day of hydrogen design capacity of the electrode.

4

b2dSY Itf GKS LINBGA2dza RFEGIF FNB GF1Sy FTNRBY dal @ RNE
Office's Multi, S+ NJ wSaSI NODKZ 5838t 2LI¥Syids IyR 5SYFegra (NI GA:
full details about technical targets and process condgidm reader is invited to look at the original data.

Of coursg PE@NScamot be the only method for hydrogen production but will surely be one of

the available alternatives in theearfuture portfolio for clean and sustainable sewentral and

central hydrogen productions indeed not suggested to focus the whole world energy economy
on a single row¢ as we have done until now with fossil fael
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1.2Photoelectrochemical Wat@&plitting(PEGNS)

1.2.1SemiconductoMaterials

Semiconductaare materiak characterized by a full valence band (VB) and an empty conduction
band (CB). The band gap, compared to those of insulating matasi@uite small, in the range

of 1-2.5 eV. Thanks to thismall forbitten energy banda small number of electracan move
from the VB to the empty CB just because of thermal energy. The number of elettadrcan
jump from VB to CB because of thermal energy is given by:

e €Y

Where n is the number of electrog) no is a constant specific for the semiconductdris the
absolute temperature andgy is the value of the band gap. From a basic analysis of the
dependence oh from T is possible to notice how semiconducsqrresert a positive thermal
conductivity coefficient. Indeed, growing the T, the number of electiteaving the VB increase.
Photons of the proper wavelength can also induce the same behavior

Once an electron leaves the VB, an emptglésgenerated insidehte VB in place of the moved
electron. This empty level, formally positive, is called hole. Usually semiconductqra hole
and a free electron tend to recombine with theestoration of the previous bond. Téh
recombination time is in the range betweengero and milliseconds.

1.2.2Doping

By definingthe Fermilevel as theenergy at which half of the electronic levels are occupierd,
easy tounderstand how in a pure semiconductor it lies in the midaééveenCB and V32>

r—— - /| 2y RdzO 0 A
AE  +ossersessameesspusmeessasemspssamenssfasenesssseesesseseprse e v CS NXY A
+f SYyO¢

o o O 0O O O

Figure22. Band disposition in a pure seminductor.The Fermi level characterizihe hypothetical energy level of
an electron and lies between VB and Séhemeadapted from Chapter Il, Bruno Scrosati, Celle fotovoltiche
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In a pure semiconductor, the number of heknd free electrosis the same. The semiconductor
is then called intrinsic. The addition afifferent atoms in the lattic§dopants)can modify this
situation givingo a doped semiconductor with extrinsic propertigsgure23).
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Figure 23. a) ntype semiconductor witta dopant having an additional electronwith respect to Sib) ptype
semiconductowith adopanthaving one electron lesgith respect to Simage from Chapter I, Bruno Scrosati, Celle
fotovoltaiche®.

If a V groupdopant is added to a silicon crydtathe structure will present aveakly bonded
additional electron ists lattice. Is then very easy, also with small energies, make this electron
free. In this way, a-type semiconductor igenerated,andthe formal chargeof the system is
negative. The addedtom is calleddonor becauseadd an electronto the system. On the other
side if in pure Si crystal is added a Ill group impurityséraiconductor is formally positive (one
electron is missingdnd theatom is called aceptor. This type of semiconductor is calletype
extrinsicsemiconductor. The formation of atgpe or ntype semiconductor can shift the position

of the Fermi level because of the presence the acceptor and donor level respéétively

Minority electrons Conduction Band Free electrons Conduction Band

r
AE 1 o s e o e o e it ( mm m m Formyi Level

Donor Level

Acceptor Level

==f======= Fermi Level

T — e

Figure 24. Band diagramsfor an extrinsic semiconductaf p-type and ntype.

In a ntype semiconductor, electrons are the majority carriers (salee called minority carriers),
so oncean electric fieldis applied the current is maily transported by electrons. Opposite
situation for a ptype semiconductowhereholes supply the conductivity
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1.2.2.1TheEknergy Scale

Energy Potential
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Figure 25. Schematic representation for the conversion between the absolute energy(snathe left) and the
electrochemical one (on thght). Advances in Physical Chemisfglume 2011 (2011), Article ID 786759.220

First of all, is important to define the absolute energy scale and correlate it with the
electrochemichone. In the first one, mostly used by physics, the zero value is the energy of
electrons in the vacuum, in the second on, is the standard redox potential of hydrogen electrode.
The conversion factor ig.5eV.

1.2.3Photoelectrochemicalvater Splitting

Photoeletrochemical water splitting is one of the promising rositer the renewable hydrogen
generation in a future hydrogen economy. The process occurs thanks to semiconductor mmaterial
with the appropriate band gap and basalignment respect to hydran evolution reaction (HER)

and oxygen evolution reaction (OER) for a photocathode and a photoanode respectively. The
semiconductor is immersed in a watbased electrolyte while the sunlight is the driving force for

the water splitting reaction. The adviages of PEQ/S system are that it involves a rile

simple process (compared to othep production routes) and thait canwork in wide range of
temperatures (basically no upper limit and lower limit higher thafC) and the absence of a
warm-up step (f the temperature is aboveC).

In a photoeleatochemical cellthe semiconductor is in direct contact with a redox couple. Once
the electrolytesemiconductor interfacés created semiconductor and solution electrochemical
potentials tend to equilibrate themselves to the same value. In the semiconductor, the
electrochemical potential is given by the Fermi energy, in the solution is given by the Nernst
potential of the redox couple.
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If the Fermi level of a-ype semiconductor is lower than the one ofettelectrolyte, once
immersed, holes will move from the semiconductor to the electrolyte. This will create a
electrons-rich area with respedb the bulkof semiconductorTherefore,a band bending with a
potential barrier able to stop any further transféilom the semiconductor to the electrolyts
formed.

Under light photonswith higherenergy than thévand gap are absorbed by the material creating
electrors-holes couplea fue to excitation of electronpresentin the VB The so geerated
electrons ancholes movan opposite directiosunder the influence of the applied electric field.
In a p-type material, electrons gao the solution while holes move toward the bulk
semiconductor and then to the counter electrode. Tuee of anexternal biascanbe useful to
overcome eventuabverpotentiak and to improvethe band bendingivingan efficient charge
separation?®2°,

There are some requiremesfor a PEGNVS system to work properly.

1 An efficient absorption of solar light to inducece®d statesinside the semiconductor

1 A good chargeseparation to avoid recombination between thecd#gd electrons ad the
holes. This wiknsurea highlight-to-chemcalsconversion.

1 The proper bandposition to fulfillthe desired reactioafrom thethermodynamicallyand
kinetic point of view.

1 High stability to photodegradation processes

Is not easy to accomplish @ilese points mainly because semiconducsable © perform the
desired reaction without undergoing to photodegradation show a wide band gap that reduce the
portion of solar spectravalable for the absorption (e.g. TEwith a 3eV band gap can absorb
only in the UV§C,

Anyway, fi these requirement are satisfied & a photoanode willtake placethe following
reaction:

(OJVIRS) gl’i ¢O0 ¢Q

While & a photocathode willtake placethe water reduction thanks to the high energy electron
excited in the CB.

¢cOb cQ © ¢0O ¢
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1.2.3.1SideReactions
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Figure26. Schematic representation of the possible pathwthgs electrorsand holesan followafter the irradiation
of the semiconductotmagefrom Angew. Chem. Int. Ed. 2013, 52, 18472

The desired electragitransfer is not the only available route for holesdaglectrons.Figure26
summarizes the different process occurring after the absorption of a photon in a
semiconductor material immersed in an electrolyte with a donor D and an accep@mog. light
excited electrons and holes are located close to the corresponding edges of energy bands they
can undergo nonradiative and radiative recombination and trapping (reactive andeamtive)

on surface sitesTheseundesired paths for the electrehole couple reduce theconversion
efficiencyof sunlight to H (and Oy).

Themain causeof material degradation is the electremansfer reaction to the material itsel
with consquent lossof activity, but this reaction is noincludedin the scleme. Such process
does notoccu on any semiconductor, e.g. Tids a stable from this point of viewut ZnS, CdS
or CuO tend to be reduced to the corresponding met@eeFigure31). This photedegradation
reaction is even stronger for vepure materias suggestinghe importance of doping.
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1.2.3.2Stability ofthe Semiconductor

Of all the undesired process occurring after electrofhole excitation the worst one is
photodegradation that reduce material activity with time. Indeede timain problem of
semiconductos for photoelectrochemical water splitting is their poor stability to
photodegradation processes

Energia
En En
= e Ec e
En En
Ep Ep
EV Ev / E\t E‘a'
% E % E
2 7 /% Z,
a) b) c) d)

Figure 27. Modek of thermodynamic stability. ajhermodynamicstability, b) possible anodic and cathodic
photodegradatiors, c) possible anodic degradation, d) possible cathodic degrad&ti@ge from Chapter II, Bruno
Scrosé, Celle fotovoltaiche.

The comparison of VB and CB levels with respect tor¢ldex potentiab of semiconductor
decomposition reactiosgives an idea of the stabilitfhere are4 different situatiors:

1 Thermodynamicstability: the redox potentia of anadic and cathodic decomposition
reactiorsare respectively more negativad more positive then the VB and CB.

1 Anodic and cathodic degradatienboth redox potentias for degradation lienside the
BG. The materialanthen be affected by botlelectrons eduction and holes oxidation.

1 Anodic degradation: the semiconductor is stable from cathodic degradation because CB
is more negative than that redox potential. The material is moreover still affected by
anodiccorrosionperformed by holes.

1 Cathodic degrad&in: the material is safe from the possible heegradation but is
subdued to the cathodic one performed by the high energy electroogeskin the CB
under light.

The photodegradation process is in competition with ttlesired one of surface electros
transfer. The reaction with less work required is tfagoredone but alsahe kineticsis important
and for this reasorit is not always easy tpredict the final behavior of the materi&f. Other
important parametes affecting the stability are electrolyteoncentration and pH, temperature,
impurity levelsandother parametes (e.g.stirring that can affect theate ofelectrode processe}p

38



1.2.3.3PEC Photocell Cost Factors

A key factor in coseffectiveness of PEC photocells is the PV comp@tarst, which has been a
significant barrieto low-cost solar cells and lowost PEGystemsdn the past. For the pitocell,
pathways to reduced costre:

w a)\y)\v)\i)\ya GKAOlYSaa 2F AYRAQGARAzZ £ t+ I &SN
w 'asS 2F 2 0O02al LINBdepbsityrd G SOKyYyAljdzSa F2NJ YI
wUse of lower cost PV materials

w [286 024G O2yRdz0GA GBS O2LGAy3a (2 LINRGISOG 3l

Year Production Scale Cost/gge (produced)
1 Photoelectrode system $17.30
2015 Target Central 1 Photoparticle system $28.60
1 Photoelectrode system $5.70
2020 T I .
020 Target Centra 1 Photoparticle system $4.60

Table2. Prediction of ktotal cost/gge produced. Table from Technoeconomic Analysis of photoelectrochemical (PEC)
Hydrogen Production, DGE

1.2.3.4The PE@VSChallenges

The main challengdhat have to beovercomein this system are:

Long lifetime for photoelectrodic materials (mainly due(fahoto)corrosion processes)
Proper thermodynamic bargkdge alignment for the redox reactien

Fast kinetics for HER/OER.

High photons efficiencieswith suitable optical band gap for optimal light absorption.
Good chargstransport in the bulk semiconductor

Reduce internal resistance losses

Reduce undesired patls for excited electrons ancholes (trapping, recombination et
SeeFigure26).

1 Reducd plant capital cost.

1 Low-costmateriakwith wide availability

= =4 -4 8 -4 -5 -9

Between all the renewable available technaksjs our opinion that PE®W/S will be a valuable
alternative for the storage of engy in the nar future. It is a technologyalmost ready and
mature for electrode reactors Despite the higher cost of the predicted ptoductionin these
systens, continuous improvements in this field are promising for the future scalability of this
techndogy.
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The aim of this work is to develop a stable, lowst and efficient photocathode fothe
photoelectrodes systento make the produced Hprice for these systens more affordable.
Different approackswere considered:

1 First of all, tamprove the maerial is important to have a full knowledge of the interizc
procesgsoccurring under working conditienTheresearch was mainly devoted on new
methods for the evaluation of photodegradation processefg innovative techniques
like Xray AbsorptionSpectroscopy (XAS) and Scanning Electrochemical Microscopy
(SECM).

1 Then was importanto select a cheap material with high performanc&O was found
to be the best candidate. Moreover, in order to reduce the price of the whole electrode
setup and improveits stability, studies on the nature and role of underlayer were
performed in order to avoid the use of expensive materidde Au (see Result and
Discussion section). Eventually the study of a cheap protective oveshaysrtaken in
account.

1 To achievébetter material performancsthe proper modificatios of the band gap were
considered Improving the absorptionvill increasethe number of photons than can be
used to produce H (and then the STH efficiency)he possibility of tungthe BG with
dopingor strain effect was performed by the use@énsity Functional TheofDFT).
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1.3CuyO GeneralReview

In this sectioris givema brief review of the most relevant properties of Qu

1.3.1CrystallineSructure

CuO crystalizes in the sealled cupritestructure, a simple cubic Brag lattice with the
symmetry of the 22# space group@h, Pn3n). Few other compourghave the same structure
asAgO, PhO, Cd(CN)and Zn(CN) Inside the unit cell the oxygen ions are located on a bce sub
lattice, while opperions on a fcc sulattice. Inside the cell the copper ions are on the vertices
of an oxygen tetrahedron and they are twofold coordinated with the oxygen iDas Ste
symmetry), whereas the oxygen ions are fourfold coordinated with coppsité symmetry 435

The lattice is@mposed by two interpenetrating sulatticesin which each oxygen is surrounded
by 4 copper atoms and each coppe directly connected with 8xygenatomsby linear bond¥.
Conduction arisefrom the spontaneous formation of Cu vacancies inside thieéathat creates
holes in the valence band (VB). The top of the VB is composed By &ates while the
conduction band by a mixture of @sand O2p. InFigure28is reported the 2x2x2 supercell with
the two interpenetrating subatticesmarked in two different cola:

Figure28. VESTA representation of as@e supercell. Oxygen atoms are in red while the Cu atoms of the two
interpenetrating suHatticesare showed in green and blue

Lattice constarg and crystal structure have been usually measured ¢rayXpowder diffraction
(XRD) using Gradiation(Table 3. CuO transforms from the cuprite to a hexagonal structure
at a pressure of 1GPa 4 = 418A). This hexagonal form chaisge the pressure range from 13
to 18 GPa into another hexagonal form, with Cd§pe structure. Up to 245Pa, the highest
pressure generated, no decomposition of20Ounto Cu and CuO was observBaspite thisthe
only structure considexd in this workis the one stable at atmospheric pressure.

It is important to note that the given values are almost independent of the temperature, because
CuwO has a very small expansion coefficient (the lattice constamnge less than.8% from 0

to 600K). Howevera very interesting behaviour of the @D is its negativenermal expansion
below 300K
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Lattice Parametes Values Units
[ FGGAOS O2vyala27 A
CuO bond length 1.85 A
O-0 bond length 3.68 A
CuCu bond length 3.02 A

Table3. Tabulated lattice parametsfor CuO obtained by XRD. Data from Werner, A. Hodhheimer, H. D. High
pressure Xray study of C#D and AgO. Physical Review B, 25 (1982), 5929

1.3.2CuO GeneralProperties

In the following table are reported some paramet@f interest in the study of GO.

Parametes Values Units
Density 6.10 gcnt®
Molar mass 143.092 gmolt
Molar volume 23.46 cmimol?
Appearance Reddishbrown

Solubiliy (in water) insoluble

Melting point 1232 °C
Boiling point 1800 °C
Band gap 2.17 eV
Rphrases R22, R50/53

Sphrases (S2), S22, S60, S61

Thermal conductivit§? 4.5 WKIm?
Specific heat capacity 70 XK'mol?
Thermal diffusivity® 0.015 cm?s?t

Table4. General physicohemical poperties of C¢O. Data from Safety Data Sheet otQu

Figure29is the Poubarix diagram of copper obtained from Medusam®afis outpossible stable
(equilibrium) phases of an aqueous electrochemical system.damgdhnt ion boundaries are
represented bycontinuouslines while water stability range is defined by the dotted lines at 0 and
1.23 V at pH 0. The concentration ofGonsideredwasthe one present in the deposition bath
of CuO (as will be presented the Result and Discussion sectioised in this work
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Figure29. Powarix diagram of Cdor Ci#* 70mM at 25°Grom Medusa® software.

In the absence of any complexing agent the formation of Cu(fprisidden because of the
precpitation of the insolubleCu(OH) at pH> 8. CwpO is unstable in air at room temperature.
Nonethelessthe kinetics of theransformation in CuO is so slow at room temperature that@Cu
canbe considered stable fall application®’.

1.3.30ptical Properties

CuO has airect forbidden band gaps stated beforeFigure30 showsthe absorption spectrum
which evidencesiow CuyO starts to absorb the light only above abou# 2V. This energy is
related tothe dipole allowed transition between the higher valence band and the second lower
conduction bandf.
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Figure30. Absorption coefficient of @D at room temperature obtained combining data froeferences?42
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1.3.4PreparatiorMethods:

Different preparation methodscanbe usal to obtain an effective CpO for photeapplication.
Here the main ones will be briefly discussed.

1.3.4.1Thermd Oxidation

This is the most widelysed methodfor the synthesis of severdligh-quality oxides. The
procedure usually involves the oxidation of a high purity copper foil forfemutesor several
hours depending on the desirethickness of the CuO laye required. The operative
temperatures are in the range between 16@800°C under pure oxygeatmosphereor in a
mixed gasatmosphere(like Ar + @*. The resulis a polcrystalline CeO with different grais
structures according to the used experimental condit®nTwo possible reactions can occur
during the thermal process:

4Cu+QH k 2CuO
2CuypO+Q H Kk 4CuO

In was noticed by different authors thaecause thgossibleformation of a mixture of two major
oxides products, such as, CuO andOuthe percentage of oxygen present during the annealing
must be strictly controlled. It haseen reported that the formation of GO occurs first and only
after longeroxidation timeCuO appeafrs.

An alternative methodransformsa Cu foil in Cu(Oky the use 00.125 M (NH)>S0s and then
by themal reduction obtaimanocoralof CyO* or nanosized GO if anoxidation is performed
in KOH and then dehydrationstep s performed"’.

1.3.4.2Electrodeposition

Electrodepositions an extremely attractive method because of its low cost, the simplicity for the
deposition on different substraeand the possibility otuning the material propertiesand
morphologywith parametes like: theapplied potential, the current, the temperaturand the

pH of the bath*® The first electrochemical synthesis of:Ouvasdeveloped by Stareékin the
mid-thirties. Late many other authors present different synthetic procedsirevolving different
copperprecursos electrolytes and electrochemical technique’s®2.

For exampleMao et al. used a solution 601 M Cu(Ng)>+ 0.1 M NENG; with a current density
of 0.5 mAcr# for 60 min at 313 KThe seobtained photocurent by the way are very low?,
Wan et al.started from0.02M Cu(Ac) and 0.1Msodium acetateaqueous solutiorwith 1.5mM
KCJ being able to control thehape of the graiswith pH modulation, but the conductivity of the
S0 obtained material was-type. Zhao et alelectrochemicallyoxidized a Cu foil in a solution of
280 gt! NaCl and 0.1 giNa&CrOy, with pHadjusted b value 12 by 1.0 M NaGH

To the best of our knowledgéhe best results in terms of photocurrent weeehievedby using
a CuS@solution with lactic acid and the pH shifted to bagalue (usually 1. The original
recipe derivedrom Golden et aP® and wassuccessively developed tiye Graetzel goup.57s>°

Not all the authos using this solutiorobtained the same high photocurrest Forexample Nian
et al.®% obtain a maximum photocurrent 60.025mAcnt on FTO
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Despite this, usuallyhe performancs of PEC_WS systenfiabricated with this method are
nowadays one of the most efficient and with higher photocureerithis method allows also to
have hidn uniformity of the layer and the possibility of controlling thrphology and thesize
of the particlestogether with their propertie$'62 by simply varying some bath conditisrike
potential, temperature and pH

In view of the electrochemicalsynthesis we can consider alsall the preparation methods
consisting in the controlled oxidation of a copper foil in different solufi®ff. This method was
tested but due to the poor performance wdsscarded and not reported ithe thesis.

1.3.4.30ther Synthetic Procedures

Other synthetic procedureincludes reduction of coppeamine complex solution with glucose
under microwavs irradiatiorf®, the use of different surfactant®’! and micelle$ mostly to
control the morphology of the particle®ythese methodsCwO nanocrystalsnd nanowire$®
with cubid“’6, cuboctahedraltruncated octahedral, octagdral”, and multipod structure$
have been prepared. To avoid interference fronthesesurfactantssome authors developed also
surfactant free synthesi&®2 Solgel 8and solvothermal method48® are also usedWet
chemical route®®’ thermal evaporatioff8° chemical vapour depositidhsonochemical
synthesig!, hydrothermaP%°4and electroles® methods are only few of the other alternatives
methods for the synthesis of this semiconductSputteringis an interesting technique for the
preparation of thin films with high homogengitlow cost and easy synthe¥is

1.3.5CuO Advantages for PEXWSSystem

The choice of usinglectrodepositedCupOis due to the following reasan

1 CuO presensa 2.17 eV band gap. This valudiigh enough to havehe proper energy
for HER bustill allows the material to absorhkin visiblerange oflight. This is a great
advantage if compared to material like Ti@ble toabsorbonly in the UV due to their
large BG (~3 eV).

1 CuwO presens a proper band position for bothhydrogen evolutiorreaction (HER) and
oxygen evolution reaction (OER). In this witvkmaterial was studied as a photocathode
(CuO CB lies aD.46V vs NHE).

 CuwO is ambundantand economic material

1 CuO is nortoxic. Thigs an advantage if compared other semiconductas for PEGNS
containing As, Cd and other toxic metals.

1 The use of electrodeposition all@to have dargecontroloversynthetic procedurswith
the selection of the best parameteto obtain highperformance electrodes.

1 Electrodepotion is acheap and easy method for the preparation of a large number of
electrodes. In addition, there are high possiektof scaling up the technology.

Looking in detai&t the band position of G, in the next figure we can notice that is one oéth
few materiabwith a small band gap but still able to perform both HER and OER (CB more negative
than H/H-0 redox potential and B'more positive than &@H>O redox potentigl
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The same figure showke main disadvantage of this material. Indedéue redox potentiak for
material reduction/oxidation lie inside the band gap.

This means tha€CuwO canundergoeso the previously explainegphotodegradation processn
particular, for this material both holes and electrons can interact with the material legth its
oxidation or reduction respectively.
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Figure31. Comparison oband gap band energiesand redox potentia for different semiconductafor PEGNS.
From Chen, S.; WangW Chem. Mater. 24 (2012) 3639

Two different approacks can be chosen to improve material performasceloping and
protecting with an overlayer

The fomer consists in the addition afmpurities inthe material latticeto modify band gapand
bands position. Thiswill allow to further increase the fraction of light that can be absorbed by
the semiconductor together with carrisnumber and mobility.

The atter will allowto quicklytake electrons from the GO thanks to the redox cascade principle
so that they cannot react with the material itsdlfi. this waythe life-time of the material can be
improved.These two approaches will be better explainedhia relevantchapters.

To have a fulknowledge of the phenomena occurring @uO is of paramount importance for

the development of a higiperformance, lowcost and with long lifdime photocathode.
Stability is the main problem of the material and inder to characterize the degradation
processes occurring under light different innovative techniques were used in this work. The next
two chaptes will introduce the reader in the dails of the techniqueso give a better
compression of the further results
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1.4 AS

X-rays Absorption Spectroscopy (XAS) refers to the absorptiorraysxby an atom at energies
near and above its corlevel binding energies.

XAS spectra particularly useful for the evaluation of:

1 The oxidatiorstates
1 The chemical surroundys: coordination number, bond distance and nature of neighbour
atoms

For all these advantages, XAS pwerful toolto obtain information about chemical state and
local atomic structure for the atomic species of interest. Nowadays XAS is applied talseve
chemical systems and different experimental conditiongextreme temperature and pressure,
light, solutions, NB, etc..). For this reason, it is become an extremely poweagcdhnique in
different scientific fields, including biology, environmentaiesce, catalysts research, and
material science.

Additional advantages of XAS are:

1 It can be used for every element

1 Crystallinity is not required for XAS measurements. Is one of the few structural probes
available for norcrystalline and highly disordedlematerials, including solutions.

1 Because Xays energyre highly penetratingit gives information on the whole material
and not simply of the surface. If the interest is in surface phenomena, the use of
nanostructureswill help giving a material with laigh surface/volume ratio.

1 In many cases, XAS measurements can be made on elements of minority and even trace
abundance, giving a unique and direct measurement of chemical and physical state of
dilute species in several systeifesg. dopants)

1 XAS allowsxsity, in-situ, and operandomeasurements. Thatter is particularly useful
to follow electrochemical reacti®gwithin or without the presence of light.

1 It is element sensitive. Since every atom has dewel electrons with weltefined
binding energis, we can select the element to analyse by tuning thrayXenergyat an
appropriate absorption edge.

1.4.1XAS Spectroscopy

A XAS speaim reportsthe absorption coefficient as a function of incidentays energy close
to absorption edge (from20eV upto 1000 eV after the edge). In the full spectrtwo main
regions can be identified”:

w The XANES {4y Absorption Near Edge Structure) region; is the energy region closer to
the edge.

w The XAFJExtended Xay Absorption Fine Structure) regioat higher energies

Both regions give several information on the studied material. XANES gives information about
the oxidation state of the selected element and coordination geomdgyg., octahedral,
tetrahedral coordination) of the absorbing atom

47



Moreover, being a probe for empty orbitals, it provides additional information about those
orbitals lying over the Fermi energy leMEKAF & usefuto evaluate the neighbowsitoms respect

to the absorption centrelt gives mformation about ineratomic distances and coordination
number of neighbouatoms

1.4.2TheSynchrotronLight

X-rays arethe portion of electromagnetic radiation with a wavelength between 25 and 0.025 A.
X-rays can be produced in the laboratory scale using a Coolidge tube whose characteristic
spectrum is reported ifrigure33A. The so generated-Kays are continuous in their emission with

a quitelow intensity and with some charaatistic emission lines due to the material forming the
anticathode Tohave a continuous radiation but with high intensity a synchrotron facility is
needed. In a synchrotron, electrons are generated by thermionic effect from a W wire and then
linearly accedrated until the booster ring. Here they are accelerafedthe so-called LINAGvith
radiofrequency generator until a critical speed is reached (close to light speed) where a
electromagnetic radiation is emitted in the range ofays.

s

Storage ring

Figure32. ESRF schematic view. Is possible tacadtie linear accelerator (LINABe booster synchrotron and all
the beamline tangent to the main storage ring. Image from esrf.eu

Then electrons enter in the main ring callgdragering. Tle storagering is composed by linear
sectiorsand curved sectioswhere the electron trajectory is bended thanks to bending magnets.
The magnetic field, create a centripetal acceleration that force the eles{@icharged particle)

to emit electromagneticadiationstangentially to the ring. If this energy is higher than 1GeV then
the electron emis X-rays with the emision spectrum showed iRigure33B. The synchrotron
intensityis very high, usually 10 orders mfagnitude higher respect to the one of the Coolidge
tube. In addition, the use of specific magaéundulator) who force the sinusoid motion of the
electrors, force the constructive interactianof emitted radiatiors leading to even higher
intensities

The maximunradiationenergy, called cubff, is strongly related to the length of the ring. Usually
this intensity is reported as brilliance that is defined as follow:
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Wherel is the intensity of the produced radiation, is the angular apertte andA s the surface.
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Figure33. Emission speaim of a Coolidge tub@eft) with the characteristic peaks doneof a synchrotron radiation
source. Image from ISA centre for storage ring facilities, Aarhus University.

X-raysabsorption and the relaxation phenomena

X-rays are extremely energetic, so when interact with matter they are absorbed by core
electrons.
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Figure34. Scheme of thghotoelectric effect,ni which an Xay isabsorbedand a cordevel electron is promoted
out of the atom. Image from Fundamentals of XAS, Matthew Newville, Consortium for Advanced Radiation Sources

University of Chicago, Chicago, IL.

This causea depletion of the incident bea lo and the transmittedradiation intengty is given by
the LambertBeer equation

0 "0 °
where>is the linear absorption coefficient, a measure of the absorption phenomena probability,
andxis the thickness of the sample.
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The absorption coefficient slowly decreases with the increase of energy while is strongly related
to the atomic number of the specie of interest according to the rel&fion

” 3 14

0 0
where " is the sample densityis the atome number,Ais the atomic mass anis the energy.
Due to theZ* dependence, it is quite easy to distinguish between different elements and the

absorption levels for each element ai@ from each other allowing the technique to be element
sensitive.

£ X

A XASpectum present on the yaxes the absorption coefficient while the energy of incident
radiation in on the axes. The shape of a typical XAS specis reported in figure:
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Figure35. XAS spectrurshowing the2 different regiors of XANES (close to the edgélue andEXAFS, the portion
of spectrumat high energy(in red) Spectra of alpha FeOOH on Ti.

Before the edge, the absorption coefficient is zeronoe this value is crossed instead the
absorption coefficient rapidly increasgiving the absorption edge. Indegafter the edge point
the energy of Xays is enough to have photoionization, thea¢ation of an electron from core
levelkto continuum(Figure35).

There are different edges according to the energy level originally occupied by the electron.
Acording to Sommedild, if the electron comes from 1s level (n=1) we call-&die. If the
guantum number is Zhen it comes from ledges.
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Three states are possible in this casgf the electron comes from 2s orbitak; &r Lz if it comes
from 2p orbitals according to the sporbital coupling(d =1/2 e J = B2 respectively). The same
explanationcanbe donefor M-edgesbut they have very small importance in XAS spectroscopy
and will be no treated.
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Figure36. Scheme of electronic transition according to Sommerfeld. Image from Wikipedia.
The electron promoted in the continuum levebles a h@ behind in the starting orbital.

The original stateanbe restored with two different relaxation processes, each in competition
with the other: Auger effect and fluorescence.

W Auger effect:is the preferential effect in lighter atoms and iflves 2 electrons. The first
one relaxesand fillsthe hole left in the starting level, while the second one is emitted because of
the energy surplus.

w Fluorescenceis more common in heavier elements and consist in the emission of
radiationsonce the holas filled by an electron coming from external (shell) levels.
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In both cases, the probability of emissionr@y or electron) is directly proportional to the
absorption probability.
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Figure37. Decay of the excited stat¥:ray fluorescence (left) and the Auger effect (right). Image from Fundamentals
of XAS, Matthew Newville, Consortium for Advanced Radiation Sources University of Chicago, Chicago, IL.

A XAS speatm canbe measured both in transmittance and in fluorescefick the former case
the reduction of the beam intensity due to the sample is measured. The absorption coefficient is
obtained from the LambefrBeer equation:

If the amount of samg@ is very small the differensdetween incident beam and transmitted
beam arevery smalland fluorescencenode is to be preferred. In this setup, the electson
detectoris normal to the incident radiation in order to acquire only the emitted beam from the
sample. In fluorescence mode, the absorption coefficient is given by:
O
e —
0

Wherelsis the fluorescence intensity angis the incident beam. Ithe fluorescence mode, traces
of the element under studganbe collected.

1.4.3XANES Spectra

The XANES regios thepart of the spectum close to the edge enegy, usually in the window
between-20eV and +5@V respect to the edge. From XANES measurements is possible to obtain
information about oxidation states. As exampfegure38 reportsthe comparison between the
XANES spectra of 3 different copper species, metallippzr (in blue), G:O (in green) and CuO

(in red). Is possible to notice how higher is the oxidation number, more is the shift to higher
energies. The explanation for this phenomenon is tbatreasing te number of electrons
(increasing the nuclear charjgehe electronic cloud is more compressed because of the higher
coulombic interaction between nucleus and electrons.
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Therefore the energy for phadionization increasewith a shift of the edge to higheenergy
together with the oxidation state.
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Figure38. Comparison between XANES standard spectra (acquired at coppgeKof metallic copper (blue line),
CuO (green line) and CuO (red line). Data acquired at GILDA bearSiRig, Erance.

Before the edge, the-Kayradiation have not enough energy for photoelectric effect

Because in the XANESgion the energy supplied to the electros barely enough for
photoionization, the kinetic energy of the electron is very low. Thasldéo a very complicate
sequence of interactions with neighboatoms ands very difficult to mathematicalescribethis
regionof the spectrum

Usually the XANES region is analysed on the base diintgerprintingg properties. Indeed,
considering aiagle element, the shape of the spegin canhave huge variation according to the
oxidation state, the chemical surrounding, and the coordination geoméigreover,not only
edgeenergy variation occurs but the shape is@astrongly dependant on ligang®sition ard
their nature.Looking at the ¥edge spectra of Cr(VI) with tetrahedral environment (blue) and the
one of Cu(lllvith octahedral one is possible to notideamaticdifferencesin the shape due both

to the change in oxidation state arttle different geometry.
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Figure39. Comparison between the XANES spectra of Cr(VI) and Cr(lll) respectively blue and red lines, recorded at
the Cr Kedge. The differensare related both to the oxidation state and to the coordinationmgetry, octahedral
for Cr(lll) and tetrahedral for Cr(V1).
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1.4.4EXAFS Spectra

EXAFS is relevant émergesthat leadsto the photoemissionof electrors.

When anatom is surrounded byother atoms these behave like back scattering censre
According to he waveparticle dualism, the photoelectron and the retdiffused onecanbe
considered as wavesThese waves can lead to camstructive or disruptive intedrence
phenomena. The results are the absorption coefficient oscillatiecorded in theEXAFSpedra.

Then from the variation of the absorption coefficient is subtracted the value of the isolated atoms
and the obtained value is divided (S Yy dzYo SNJ 2 F LIK2 (G2 642 NDb SN
is strictly related to the chemical surrounding asdeferredto a single absorber.

o O] 0
) y‘
TheEXAFSignal is representetly. & I Fdzy Qi A2y 2 s refadto the F S
energy by theequation
. ca O O
Q -
u

The probability ofretro-diffusionis related to the nature of the clos@toms surrounding the
photoabsorber to their number and to the energy of the incident photon.

1.4.5FEXRV

FEXRAVYFixed Energy-May Absorption Voltammetry) ia recently invented technique highly
useful for the evaluation of electrochemical systems because atlo¥ollow simultaneously the
variation of the absorption coefficiemtndthe electrochemicalignal (currenbr potential) during

the course of a conventional electrochemical experim&hrt®2. FEXRAYV is therefore aperando
technique andconsists in the evaluation of the absorption coefficient at a fixed energy value
while the potential applied on the electrode (or a photoelectrodeyasied. The energy chosen

for this techniqueis the one at which the difference in albyption coefficient between the
oxidation statedikelyinvolved in the reaction is the highest.

In Figure40, the electrode is composed by £u(red line). If we want to follow the reduction to
metallic copper (kle line) the selected energy must be the one in which the difference between
their absorption coefficient is the highest in their standard spectra. As reported by the black line
the chosen energy is 8978V where the Cu(0) coefficient is higher than theeoof CuO.
Therefore during the FEXRAWigure40 on the right) an increase in the value of the absorption
coefficient is related to a reduction of the material to metallic copper. From FEXRAYV, knowing
the amount of material on the electrodeis also possible to have an estimation of the
transformed material to be compared with the variation in charge recorded by electrochemistry.
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Figure40. On the left, comparison between XANES stathdpectra of metallic copper (blue line) and@(red line)
with energy at which the variation of the absorpticoefficient is higher (black line). On the right, an example of
FEXRAV performed during 2 cycles (first in dark and second in light) ofayationetry on a GO electrode. An
increase in the absorption coefficient intensity is related to the formation of metallic copper.

Therefore, theFEXRA¥Nd the electrochemical signals are complementary and synergistic in the
study of electrochemical (e photoelectrochemical) phenomena, particularly when two or more
phenomena occur in parallel and need to be decoupifed exampleonce a strong gas evolution
reaction occurs (HER or OFfRE current recorded in a CV is quite high and able to cover any
processoccurring athe material itself €.g. anoxidation state change).

Thanks to FEXRAWe candefine the active oxidation state of an oxygen evolution catalyst like
IrOc under OER condition or define the contribute of the material photodegradatiaiet HER
condition for a photocathodic material like &3¢’. FEXRAV is particularly usdtrlstudyingight-
activated system like semiconducsdior photoelectroclemical water splitting. The absorption
coefficient is measured at fixed energy and at fixed potential in dark and in fighabsorption
coefficient ighusrelated to the effect of light on the sample. Another advantage of FEXRAV is its
low acquisiton time, making this techniquen interesting candidate for obtaining useful
preliminary information and find the best operative conditgfor further experimentsFEXRAV
is, by definition, a reaime technique. In addition, it is very sensitive, and alltevdetect minor
changes in the absorption coefficients (such as those related to adsorption phenomena (see
Appendix 2)) otherwise hardly visible from full spectra evaluai@mall effects might in fact
easily erased in spectra peahalysis, includingpgctra normalization.
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Figure41. A) Energy selection for FEXRAV and B) FEXRAYV of iridium oxide on carbon screen printed electrode until
oxygen evolutioHS.
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1.4.6LightdarkDifferenceSectra

The differencespectrarecorded undellight and darkconditionsgivesus information about fast
changes in the material under irradiation. In order to have an accurate comparison between
spectra experimental erros must be reduced. For this reason, the spectra are acquired with a
stepping mode. For every value of energyotvalues of the. are recorded, one in dark and one

in light. Only once the two vals@re recordedthe monochromator shift tahe nextenergy. This
workaround allows to avoid shift problesin the erergy scalethe two values ofi can be directly
subtracted. Theresulting difference dight-darké spectra give information about light induced
reversiblechanges in the material.

1.4.7Dispersive XAS

This particular application of XA#flows time resolved studies of dynamical processes. The
beamline used dunig this work was 1D24 at ESR#e synchrotron in Grenoble (FR). Instead of
selecting a single energgll the wavelengtk go thought agpolychromatog able to split the
different energycomponens at different angles. Thresecomponens are collimatedon afocal
plane that coincides witlthe sample.The transmitted beam hits position sensitive detector,
that records thentensitiesrelevant to smalintervalsof wavelengths

This allowghe acquisition of a full spectrum in few millisecondsstead ofminutes orhours
andrecordsfast sequences of full spectra in few minutes following any change in the sample with
the changes of the spectrd®. Of course, thenergyresolution islower than in a conventional
XAS beamline.

X-ray beam

ED Focal lens Detector

@ o

Absorption

-
Energy

Figure42. Scheme of dispersive XAluget
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1.5SECM

1.5.1Scanning Et#rochemical Microscopy (SECM)

SECM involves the measurement of the current at an ultramicroelectrode (UME, i.e-¢th#esb

tip) (an electrode withh  NJ RAdza Ay (GKS 2NRSNJ 2F |+ FSg yY G2
05 SAGKSNI Ay | &2fdziiAz2y 2Hahks\ty piedoéléctrid aNBdpgery A (i &
motors. Substratescan be ofdifferent types of solidge.g., glass, metapolymer, bological

materiafl®®) or liquids (e.g., mercury, immiscible dlat, in particular conditins, perturb the
electrochemicatesponse of the tip and this perturbation provides information about the nature

and properties of thesubstraté®. The substrate is often a secortictrode,andtherefore SECM

include typically @ipotentiostat. The development of SECIMIlowed previous work on Ultra
Microelectrodes UMES in electrochemistryand the application of piezoeledatrelements as in
scanningunnelling microscopy (STMY, for the movement in the nanmicrometre scale.

1.5.1.1Uses

SECMs an extremely powerful tool with a huge variety of applications: Record morphologic
images, rapidly evaluate the activity of chsts libraries, evaluate heterogeneous and
homogeneous reactions kineti®81% The small dimension of tips allows the study of biological
systems by means of cells imagior the evaluation of enzymatic reactions or nanoparticles bio
effects screening®. Eventually the study of liquiiquid interfaces membranes and thin films

can be performed, as well as the evaluation of surface reaction ¥at€g In this work, an
innovative SECM mode for the study of semiconductors powders is described and applied to the
evduation of photodegradation processes.

1.5.1.2TechniqueSetup

The SECM setup include4 alectrodes cell. Two working electrodes are presta tip is usually

the working 1 whilethe substrate is the working .20bviously a simpler Zelectrodes
configuation canbe adopted by the use of an insulating plane instead of workifdgh2 tip and

the substrate can be biased at the same time using only one counter and one reference electrode,
thanks tothe use ofa bipotentiostaticcircuit.

The core of the sysm is the piezoelectristepper motor able to change the relative position of
the two working electrodes in the three dimensions (x, y and z) and also to move it with the
desired scan ratdn this work, only the stepper motor is used.
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Figure43. lllustration of the SECM instrumentation. Image from Bard, A.J.; Mirkin, M.V. Scanning Electrochemical
Microscopy, (2001) Marcel Dekk&r

1.5.1.3TheFeedbackMode

One of the most commonly used way to operate with SECM is the feedback mode. The only
requirement is the presence of appropriate redox active specie a solution othe supporting
electrolyte. The roleof the latter is to reduce the solution resistance and ensure that th
transport of the redox specit the tip occurs only by diffusion.

If the tip is kept at a potential at which the redox active specie (O) is reduced to R according to
the reaction:

0 €QOoyY
When the tip is far away from the substrate (in the bulk solution) the current flowing is related

only to the hemispherical diffusion of the specie from the bulk to the electi@ilgure44A). In
this region the steady state currenty* ) is reachedccording to the equatian

Q 1t OO

When the tip is approached wardsa substratedown to a distance comparable to the radius of
the tip, a higher or lowerfeedbackcurrentis measured depending on the nature of the used
substrate. In the presence of a conductive substrate (with the propgrtke tipproduced R
specie is oxidized again todd the substrate The O species produced at the substrate can then
diffuse to the tp increasing the total amount of @achingthe tip (O from the bulk + rexidized

O from the substrate). In this case an increase of tip current is recorged (p* ) and this is
called positive feedbadFigure44B)*3,

On the contrary, if the substrats an insulating material or hast enough potential to reoxidize
R, ithindersthe flux of O to the tip. Thdepletedamount of O species reaching the tip lead to a
reduced tip current irthe proximity of the substrate (i< " ). This is called negative feedback

(Figured40,.

58



(N

R O

Diffusion

C
R

Figure44. The 3 different conditisof feedback mode: A) the tip is far from the substrate and the diffusion allows it
to achieve thesteady state; B) Positive feedback. The specie is regenerated at the substrate; C) Negative feedback.

The specie in the bukkprevented from reaching the tip by the insulating surface. Inaglgg@tedfrom P. Bertoncello,
Energy Environ. Sci., 2010,3, 148333

During a SECM experimeiis extremely important to know the relative distance between tip

and substrate. This distance is indeed related with the performance of SECM in working as a good
probe for thespecies of interest*.

Negative feedback and positive feedbam@n be used to obtain this information. In a negative
feedback approachthe shorter the tipsubstrate distance thdower the iip/itip® current. In
principle, whenthe tip touches the substrate, | tip=h the same way, with a conductive

substrate, the contact between the two electrodes can be evaluated with the increase of the
current as the tip approaasthe substrate.

o =
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Figure45. Two eamples of negative (on the left) and positive (on the right) feedback. As the tip approach to the

substrate surface the tip current decrease and increase respectively. Image from Darren A. Walsh, Chem. Soc. Rev.,
2010,39, 418511941

it/ i™ and L = d / a, are used to make the approach curves independent on the concentration
and on the diffusion coefficient of the species R and on the electrode radius.
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1.5.1.4WorkingMode

Due to the extremely sensitivigf the feedback mode to the intrinsiactivity of a material it can

be used only if the concentration of the reagent produced by the tip is low enough to maintain
the reaction under diffusive control (e.g. in this work the coupl¢HaD naturally present in
water is used to evaluate the tglistance from the substrate). Furthermore, this method is strictly
dependent on the distance between tip and substrate.

Thesetwo conditiors are quite often norfulfilled and so Generatieeollection(GCmode have

to be applied. Two mai@Cmodes canbe used with SECM depending on the aim of the research
and material properties, TG/SC (tip generation/substrate collection) and SG/TC (substrate
generation/tip collection).

In SG/TC the substrate is biased at the potential requiredHferréaction of interes while the

tip work as a probe for the substrafgoduced specie while being under diffusive control. In this
mode, the tip current is obviously proportional to the amount of the specie produced at the
substrate according to thpreviously introduceaquation:

Q 1t OO®

In this waythe tip can be a probe for the substrate activity towards the reaction. Indeed, higher
is the activity, higher is the production rate and higher is the current recorded at the tip. Even if
the current chageswith time if the substrate is small enough the steady state condition can be
easily reachedlhis mode is useful to evaluate areas of different activity on the substrate like the
study of large arrays of different electrocatalysts.

In the TG/SC, thdp is biased to a potential suitable to generate a reagent while subsisate
biased at the proper potential to consumes #&.then possible to measure the substrate current,
which is strictly related to the activity of the timdeed, higher is the acfity of the tip, higher is

the amount of specie produced and eventually higher the substrate consumption cuifiieat.
advantage of this mode is that if, as usually occurs, the substrate area is much larger than the tip
one, the collection efficiency, giveny the ration dustratditip Can be consider equal to 1. The
collection efficiency parameter value decreases if in the space between the tip and the substrate,
the tip-produced specie reastor decompose. Moreoverthe distance between the two
electrodeis also important to avoid the specie produced at the tip to be lost in the bulk before
reacting with the substraté>.
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Figure 46. Generation collection mode. Left: Substrate generation/tip collection mode. Right: Tip
generation/substrate collection mode. Image from AzoNano, Combining Atomic Faneesddpy with Scanning
Electrochemical Microscopy, 2016

1.5.1.5Imaging

Another very important feature in SECM is the possibility of recording images, representation of
the dependence of tip (or substrate) current as a function of the-wsition. Tw parametes
affect the current, substrate geometry and electrochemical properties.

Surfacetopographyaffects the tip current because of the changes in distance between the two
electrodes. If the distance changyf@n the range of tip dimensia), as exm@ined for the feedback
mode, the current is modified. A colour map of the surface can be obtained with useful
information ontopography On the other hand, imagincanbe used to evaluate difference in
composition on the substrate. If the surface is notageneous vth insulating (or less active)
and conductive region, the tip current chargga relation with the amount of species produced
by the different regios of the substrate. Is not easy to obtain clean result due to the diffusion of
the produced speies over the active spot of the substrate but if some expediésitelded tips)

are taken in account then the image can beclaar representation of the electrochemical
properties of the different regiosiof the substraté!&18,
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Figure47. Examples of imaginggECM images of an array ofdfarticlesfor oxygen evolutiott®.
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1.5.2UltramicroBectrode (UME)

An ultramicroelectrode (UME) is an electrode whose radius ranges between few $0r»td Iep

the case of disk UMEs to be used as SECM tips, the bottom end of the electrode has to be thin to
allow the tip-substrate distance to be as small as possibleeyAparameter to takén account is

thus the secalled RGdefined asrg/a where rq is the radius of the tip considering both the
insulating glass coveririge metal wireandthe metal wireitself (i.e. the entire tip radiugwhile

cag is the metallic disc radius.

~
/

g

Figure 48. Schematic representation of a UME d&dectrode with characteristic parameters: a = radius of the
electroactive area;gr= a + radius of the insulating shell.

RG largely affestthe collection efficiency and the performance of the microelectrode. If RG is
high, the collection efficiency (whethe tip is used as a probe) is higher, but it makes more
difficult to reach short tipsubstrate distancegthe tip surface and the substrate are hardly
perfectly parallel) For this reason, the RG valueftgen between 2 and 10. Thaesiredvalue is
obtained bymanuallysharpening the sealing glass emery paper

The small size of the tip allows tecord currentsn the range of nanoamper@r even smaller)
largely reducing theelevantohmic drops. Moreover, the cylindrical diffusion profile of the UME
allows the system to reach a steady state condition in a sfgrt time (n the order of
milliseconds).

1.5.2.1CavityMicroelectrodes (€ME)

A cavity microelectrodé GME)is an innovative tool for the study of finely dispersaldctrode
material$?%121 GMEare obtained from UME angbnsists in a cylindrical cavity, with micrometric
dimensions, having a metal based glass wallsThe use of nanometrsized tips was also
recently introduced?2 The powders under investigations can be entrapped inside the cavity and
tested, using the metal base as the current collector.
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Different advantages come from the use of a cavity microelectrodes respect to the use of a more
classical powder suppdfé1?4

1 Minimized ohmic drop effecs thanks to the micrometric size and therefore to the low
associated current intensities

1 Very low amount of material needed, in the order of nanograms.

No-gluing agents are needed, avoiding their interference in thetedebemical response

1 Extremely reduced contributions from the current collector (the microdisk at the bottom
of the cavity, see Result and Discussion fevIEC preparation procedure) because its
surface area is negligible in comparison to the powder ohés iE of huge importance
because once small amount of material is used, the influence of the support is usually
very intense.

1 Easy to load and clean with almost any powder electrode material.

High reproducibility of the loading

1 Since the diameter and theéepth of the cavity are known, it is possible to evaluate the
amount of powder used, thus obtaining analysis that could be considered quanti&tive

=

=a

For what regards the lasadvantage, it should be taken in account that, becauseassible
irregularities in the cavity bottom, amaccurate quantificatiorof the amount of powder under
study can make the quantitative analysis sometimes difficlitt avoid this, the preparatioof
the CME should be carefully carried out.

The use of a cavity microelectrode as working tip for SECM adds an additional advantage. In this
case, a @/E outer glass has to be sharpened as the one of a conventional tip. The preparation
of an SECM tip slong and complex procedure that cannot be performed with all the materials.

In addition, only a few materials are available as wiresnafrometre section to be used for
preparing SECM tips. Cavity micro electrode compensate this lack, allowing to tijpsamade

of any desired material. In additioonce the powder is obtaineds indeed extremely easy to fill

the cavity with it and use it as a normal tip for SE&Mn this work eEMEs were used for the
evaluation of different metal oxides sgconductor powders for which the preparation of a
microelectrode would be impossilfe.
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1.6 Heterojunction

1.6.1 Types of Heterojunction

To date, charge separation strategies have prilparcentred on the use of
semiconductor/electrolyte interfaces under the application af external potential When a
semiconductor electrode is immersed in an electrolyte solution, elestteansfer takes place
between the semiconductor and the electrédysolution which results in equilibration of the
Fermi level ) to that of the redox potential of the electrolyte and thus is the basis of the
semiconductocliquid junction (SCL3¥. Electrors transfer processes at the intiarce of the
semiconductor/electrolyte causes ba#tending and the barglpositions are pinned. This basd
bending is more pronounced for interfaces in close, intimate contact but less when the space
charge layer width is greater than the partiskze, inthe case of nanoparticles.

Semiconductarliquid interfaces are the most commonly employed type of junction for charge
separation in water splitting and nanostructuring of the SCLJ has proven to be an effective
approach to shorten the diffusion length of atge carrier&®. Electrors transfer can occur
between the semiconductor and electrolyte when the Fermi level of the semiconductor is in the
appropriate position (more positivelegative) than the potential of the electrolyte to then either
accept/donate electrons. The spacharge layer contributes to the formation of an elecfreld,;

in ntype materials (photoanodes), photoexcited holes accumulate on the surface of the
semicanductor are consumed in oxidation reactiomdjile electrons are transferred to a counter
electrode via the back contact and an external cirauitere they araised in reduction reactions,
such as proton reduction to &4° One of themain disadvantagein the use ofthis type of
semiconducting systemike fast charge carrimrecombinationand photodegradation. Both the
procesgsare related to lightexcited electrons and holes that do not follow the desired path of
water reduction and oxidation respectivelyhese junctions allow for efficient separation of
electrons from holes, mimicking the pathway natural photosynthesisThis is a key way to
improved solar energy harvesting and high setehydrogen conversion efficiency.

TYPEI TYPEII TYPEII

Figure 49. Bands alignment in Type [, 1l and Ill heterojuncotmage from Visibkeight DrivenHeterojunction
Photocatalysts for Water SplittingA Critical Review, Jungwang Tang et al. Energy Environ. Sci.?®, 731
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There are three main types of heterojunction architectupgesented by Tang et &t! (Figure

49) where A corresponds to one semiconductor/component, and B corresponds to another
semiconductor/component (if they are semiconductors, they can be eitlHgpa or ptype). A

Type | heterojunction is composed by (two) semiconductors where the CB of component B is
higher than that of A and the VB of B is lower than that of A, so that both the bands of A lies
inside the band gap of B. With this configuratiards and electrons will transfer and accumulate

on component A because of the bandnergy position. In Type Il junction the CB of A is at
energies less negative than the one of B, allowing the elestimiow from B to A. Holes can
travel in the opposk direction from the more positive VB of A to B, leading toalhd efficient
chargesseparation and enhanced photocatalytic activity. The third type, is identical to Type Il but
the energy difference between the CBs and VB of the two masasimhuch gher giving higher
driving force for chargetransfer32.

In the view of the creation of a protective overlayer for a photocathode, type Il and Ill seems the
most interesting allowing a good chagyseparation and a fast elgons flow to the more
external semiconductor, the one in close contact with the electrolyte solution. Once selected the
type of heterojunction is possible to select the different matex@mposing the system.

There are 3 main categories of heterojunctidepending on the nature of the protective layer:

1 Semiconductossemiconductor(SS)heterojunction: is the most employed architecture
and usually composed by atype and a Aype semiconductor in close contact. Because
of the contact, the formation of apacecharge region at the interface and an electric field
occur due to the diffusion of charge carriers. This sgldctrons to flow from the CB of
the p-type material to the CB of the-type (Figure50a) and hoks to flow from the VB of
the ntype to the VB of the yiype material.In this way,a more efficient separation of
charges with a longer charge carséfe-time and higher reaction ratemre achievedOne
example alsdried in this work use CusS as extatprotective laye¥,

1 Semiconductometal (SM) heterojunction: when the two materials are in contact a
Schottky barrier is formefFigure50b) due to the flow of electrons from the material with
the higher Fermi level to the other one because of Fermi level alignment (e.g. BiMHiO
thesesystems, the metal aslike an electros collector from the semiconductoin this
way, excited electromare separted from the holes, reducing recombination because
electrons cannot flow in the opposite directitfh

1 Semiconductorcarbon (SC) heterojunction: differet types of carbon are used like
carbon nanotubes (CNTs), graph&iié3Setc. They are uskbecause of their high metal
like conductivity, high electramobility and high surface age The basic principle is the
same of SM heterojunction alloving an easy flow of electrons from the excited
semiconductot®’.
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Figure50. Bands bending in (a) S and (b) -$1 (or SC) junction. Iboth cases photgenerated charges are driven

in opposite directions due to favourable differences in sametrgies and the formation of an electric field. Images
fromA. J. Cowan and J. R. Durrant, Chem. Soc. Rev., 2013, 422%8and from H. Wang, L. Zhang, Z. Chen, J. Hu,
S. Li, Z. Wang, J. Liu and X. Wang, Chem. Soc. Rev., 2014, ¢ 42343

As stated beforean ideal emiconductor first of all should present a band gap wide enough to
perform the hydrogen evolution reaction but also as narrow as possible in order to have an
optimal absorption of the solar ligh®.

These band gap requirements rule out the use of most known eselmiconductors (SrT¥and

TiQ, for example)wvhile interestingcandidates become the oxid&s¥ DNRP dzLJ L+XX LLLGbLA
chalcopyrite semiconductors. However, these materiakually are unstable in working

conditions and undergoesither to dissolution or to the development of aimsulating oxide

coating. Two diffeent pathscanbe used to overcome this problem: 1) develop methods for the
protection of those otherwise unstable semiconductors and Il) discover newgcdstvand

efficient semiconductors that are inherently stable under water splitting conditions veitiu

band gaps in the desired range of energy and with the proper $pasdition.Our choice was to

protect the CuO from photodegradation.

The use of protective thin films to improve the electrochemical stability under HER (or OER)
conditiors for photocathalic materias (or photoanodic) isndeed one of the best optios
available to improve their liféime. Several examples are present in literature of@WiQp14%144

or CbuO-WGs'*® junction for photovoltaic devices.

Corrosion of semiconductors is quite complicate due to dkeilability ofelectrons or holes at
the surface thatcan participate in electrochemical processes under illuminati@ifferent
parameters like external potentialsurface/bulk electronic properties, and the solution
composition and pkan affect the rate of thseprocesses
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Three different routes of degradation are available for semiconductor materials:
photoelectrochemicalelectrochemical, and chemical. The former two corrosiooth require a
charge transfer between the photoelectrode and the electrolyte; however, photoelectrochemical
reactions involve photoexcited minority carriers (excited under light condsjjowhereas
electrochemical reactions involve majority carriers. As seen before photoelectrochemical
degradation occurs when the redox potential of the material lies inside the band gap allowing
the excited electrons or holes to perform the material reduction (fl@B higkenergy electrons)

or oxidation (from VB higlnergy holes). Chemical corrosimsteadoccurs without the charge
transfer across the solidlectrolyte interface.

Surface functionalization with covalently bonded organic moieties has been tested f
stabilization and manipulation of the interfacial energetics and kinetics of semiconductor
electrodes in aqueous electrolytes to enhance the stability of semiconductor electfédese

of the most studied systems in this regard is the metkyininated Si(111) surface because
nearly 100% ofSi surface sitegan be functionalized with a methgroup'#’. This type of
functionalization is better for photwathodes than for photoanodes because of the lack of a
reductive degradation mechanism due to oxidatiminthe organic moietiesAnyway, the use of
organic compound is always limited by their poor stability in time that lead to somes tyjpe
degradation. m our opinion, the use of inorganic mategalill allow to achieve longer lifame.

The selected protective film should th¥&#4°

1 Be electrically conductive in order to improve charge transfer processes. The addition of
a further layer on the electrode should dotrreduce the electrochemical performarse
Moreover, the presence of a fast charge carrier system will allow to quickly separate
holes and electrons avoiding recombination phenomena.

1 Be electrochemically stable, to ensure long-tifee for the electrode A low cost and
longlasting electrode is one of the most important parameter to consider in the view of
an industrial scale production.

1 Be optically transparent. Indeed, the lighttive part of the photoelectrode is still the
semiconductor. Lower is thebsorption from the protective layer, higher will be the light
to chemical yield of the photoelectrodes.

1 Should prevent the semiconductor surface from directly contacting the electrolyte.
Ideally, such a layer would also possess favourable optical aodlalic properties (e.g.,
large barrier for transfer of majority carriers; small interface trap state density).

Clearly, not all coatings will fulfiheserequirements. For example, too thick (i.e., more than a
few nanometres) metal films will not be tareflective or optically transparent.

In addition, catalysts or ecatalysts can also be added to the outer surface or incorporated as an
additional component in the protective layer. The composition of the protective film, the
deposition technique, andhe structure at the interface can play significant roles in the final

behaviour.
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1.6.2Techniques for th€reation ofProtectivelayels

Different techniques can be used for the preparation of protective overlayes onto
semiconductor surfaces. Qfourse,the technique will influence uniformity, stoichiometry,
interfacial characteristics, and other structural and electronic properties of the film and hence
may critically impact the stability and performarsae the resulting composite photoelectrodes.

Physial-Vapor Deposition (PVD) techniques, such as thermal or elecheam evaporation,
magnetron sputtering, and pulsddser deposition, allow for precise control over the
composition and thickness of the protective film. The main drawback of PVD techrilgpies
possible inhomogeneous deposition on structured semiconductor surfaces that sometanes
be avoided by tuning the deposition conditions (e.g., chamber pressure and deposition
geometry). Between PVD methods spattering is one of the most used onesrhatises leads

to surface damage due to the impact of highergy ion$>°. Moreover, PVD technigues show a
lack of chemical control at the interface between the semiconductor and the deposited film.

Chemical vapor deposition (CVD) techniques have also been used for forming corrosion
protection coatings. These techniques are limited by the precursor volatility, stability, and
deposition chemistry. Atomitayer deposition (ALD) uses sequential, -8slfting surface
reactionsand is particularly suitable for uniform deposition on highpestratio or porous
materials®L. Further, ALD exhibits a high degree of thickness control relative to traditional CVD
and PVD techniques. Due to these advantages, a large number of recent studies on the protection
of photoelectrodes have used AYD

Electrodeposition is another wedkudied technique that can coat high aspeatio materials and

generally deposits materiglvhere a conductive path and precursor species araikaneously

present. It allows to follow in detail the deposition and control the amount of material used. This
technique is limited by the deposition conditions (e.g., near room temperature, liquid
environment) and generally results in porous coatifig{ 2f L 3Sf = OKSYAOIf ol
deposition of materials are also of interest due teeir low cost of implementation, but like
electrodeposition, these techniques often result in porous films that can even remain somewhat
porous after posideposition annealing/ densdation step$®3154

1.6.3CuO-basedlunctions

One of the main limiting factors in the use of20Owand indeed everal protective layerwere
proposed in literatureGraetzel et al. reported a @0/ZnO/AOs/TiO/Pt electrode Figure51)
able to reachphotocurrents as high a§.6 mA cnt at 0 V vs. RHE withigh stability thanksto

the protective nature of Ti@and high conductivity of ZnO/&)s (AZO)Y’. Moreover, RuQ
appears to have a longer lifetime as an HER catalyst isybtem anda subsequent work has
reported halfcell efficiencies of up to 6% with 96 h of continuous operation using a p
CwO/AZOITiIQRuQ structure!>,

Very recentlythe coupling of a surfaegprotected CuO with a MoSHER catalyst and adqi¥o
catalyst layer resulted in the highest reported photocurefir a CuO-based photocathode
without noble metalswith -6.3 mA crf at 0 V vs RHE in 1 M KOH electrdRfte
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This appears to be thirst report of the stability of MoSin highly basic conditions, ascost
effective HER catalysnstead of Pt Another group reported a CGO/n-AZO/TiIIM0Sy+x
heterojunction photocathode that exhibited improved stability in harsh acidic environments,
with slightly lower photocurrergof -5.7 mA cntat 0 V vs. RHE aHpl®”.

According to some autherthe presence of an HER-catalyst is not necessary and stable and
active photocathodesan be obtained.Siripala et alpresenteda CuO/TiQ heterojunction
structure, withelectrodepositedCuwOandTiQ overlayer madéy electrorbeam evaporatiofe,
CuwO nanowires have also been protectbylLin et al.thanks to thedeposition of spircoated
NiO9,

Coupling of G0 to ntype WQ is a strategy utilised tmcrease thestabilty; for example, a GO
nanowire photocathode modied with a thinfilm of NiQ coupled to a W® nanosheet
photoanode exhibited a photocurrent density .98 mA cn? at -0.33 V vs. NHE and good
stability over 20 min illumination time® while a WQ/CwO NW also exhibited improved
photocurrents for water reductiort®®. Similarly, a Cu/G@®/CuO composite electrode also
exhibited improved activifif* as well as G®/CuO heterojunction where CuO is the layer in
contact with the solutiof?2:163

Other authors have triedhe coupling of G20 to RGQwith an increasesCwO activity for C®
photoreductionand the photocurrent othisjunction is nearly doubléhanthat of the bare CeO
photocathode. The improved activity together with the enhanced stability e©Guas attributed
to the efficient charge separation and transfer to RGO as well as the pradectunction of
RG54165

Figure51. Schematic representatiod ¥ (1 KS t | b elecrédasys@uttdre andlan SEM image of it. Figure
from Adriana Paracchino et al. Highly active oxide photocathode for photoelectrochemical water reduction, Nature
Materials, 2011, 10, 45663°’.

In this work were tested two possibilities for the protection of.Quwith the creation of
heterojunction: an overlayer made of FeOOH and a Cuf@Cuoreshell system.
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1.6.4FeOOH

The chemistryof iron is extremely complex and wide, with 16 different compounds between
oxides, hydroxides and oxide/droxides'®6:167 |ron oxides argvidespread compounds in nature
occurring in lithospherehiosphere,and hydrosphere, but they can also easily be sytitled in
laboratory. Nowadays they angsed as pigmens!® catalyss for various reactiorlike oxygen
evolution reaction (OERY¥!"% and alscadsorbant$™in the ecosphereMoreover,they aresteel
corrosionproducts,and thismakes tlese compoundslargely study In ths work, we will focus
our attention in the iron oxides coming from the use of steel as cathode for industrial
electrochemicaprocessesFeOOH

One example is the use of steel as cathode for the Ng@taluction, the precursor of CiDa
bleaching agent #h a huge worldwide market. The use of chlorine free (ECF) is one of the most
used reaction for the bleaching of pulp. This process is environmental friendly and economically
feasible. The active bleaching agent in the ECF bleaching, chlorine diogiderysactive specie

and for practical and safety reasons its storagest be limited. Consequently, Gi@ust be
produced in-situ from its precursor, sodium chlorate (Na@JOthat has no safety issue, by
reduction with HO, or methanol under acid conddns'"4.

The complete steps of NaGlfdormation are here reprted:

The main electrochemical reactions taking place in the cell are chloride oxidation to chlorine (1)
and water reduction to hydrogen and hydroxide (2).

Anodic chloride oxidation
20 & O £+2C (1)
Cathodic water reduction
200+2Cy "O+20 "B(2)
The formation of OHfrom reaction 2 ensure the neutrality of the reaction.

Chlorine formed at a DSA anode is instantaneously dissolved and according to reaction 3,
hydrolyzed to hypchlorous acid. In the bulk electrolyte acid base equilibrium reactions (4) and
disproportionation reactions (5) between two hypochlorous acid molecules and one hypochlorite
ion takes place.

O #2002z "06 'lR0 0 B(3)
06 ar'pdz 6 aHQ0+ @)
200 a+@ oPH2'C0 MY azti2'Q0 *+206 B(5)
The overall reaction for the formation of sodium chlorate is then:

0 WEIW 0 @06 &I (6)
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The electrochemical route here showed is a highly power demanding process and marg/ effort
have been done in order to improve the feasibility of the process, mainly focusing on reduction
of cathode overpotential. The worldwide used material for commercial cathodes is mild steel
such as EN 102722008, which is a low alloyed steel with low amb of carbon. A good balance
between low cost and current efficiency is provided by this material. Nevertheless, its main
drawback is high corrosion rates that lead, in some circumstances, to lower current efficiency.

According to previous work XRD an&ysn cathodes from different plants the formation of a
GKAY 1 8@8SNC8FhB&SH KA i-S40DR) 2vas NRicdd. Ths cutrent efficiencies
of these oxyhydroxides for water reduction is the same of mild steel once the reduced site is
obtainedon both the surfaces. In literature, the formation of Fe(Mas assumed as the main
corrosion product of goethite and lepidocrocite under strong cathodic polarization mainly under
alkaline conditiof’>. Moreover, for most the authors this is just an assumption because of the
difficulties in the characterization of the phase with techniques like Mossbauer spectroscopy,
FTIR and other. All the autl®confirm anyway the formation of an Fe{dlpecie that was not

fully understand’®1’7 The use ofn-situ techniques seems to be the best option to evaluate the
reduced phase. Previous study usinggsitu XAS and XRD were performed on lepidocrocite by
Monnier et al1’8at two different pH, 7.5 and 9. The autlsmiaims the formation of two different
main products, magnetite and Fe(QlHspectively. A strajpdependence on pH is then expected
for this reaction.

These materials were here studied by electrochemical and XAS techniques to gain information
about their oxidation state during HER and its reversibiBpth corrosion products were
prepared by electschemical method and tested in a weltablished cell together from their
open circuit potential (OCP) until strong hydrogen evolution reaction (HER) was recorded. A proof
of the electrochemical specie involved during hydrogen evolution was so given tlkile
reversibility of the system was studied too. In addition, the electrochromic properties of such
material together with the sel€onversion oh-FeOOH ig-FeOOHvere observedThen the final
interaction of FeOOH and &was studied to explore the possibility of protecting the Cu(l) oxide
by 80 nm of a transparent FeOOH layer.

1.6.4.1FeOOHBrief Review

FeOOH hstwo main phases that occur widelin nature, goethite (the alpha phase) and
lepidocrocite (the gamma phase). Different structsilike beta and delta FeOOH were also found
but their occurrence and stability in nature is much less evident.

Goethite: alphaFeOOH is one of the most widespd iron oxides in natural environmentshas
orthorhombic crystal system with space groBpnm Its color varies from ellowish to reddish
to dark brown or blackThe lattice structures here reported.
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Figure52. Goethitestructure obtained with VESTA from Gualtieri A, Venturelli P, American Mineralogist 84 (1999)
895904'7°

Lepidocrocite (gamm&e(QDH), also caltkesmeraldite or hydrohematitéhas an orthorhombic
crystal structurewith space groupgCmcm It is red to reddiskbrown andit forms when iron
containingspeciesundergoes oxidatiorunderwater. Lemlocrocite is commonly found in the
weathering of primary iron minerals and in iron ore deposits.

The structure of lepidocrocite is similar to the boehmite structure found in bauxite and consists
of layered iron(lll) oxidectahedrabonded by hydrogen bondg via hydroxide layeras is
possible to notice in the computed structure below.

Figure53. Lepidocrocite structure obtained with VESTA from Wyckoff R. W. G. Crystal Structures 1 (1263) 290
Second edition. Interscience Rabérs, New Yotfl.

72



1.7 DFTCalculation on GiD

1.7.1TheSchrédingeEquation

Theoretical and computational chemistry are a subfield of chemistry dealing with mathematical
methods and fundamental lasof physic combineddagether with the focus on solving chemically
related problens with calculatiors. The base of those calculat®ns the Schrodinge®
equationt8,

In quantum mechanics, the SciRéi Yy I SN & S| digscribethg/tenfpéral évautiod of i 2
a system like a particle, an atom or a molecule. The equatiadifferential equation known as

a waveequation. The unknow variable-s the wave functionThis is in accordance with tiize
Broglie hypothesis in which all the particles constituting the mattebe associated with a wave
(waveparticle dualism). According to Copeagen interpretation the square of the wave gives
the probability of finding the particle in a specific region of spé&ce3

The time dependenSchrédingeequation, which gives a description of system evolving in time,
is given by:

S
QT—E)lh) [T ihO

Wheret is the Plank constant (6.62607004 *x31t? kgs?) divided by ;- is the work function
and J is the Hamltonian operator, which is an energy operator with all the relevant energy
operation for the system. In a molecular system, it contains the repulsive interaction between
nuclei (Mn), the repulsive interaction between electronsegy, the attractive inteaction
between nuclei and electron (¥) and the kinetic operator of electrons and nuclej,ahd T
respectively.
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The definition of the kinetics operators comes from classical mechanic and is given by:

Y —
ca

73



Wherem is the mass of the particle and is the momentum defined a§ @ , so that the
kinetic contributes for electrons and nuclei are given respectively by:

u - -
Y o %—1 ‘1 D Qe QADE W WM WO 1 € € i
Y U ——— 0 Q¢ QADe@Mie"CXNE 0 wa 'QQ
L 1Y

Where:

1 1T
TY 701 o 1 a

Andmeis the electron mass €.1094103! Kg,e is the elementary charge = 1.60221° and¥g
is the vacuum permittivity = 8.8542012 As\Vim™.

But usually, for guantum chemical calculation, is mostly used a time independent version of this
equation wheret=0. This simplified version is given by:

[T ©Or
WherekEis the energy eigenvalue.

With Schrodinger equation in principle is possible to find the exact solution of any quantum
problem once the appropriate Hamiltonian is used. Unfortunately, in reality is possible to find
the exact solution justor a very simple system like the H atdf¥'84 or the H* ones® Then
electronelectron interactionmakes the evaluation too complekor all the other system are
indeed required at least two approximations, the Be@ppenheimer and thesingle particle
approximation

1.7.2The BorrOppenheimeApproximation

The BorrOppenheimer approximatid§*!®” assumes that the motion of atomic nuclei and
electrons (vibrational and rotational) in a molecule can be separated. In this way, the
computationof wavefunction and energy of a molecules is largely simplified. This separation is
possible because the mass of electrons is much smaller than the one of nuéle (times
lower) and that means that nucleanbe consider static if compared to tledectronsmovement

In this way nuclecanbe considered as classical point charges that sit atdeflhed positiors

and the Hamiltonian starts to depend on theaR parameter.

With this approximation, the termY vanishes and the termd  becomesa constantthat can
be calculated.

Accordinglythe wavefunctions can be spinto electronic and nucleusontributions:

[ [T
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1.7.3The HartreeFockEquation

While the BorrOppenhemer approximation is used to reduce the complexity of the
Hamiltonian, the Hatre€-ock equation allows to solve a many body wave funé#ehi2 Indeed,
Schrodinger equationcan be soved analytically only for 1 electron system due to the
complication introduced by the electreglectron interaction. To solve this problem a muilti
electrors system is decoupled in severalelectron ones thatcan be solvedwith some
approximation HartreeFock equations are one of the available methods and they are used in all
of modern quantum chemical methods. They introduce the exchange term and the Slater
determinant of the wave function.

A Slater determinant is a linear combination of the product afejpendent electron wave
functions ({ i(xi)}) (also known as spin orbitals) with all possible combinations of the
permutations of their coordinates. Also, the Slater determinant satisfies the antisymmetric
property of the electronic wave function, whichassential because electrons are fermions and
2088 tl dzZ A Q& SE Oft-dsttior systehithk WFQaVelfukdon IGoksNikel y b
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In the HartreeFock the electronic part of the atomic Hamiltonian, is used to solve the electronic
Schrodinger equation. Thus, the Hamiltonian consists efkinetic energy of the electron¥,

the electrostatic interactions between electrons and nuclei, which define the external potential
(vex(r)) the electrons are moving in, and the Hartree potentiaw\dr), which describes the
interactions betveen the electrons. In this way, instead of using the exact position of the
electrons is possible to use the effective potential of the surrounding electrons.

Then, to consider the Pauli principle atmdremovethe interaction of an electron with itselgn
exchange terms and a Slater determinant were introduced giving the H&tvek equation:

. —,r]. -~ Ql -~ . _ | ~ l
RRSC 3§ Ys § is

Vg Vi

In this equation, the physical situation is described by the kinetic energy and by the electrostatic
contributions while the exchange pédtis required to subtract the electrons sétiteraction and

the electrons interaction with other electrons with the same spin in the same spatial region
introduced by the Hartree potential.
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Then once all the-glectron HartreeFock equations are solvele total energy of the system
can be obtained by:

0O O v o U

Note that the Hartree potential is subtracted to avoid double counting.

Even though the Hamiltonian used to calculate the total energy is in principle exact fora non
relativistic systenwithin the BorrOppenheimer approximation, the energies obtained with the
Hartree-Fock equation are generally poor compared to the exact total ed@tghhis deviation,
which is generally negative, i.e. the Hartiéeck energy ialways larger than the exact energy,

is called correlation enerd§f. The correlation effects can be Abuted to inaccuracies resulting
from the erroneous description of the correlated electeomovement, which results in a too
weak repulsion of electrons in the effective potential used in Harffeek (dynamic correlation).

A second contribution to the ceelation energy is the static correlation. Static correlation
concerns the fact that only a single determinant is used to describe the wave function in the
HartreeFock method. Although this approximation is valid in many cases it may not be sufficient
for the ground state of all structures. The latter effect is especially problematic in systems were
the ground state consists of several nefagenerate states as it can often be found in transition
metal chemistry®*. In ab initio guantum chemistry, a rich set of tools was developed to deal with
both dynamic and static correlation effe¢ts These methods would in principle allow for very
accurate results by systematic improvemerdf the basis set and methodology. A major
drawback however results from theery high computational costs rendering these methods
inapplicable for larger systems.

1.7.4Density Functional Theory (DFT)

The basis of DF¥isthe proof of Hoheberg and Kohn that the ground state electronic energy is
completely determined by the electron density®”. The electron density is given by the square

of the wave function integrated over-l electron coordinates. It only depends on 3 coordinates
(four if spin is included) independently of the number of electrons. So, if incretigngystem

size will increase the wave function complexity, it will not affect the number of variables needed
by the electron density. In the end, the goal of DFT is to find the functional connecting the
electron density with the enerd$%?°L. Is important to note that a function is a prescription able

to generate a number from a variable while a functional is prescription for obtaining a number
from a function which of course depends on variables. Wavefunction and electron density are
function, while the energy, depending on those function is a functional.

The Hoheberg and Kohmtheorem connects the external potential and the electron density
considering that exist a unique external potential i for any ground state electrodensity.

This means that if the electron density is known is possible to define the interaction occurring
between electrons and nuclei and then the Hamiltonianthe system.
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This is not applicable for practical problem andls® KohrSham equatiof??is introduced:

0
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Where electron density(r) is

And there the addition of the exchange correlation functiona{ry which contains the non
classical part of the electrons kinetic eggrand the correlation effect. The eigenvalue and
eigenfunction obtained from KokRS8ham equation are the correct ofparticle energies that then
canbe used to calculate the whole energy of the system with the following expression:

i
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Unfortunately, the exact exchangmrrelation functional is not known and it can only be
approximated with the different functional developed over the y&&t$°* Any of these
functionak is composed by an exchange and a correlation part. The former removes the
interaction of the electron with itsé and is known exactly from HartreEock. Nevertheless,
approximated exchange functional also allows to reduce the errors related to theexeact
correlation functional®420t

There are different approximations fon@xchange correlation functional with several les/ef

complexityt Y R  OOdzN> Oed t SNRSg OF 4§SI2NAT SsladfeE G KSa&:¢

reported inFigure54.
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Dreams of a final theory
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Figure54. Schematiview2 ¥ & WI O 2 af &xaharfgdcoRrdtafiadFunctionals proposed by J. P. Perééw

Functional can be divided in empirical (forfaiied on the base of previous results on molecular
properties) and norempirical (formulated only according to physical laws). Some of them will be
briefly presented together with the ones used in this thesis to give an idea of the differences.

LDA: LocaDensity Approximation

This is the simplest arldasttime-expensive method. It assumes the local densaggstantas a
uniform electron gas, or that the variation of the density is an extremely slowly varying
functiont®?202.206 The functionais known with high accuracy but this approximation is acceptable
only for strongly delocalized system like metals.

GGA: Generalized Gradient Approximation

This functional improve the previous one considering the variation of the electron density at least
in the close proximit§f”. GGA can improve the quality of the result respect to LDA functional in
many pr@erties of the system like geometries and ground state energy of molecules and
solidg%%210 Especially, for covalent borttis functional is far better than LDAlevertheless,

GGA is still pretty bad for very localized system such as molecules and it cannot capture Van Der
Waals interaction or Hhonding at all.in this work a specific GGA functional was used for the
calculaton of all the ground state energies of the structure taken in account, the PeRieke
Ernzerhof (PBEf-214,

Meta-GGA

LiQa GKS (GKANR 3ISYySNIGA2Yy 2F FdzyOdAazylfa |yR
kinetic energy densities as additional degree of freedom. Is better than LDAs and GGAs
functionalsbut of course it needs higher level resources and extended time.
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Hybrid Functional

Hybrid functional are indeskparticularly efficient in bandap calculation, where usually most of
the other method suffer from underestimation of the real valtie They incorporate a portion of
exact exchange from HartreBock theory with exchange and correlation from other sources (ab
initio or empirical).lt remedies selinteraction error some extent and gives much better band
gaps and reaction veer heights than LDA and GGAs. Description of metals are worse than
GGAZ$', This kind of functional is the most requiring one in terms of computational resources. In
this thesis HSE06 (HeftuserisgErnzerhof!’) was used for the calculation of high accuracy DOS.

1.7.5Major Limits of DFT

The use of approximate functional introduces two main errors: theistdfaction errort®21&
220and errors resulting from static correlation. The first onbésausethe electrons in DFT have
repulsive interaction not only with other electrons batso with themselves. This leath a
forced delocalization and metallic behavious.d. NiO appears to be metallic while from
experimensit is found to be an insulating antiferromagnetic structure). Another drawback, of
major importance in this work ihe tendency of GGA DFT calculation in underestimate the band
gap?t222 For this reason, hybrid, functional where used for the calculation of DOS, that largely
improve the performances giving high reliable vafdeAnother solution is the use of @G- U
where U is a serempirical parameter used for the matching of the experimental energy value
with the computational one%“.

1.7 6 ClusterComputer

These calculationsespecially hybrid methods, are extremedxpensive in terms of time and
computational resources needed. For this reason, all the calcuatiequired the use of a
computer cluster, or simply clustdreing able to overcome in performance a single computer. A
cluster is a set of tightly conneal computers working together in a way that thegn be
considered as a single system. The composehta cluster are usually connected through fast
local area network.

Forthe cluster to be efficiently used it is equipped with a "batch processing sysfEn&' basic

idea is that all computatical tasks are packed and specified in advance, and then submitted as a
"job" to the job scheduler of the batch processing system. The job scheduler will then put the job
in its "job queue" and when the requested ofraputer resources are available it will execute the
job on a partition of all the compute nodes of the cluster.

The result of this approach is a more efficient use of all the compute nodes of the cluster as jobs
are scheduled and executed automatically weith any required user intervention. Thus, the
cluster is working day and nighteekendsand holidays as long as there are jobs in the queue.

To give an idea of the performance of those systetompared to PGire here reported the

hardwarecharacteristic2 ¥ (G KS a1 S0060S¢ Of dzaiSNJ dzaSR F2NJ (KA
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Figure55. Scheme of a Hebbe cluster computer architecture. Fapeptedfrom C3SE.se

The Hebbe cluster is built on Intel 2650v3 (codened 'Haswell) CPU's. The system consists o
in total 315 compute nodes (total of 6300 cores) with 26 TiB of RAM and 6 GPUs. More specific:

T

= == =2 4 -2

T

260 compute nodes with 20 cores and 64 GB of RAM (249 of these available for SNIC
users)

38 compute nodes with 20 cores and 128 GB of RAM (30 of these dv&liaBNIC users)

7 compute nodes with 20 cores and 256 GB of RAM (not available for SNIC users)

3 compute nodes with 20 cores and 512 GB of RAM (1 of these available for SNIC users)
1 compute node with 20 cores and 1024 GB of RAM

4 compute nodes witl20 cores, 64 GB of RAM and 1 NVIDIA Tesla K40 GPU (2 of these
available for SNIC users)

2 compute nodes with 20 cores, 256 GB of RAM and NVIDIA k4200 for remote graphics

There are also 3 system servers used for accessing and managing the cluster.

Theres a 10 Gigabit Ethernet network used for logins, and a dedicated management network
with Infiniband highspeed/lowlatency network for parallel computations and filesystem access.
The nodes are equipped with Mellanox Conne8tXDR Infiniband 56Gbps HCA's.

The server and computeode hardwarevere built by HP and delivered by GoVirtual.

The simulations were performed on resources at Chalmers Centre for Computational Science and
Engineering (C3SE) provided by the Swedish National Infrastructure for Cogn{&NIC).
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1.8 DopingandVacancies o€uyO

The Caion externalelectronic structureis 3d'%4<®, with the 4s orbitals only slightly higher in

energy than the3d levels. The C8d levels form the valence band of £uand the empty Cds

levels form the condction band?>22¢ Thiscontrasts withthe majority of metal oxides, which

have O 2p states at the top of thevB From DOS analysis was demonstratedt CuO is a
semiconductor with a direct gap at the cenwéthe. NA f f 2dzAy 21 2y S om LRAY (G0

3

Figure56. CO band structure plot calculated with LDA selinsistent mehod. A) Conduction band, B) Valence
band. From Kleinman, L. and Mednick, K-Qeikistent energy bands of £u Phisical Review B, 21 (1980), £549

In the DOS from literature ¢figure56is possible to notice the typical underestinedtBG of LDA
methods. Figure57instead calculated with hybrid functional shew value closer to the real one
and the different contribute of érbitals in the VB and CB.
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Figure57. Split Density of States (DOS) of@abtained with VASP and HSE06 methodhé#nergesare reported
to the Fermi level one.

The measured energy gaphs= 21720 eV at £K, obtained as the limit of thgellow exciton
seriesandit decreases with temperaturé@ur computational value is of 1.95 eV.

One of the key parametsrfor photoelectrochemicalwater splitting semiconductos is their
bands position with respect to the water oxidation and reduction potentidlsermodynamically
water reduction and oxidation potentials must lie between the valence band maximumdVvB
and condetion band minimum (Gk.). The closer the G& energy to the vacuum level, the
strongeristhe reducing power. On the other hand, the oxidizing power is measured by s VB
energy, lower it ishigheristhe oxidizing powerThe band alignment of CpO satisfy theabove
mentionedrequirements with a Gl (-1.4 eV) far above the hydrogen production lev&l.§5

eV) and VBM (+0.77 eV) slightly below the water oxidation level (+0.57 eV) at’ptH2 7

The CurO conductivity has been proved mmmefrom copper vacanciesreatingacceptor states

within the band gap at energy values ¢ &Lt n ®p

S+

0208

idKS

G2L) 27F

(Veds) can reach concentration up to 2Gcmb3, but the concentration of free holes at room
temperature isusuallyonly about 168 cnm® since not all the vacancies are ioniz&€hlculated
formation enthdpies of the defea suggest that processing conditions including gartial
pressure, temperature, and Ferfi@vel position can control their concentration effectively.
Annealing temperature can increase the minority carrier lifetime of one order of rmatgif’c

233
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1.8.1VacanesFormation

As showed in literatureCupO showsa spontaneous gype conductivity andnoreover itis a
compensated materialvhere both intrinsic acceptors and, in smaller number, donors are
present. The compensation ratio MNlp, (the acceptor concentration over & donor
concentratior), in most cases is just slightly larger than 1 and in any oag&than 10.A possible
explanation, often invoked to explain similar problems in other semiconduatargye the self
compensation mechanist#: the more donor impurities are inserted, the more the energy of
formation of acceptors is loweredh this waydonors ae always less than acceptofienature

of the compensating donor is still controversial (simple candidates could be oxygen vacancies)
and also their identificatiomsintrinsic defects is not assessestcording tovariousauthor, the

n-type doping seemt be impossible and this is probably attributable to the mechanism of self

compensation while other claim to be able to obtain antype behaviour for example with -Cl
doping?3%238,

Excitons are usually classified in two categories, Frenkel and¢Wattnier excitons, which
correspond to the limit cases of thatio between the excitonic radius and the lattice constant.
Frenkel excitons have a radius of the order of the lattice constant or smaller, whereag Mott
Wannier excitons have a much larger radius than the lattice constant. The excitongOoafeu
Mott-Wannier exciton&™®.

Defect AH; (kJ/mol) AH; (eV/defect) AS; (J/(Kmol)) AS; (eV/defect)
Ve, 74 0.77 ~10 ~0.10

V3 204 3.06

Ve 174 1.81 0.9 0.009
07~ 300 3.12 1.4 0.014

(V8 — 2V, 140 4.58

Table5. Experimental enthalpies and entropiekneutral and charged defects taken from Aggarwal et*aand
Porat et ak*

The formation energy for neutral Cu and O vacancies is cordpagefollows fora 2x2x2Cwp0O
superceli

O 00060 O 66 0660 O6&NMAOOGNOWAE DO QE &
O 00600 0O 6 0600 0OOAMDOE QLI a do QE &

A negative formation energy is related to a spontaneous vacancy formation.
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The computed energy for a Cu vacafroyn literature??®is 0.38V,a quitelow value if compared

to similar systers, sothat their formation occurs easilgnd spontaneouslyOncemore than one
vacang is present the formation enegy change according to the reciprocal position of the
vacanciesnd it was found that the most favourable position isadifferent CO network.

Configuration Electronic state  E"*/eV per Cu Ey/ m*/me
eV

Clustered same Triplet 0.66 0.58 —1.44,—-1.38
network

Clustered Triplet 0.24 0.62 —1.26,—18.20
different network

Clustered same Singlet 0.62 0.59 —1.60,—-0.51
network

Clustered Singlet 0.38 0.57 —1.34, —4.55
different network

Isolated same Triplet 043 0.65 —045,—1.15
network

Isolated Triplet 0.42 0.58 —045, -045
different network

[solated same Singlet 0.38 0.62 —0.54, —0.50
network

Isolated Singlet 0.37 0.58 —0.46, —0.45

different network

Table6. Cu vacancy formation energy and effective hole masses for configuratio2 Wu vacancies. Table from

4535 T SO0 CuMand S0 i NI y 2 LI NBy i 02y RdzO®AYy3I 2EARSaéE 08 aod
The most stable configuration for dopant and Cu vacancy is the owbere the Cu vacancies

are clustered, i.e., separated by the internetwork-Cu nearest neighbour distance, with one
vacancy on the same & network as hie dopant and the second vacancy on the othesu
network. For three Cu vacancies, two of the three Cu vacancies are in the sa@en€work.

For four Cu vacancies, three of the four Cu vacancies are found in the sa@a&work.

The presence of a n&nal oxygen vacancy, able to add electsda the systemcancompensate

the holes but emoving a single neutral oxygen atoetrahedrally coordinated to a Cu atooosts

3.08 eVmuch more respect to aeutral Cu vacancy. Other distributions of Cu and oxygen
vacancies showvenlarger formation energieshis means that the Cu vacancies compensation
by formation of oxygen vacancies is not favoured and the process is not expected. Moreover,
other study suggedghat Cu vacancy formation will not produce holes, which would impact
negatively on the conductivif§?.

The vacancy formation, number and position will affect the number of charge carrier, their
mobility and so the conductivity of the whole material.
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1.8.2Doping

Doping CpO with cations from different elemens is one of the maspromising strategies to
modify the BG the acceptorstates,and the valence band (VB) population innGLDoping can
strongly affect the formation of defects such as vacancies and hence affect the electrical
characteristics of the system, as well as impacting orighg absorptio ability.

Effects of cation dopingre related to changes in the matera@lystal structurecomposed bywo
interpenetrated CqO networks held together by nemonding CqCu interactionsinteresting
the band gap of GO can be both increased or decreasesingthe appropriate dopant athe
variation in theBGarisesfrom the effect of three different mechanisms:

) The size of the dopant catia@an influence the QiCu interactions in the GO host lattice
(e.g., SA widens the BGhecause of its large ioniadius by increasing the GQu
distancesreducing the metal character of the semicondugtdopants with ionic radii
larger than Ct(B&*, Srit*, Cd*, In?*, L&*, Cé*etc.) produce strong structural distortions
around the dopant site. Dopants with imnradii smaller than Cusuch as At, G&*, Ti,
and Cf*, show no structural distortions.

(i) The alignment of the dopant electronic states with those in the VBBof CyO with or
without structural distortiors (e.g., dopants such as*t{larger thanCu) or AF* (smaller
than Cd) cause a reduction in the Bibieto the presence of unoccupiegs states with
much lower errgies than the Cdsorbitals).

(i)  The introduction of dopant ion states within the gapwith the formation of an
intermediate band.

Anexample that illustrates the need to fulfil all these requirements is provided by the isovalent
doping of CeO using Agor AU'. In this case, doping produces little structural distordorto the

CuO lattice, and thus, fs not affected. Only small chges in the hole mobility occur because
the d'° levels of Abland Ad are too low in energy to interact significantly with tdé’ levels of
Cui-243_

About structuraldistortions introduced by catios doping in CeO, d*°-d'? interactions between
copper atoms are essential in determining both the band gap and the width of the valence band.
When thed!®-d%interactions are suppressebe band gap is increasetihisconclusion is related

not only to 2D interactios but shows hat the physical properties depend not only on local
features of the crystal structure but also on its global spatial arrangement. $cCCWD
interactions must be improved in order to reduce the band gab

The doping of cuprous oxide with larger cations than™ @grease the band gap, while
maintaining the cubic structurebecause it willdistort the crystallographic lattice and
consequently diminisiBD Cuw;Cu interactions, leadingh the endto a band gap increasén
addition, the distortion induced in the @0 lattice to accommodate the dopawill, in general,
depend on the size of the dopant. In the case of early TMs, th€tliMond length (¢) is shorter
than the CuCu bonds in the pure @0 host.

This has been noteih other studies, where the proposed explanation is that the devidtiom
the d'° configuration results in stronger @u bondsindeed by many authors was found the
greatinfluence of CeCu interaction on the band g&t$24°
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Cu in CuO behavsas a typical soft Lewis acid, with metallicCu interactions producing high
lying valence band stateand lowlying conduction bandstates, and resulting in a higher
conductvity and lower transparency than the oxides of harder Lewis acids (e D) Mafurther
suggestion from literaturéin the tuningof CuO BGis the use of cationfrom hard Lewis acid

to increase the band gap, while cat®fiom soft Lewis acid if the aim is the BG reductibn.
CuO, aliovalent dopargtcompensation is achieved by forming Cu vacancies. For a dopant of
oxidation state rf, (n- 1) Cu vacancieare requestedto compensate the subsequent, i, Cu
vacancyis used to dopeghe system ptype. In this way the use ddliovalent catiorwould bea
useful tool toincrease the number of vacancies.

Dopant lonic radius (A) Experimental i (eV) E.1*{eV) E\‘2(eV) Computed G(eV)

CuO 0.93 2.17 0.36 0.24 0.52
Sret 0.93 3.05 -0.95 0.15 0.63
et 0.40 3.30 -0.78 0.22 0.49
Mg?* 0.49 7.80 -0.46 0.26 0.56
Cat 1.00 7.03 -0.62 0.23 0.63
Set 1.16 5.90 -0.65 0.14 0.65
Ba* 1.36 4.10 -0.66 -0.12 0.62
Cd* 0.84 2.35 -0.28 0.18 0.45
Hg* 0.96 2.20 0.06 0.13 0.30
AR 0.39 8.80 -0.30 0.36 0.36
Ga* 0.47 4.95 -0.08 0.14 0.11
In3* 0.79 3.57 0.16 0.29 0.13
La* 1.06 5.405.80 -0.76 -0.57 0.67
T 0.61 3.05 0.12 0.42 0.27
Ccr* 0.44 3.25 0.22 0.34 0.04
2 0.36 0.70 -0.02 0.15 0.04
Ce 0.80 2.40 -1.26 0.51 0.05

Figure58. lonic radius and Cu vacancy formation enertfj)(@&nd band gaps gfEfor cationrdoped CkOFT NB Y & ¢ dzy A vy 3
the transparency of@H h A G K adzoddAGdziA2y ! 8 OF A2y R2LIAYy3IE o6& b2t

In the column headedO , is presentedthe Cu vacancy formation energy for the first
compensating Cu vacancy for dopant with oxidation staté; vh the column heade® |, is
presentedthe Cu vacancy formation energy for theype Cu vacancy for dopawith oxidation
state M™;

Transitton metals Ti W Cr n Zr Nb Mo Hf Ta w Au

g (A) 194 L2 196 193 207 200 196 200 194 1.90 202
By, (%) 38 25 49 34 105 6.9 48 7.2 40 1.4 83
dann (A) 3.02 302 305 3.07 3.04 3.00 294 3.00 294 292 3.08
Ak (%) -12 -11 —0.10 0.56 —039 -17 -37 -18 -36 —44 0.75
Ecus (V) —0.508 0.364 0.118 0.198 —2.000 1185 2520 -0.181 1562 3268 0.903

Table7. Geometrical relaxations around the dopant sitent the distance between the dopant and the nearest O
atom. cnnis the distance between the dopant and its second nearest Cu ateuis.tie substitution enthalpies for
the differentdopanfF N2 Y a9 NI & GN}XyaiaAdGAzy YSGFf R2LI yda 2y OdzLINE d.

Cationic substitutionof one Cu atom per supercell (32 Cu and 16 O) with a dopailtgive a
dopant concentration of 3.13% (in agreement with experimental regime), while replacing and
oxygen atom gives am6.25%anionicconcentratiorf*®,
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These concentratiors are reported by many autherto be enough for simulate the material
behaviour and are consent with the loading in experimental wotk. For this reasonn this
thesis the cell dimension was kept of this size.

The energy for the doping is calculated according to the follgwquations

(o) Lo oo Lo p
0 C o q
0O O ©00 0O C

where equation 1 was used in the case of a simple substitutiant@nsition metal inside the

CuO lattice while the second one is for a double exchange with the formatiamaftal-copper

alloy in the underlayerAccording to experimental results performed by Palacios é&faloping

is possible until the substitution require less than 2eV. Even if this value was obtained for slightly
different chalcopyrite system we can consider this as a threshold value for doping substitution
and we will see how in this work most of the substitutedteriak requirefar less energy.

Is to be noted that for the purpose of this thesis a doped material with reduced band gap is to be
preferred Moreover, an increased BG is of interest in the preparatiotrafisparent and highly
conductive oxide (TCO)a be used as transparent electroglm flat panel displays and in solar
conversion devices. An example of TCO are Indium Tin Oxide (ITO), ZnO or the FTO itself. For their
preparation the synthesis of a semiconductor with large band gap and still high aontuis
mandatory**. Nowadays all TCO aretype semiconductas, and the development of a hole
conducting material (fype) like SICwO?*° could generate new applicatisrfor this kind of

materiak like functiond windows able to transmit visible light bat the same timdo generate

current due to the absorption of UV photorisollowing is presented a list of the dopant material
tested in literature andheir results:

H and passivationlUsing an exposure timef @0 minutes, pkl= ImTorr and sl = 300 °Ghe
authorg>° succeeded to reduce the carriconcentration from 1.7 x 1§ cmPto 2 x 10%cmb®

and to increase the mobility from 5.3 to 28.9 #(W s). Thereforgit seems that hydrogen can
effectively passivate the acceptors. The authors explained this mobility increase by the lower
effect of ionic impurity scattering due to tHewer carrier concentration and then by the fact that

the dangling bonds at the grain boundaries are passivated by the hydrogen reducing the barrier
height. Passivation of nonradiative recombination centresn be also obtained by cyanide
treatment with an increased hokedensity?>L

Alkaline Metals The main effects othe alkaline doping on the optical properties were a
reduction in the direct band gap and an approach of the acceptor level edge to the maximum of
the valence band. MoreovelAFM showed an increase of the carrier density and electrical
conductivity and areduction in the photocurrent with the dopant ion size.

The main effect of the alkaline substitution of copper atoms consists of polarizing O stattes,
a reduction in the insulating gap and splitting of the density of states just below the Fermtievel

Sodium With Na loading the resistivity of the sampérgelydecrease from 1.210° to 330mcm
and the carrier concentratioarisefrom 5.1x10“to 1.7x10'8.
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Small reduction of the band gap (from 2.19 to 2.04) due to the creation of an impurity acceptor
level above the valence bandkere recorded>*2>°,

Chlorine: Results on this material shovesconductivity about one order of magnitude greater
than the undoped material. The measurements of the casmencentraton (holes)as a function

of temperature suggest that chlorine acts both as a donor, substituting the oxygen, and as an
acceptor, sitting in an interstitial positi6#?.

Nitrogen: N-doping slightly widens the band gap of-Ouand form an intermediate band in the
gap locatedat about 0.9 eV from the VB. This intermediate band is predominantly formed by
hybridization between the Rp states and the G3d states. Ndoped CwO canabsorbfrom the

near infrared region to the ultraviolet region. Here N substitute O atoms acting jas/pe
dopant>¢but other paperdisagree considering tadifficult to substitute O with Nbecauseof the
larger radius of R¥’. In all the studied case there are improvememtshie absorption coefficient
spectra when the material is-oped>825%as will be explainedithe next paragraph.

Zinc and Indium According to different authors the Zuoping reduce the lattice constant of

CuwO giving an increase of the BG when Zn act as a donor im{$2ifity Depending from the

paper Zrdoped CuO shows a larger resistivity than the undoped saffwhile other authos

found an improved carrier concentration and charge transfer, giving anyway extremely low
photocurrent®.  Another authof®4, noticed a shape evolution of the Zdoped CuwO
microcrystals Increasng relative concentrations of the Zn precursor followed an order
decreasing numbers of facets. Small increase in the band gap was recorded with the increase in
Zn concentrationln-doped CuO increasethe lattice constant and increas¢he band gap. In

some caseanlead to the formation of the fdoped CuO. Irdium acts as a donor impurity in
Cw(0?%2,

Slicon: ¢ KS t2¢gSaid NBaAaGAGAGE 2001 AYSR ¢6la mu mO)
about 10 cnd/(V s). Si should be coordinated by 4 oxygen atoms instead of 2 like the copper.
Therefore, Siacts probably not a substitutional impurity but an element thptoduces Si®

inclusiong®®,

Silver. Agdoping generatesninimal changes in the barnghp and band gap energies.-Agped
samples exhibit improved conductivity and fourfold increase in photocurrent density with
respect to undoped samplé&$. This happens becaugey in CpO is asupposedo disrupt QCLg

O network and reduce QCu interactionsjncreasingthe conductivity of the GO leading to
more charge carrier generation, and therefopeoviding a greater photoresponse than the
undoped CpO. With higher concentration of doparthe performance are reducel because of
recombination centrethat inhibit the increased charge separation efficiett€y

Iron: Fedoping shows a reduced experimental BG A2.8.21eV) with ehanced photocurrent

with just 2% doping compared to the undoped semiconductor. Higher concentsatrerproved

to generate more defect acting as recombination centre inhibiting the increased charge
separation. The recorded improved conductivity could @over due to the appearance of Fe

3d states in the doped sampi&’-268
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Gold Just a small (1.6% of the undoped value) optical absorption edge decrease was recorded
with Au-doping. Moreover, itcanimprove the transmissions of photoelectron and vacancy, and
reduce recombination of electrehole pairs because of the formation af impurity level, which

can enhance the visible absorption, and reduce the absorption efficiency of ultraviolet (UV)
light26°,

Magnesium Mg-doped CudO is an example of the advantage of dopamghe conductivity.The
fabricated doped thin films reached up to 17% of magnesium, resulting in morphchagges.
Electrical resistivitlargely decreases from 202 O Was reducedo 6.6m O Mdue to the increase

of chargecarrier density. Thdand gap has little bit increased (2.4e\ompared to intrinsic
cuprous oxideOn the other hand, the increase of the charge carrier density is clearly visible,
ranging from4.5x13°cn3 up to 8.1x16’cn® for an increasing in Mg content from 0% to 17%
thanks to the enhanced creation of copper vacanciBlse two combined properties lead to a
general decrease of resistivify. Other authors claim that the similar ionic radius of Mg respect
to copper together with its ®iconfiguration shold help CuO to be less likely to form trap states.
An improvement in electrical properties of £uthin films is observed upon doping wjtlst 0.5

at 96",

Srontium:: It was found that strontiundopinginduces a significant improvement of the electrical
properties with StCwO thin films resistiviityR2 6y (G2 M®H mOY |wvith aNB 2 Y
strontium content of 5-7% However, at higher strontium content, the resistivity is deteriorated
even after annealingThe room temperature free hole densitiesdia the range of 1.2 x 1Bto

2.8 x 107 cmP3, depending on the strontium content and on the postdepositannealing’2

Other authors find thaan increase in Sr content decreasesistivityfrom 10° to 102 m O Yor
fimwith5c:2 2 F { N ! y{ A 128no m@dade yidhe baddap viaszedordekl thy
the experimentswhile morphology is affected by Sr content indesétl

Manganese and NickelSometimes doping dgsnot improve the properties of the material as
happens with Mrdoping. Inthis case e only result is an increased resistivity at room
temperature for the doped sampié’. In other case, He resistivity of the doped samples was
lowered by a factor of 2 with respect to the undoped offédJndesired results werlound also

for Nidoped CgO where the Ni atoms enter thaterstitial sites in Ndoped CuO film produing
scattering centrgof the neutral impurity, resulting in low mobility. The mobility inddiped films
monotonically increased with increasing deposition tempera while the mobility in undoped
films decreasetf®. The most important conclusion is that the Ni impurities do not affect the
carrier concentration but only the mobility.

1.8.3Cadoping

Until now single cationic doping was discussed with the generati@tceptor states in the ban
gap. Tlese states could behave like recombination centre reducing the efficiency of the
photocatalyst. Instead of mondoping, anionic and cationic @oping could improve the final
performance of the materiaMoreover, in cae of poor dopant solubilitya feasible solution is to
simultaneouslyincorporate certainamounts of ptype and ntype dopants, for loweringheir
formation energy, which is also the fundamenpainciple of compensated edoping’’.
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Indeed, he calculated defect formation energy shows that thedaping is energetically more
favourable than monaloping due to the Coulomb interactions and charge compensation effects.
Recent resuft were reported withTiQ?8, ZnS, BWGs?7%28%and of course on G@?°with DFT
calculations. On thétter the best combination found by the auth®was composed by an Sn +

B doping with reduction of the forbitten banglap and an increased optical absorption. Due to
the lack of computional time any caloping was tested during this warkut their use could be
helpful to improve the performance obtained with mowlmping andincreasinghe number of
possible dopants

1.84 IntermediateBand Doped System

Aspreviously seenthe presenceof a dopant can increase or reduce the band gap according to
size, electronistructure,and capability of vacancies formation. Another interesfmgperty of
doped system is th introduction of an intermediate band inside the band gap of the
semiconduodr thanks to the energetic level of the dopant. €sesystens called intermediate
band solar cell (IBSC) were firstly proposetlingues®1-282in 1997 and they are gaining more and
more attentiorr®%285 The intermedige band (IB) actas a stepping stone for electrons coming
from VB. In this wayelectron can be excited not only by photons with an energy higher than the
forbitten band, but also by those having at least #@ergy between IECB andB-VB. With this

trick the total carries generation increase and the light absorption is expanded significaftly
288

0 05 1 15 2
E(eV)

Figure59. A) Schematic representation of the IBSC sysBnDOS of a chalcopyrite doped system with intermediate
band gap from referenéé.
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Actually on CzO interesting results were obtaindaly Malerba et af®andother authorg>6:258.290
with N-doped CgO both from computational and experimental point of view.
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Figure 60. Adsorption spectra of different dosesdped CeO and undoped films obtained from experimental results
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From theresults obtained by the authot?®®, we can clearly seereew absorption peak below the
BG with a reeshift of the absorption band edge. If meophotors canbe usel for the electron
hole pair generation, this will improve the performance of the material.
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Figure6l. Sketch of an intermediate band (IB) energy band diagram in thermal equilisiionving the energy band

extremes Dashed and dottecegions correspond to electrditled and emptypands respectively (at 0.Kgigure from
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To obtain an efficient IB someqeirements have to be fulfilled!2°%2%4

1 It must be halffilled and lie on the Fermi level. This is necessary to have strong light
absorption for transition to and from P&

Must be clearlyseparatedboth from VBand CB

Split the original BG in two stiiandgaps of approximatively the same width.

52y QG 0SAYy3 -ladiavd redomEhatid NJ y 2 v

1 It musthave small dispersion and must not be a discrete level

= =4 A

According to literature, o0 CwpO only nitrogen seemto be the effective material for the
generation of the proper IB enhancing the ligiattching performance of GO.
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1.9 Additional PhysicochemicBchniques
1.9.1Scanning Electron Microscopy (SEM)

SEM is a powerful tool for solids morphology analysalowsto study shapesize,and structure

of materials with high resolution (it cananalyse samples in the nanometres scale). This
microscope uses focused electrombeam that interacs with the surface of the sample. The
primary electrors beam scasthe surface point by point on a small area of the sample under
vacuum because air will stop the beam. The interaction of the primary beam with the matter
generates secondary electronsThe latterare collected bya detectorplacedon the top of the
samplewith a given angle respect to the incident beafthe signal is then transformed in black
and white images with extremely high resolution.

Since only the sampesurface is the source of secondary electrons, this technogungjive only
animage of theouter layers of the material

SEM column

FE-Gun

L'- e

Double condenser

FIB column

Infens EsB detector
) | | L Filter grid ggg?rer
Ga-Reservoir "/ Inlens SE detector
Suppressor __
Extractor ‘ ,
Condenser /" .
) ) } a4 Objective
Differential Pumping Aperture .~ /
Beam Defining Apertures _/
Blanker Plates N\
Octopoles e ™\
Objective ! specimen

Figure 62. Schematic view of a Scanning Electroncrivscopy. Imagefrom Zeiss SEM Electron Optics:
https://www.zeiss.com/microscopy/int/products/fiseminstruments/crossbeam/crossbeatachnology.html

1.9.2Physical Vapor Depositida\ D

Physical Vapor Depositiors a quite common method for thdepositionof thin films under
vacuum widely used in the production of electronic devicége material of interest is heated
and evaporated under vacuum asoms or moleculesthen, as a vapourit condensa on the
substrate. This techniquean create thin layes in the order of few tens ohanometresover
almost any surface. ObviousBdherence properties and homogeneity of the applied overlayer
are strictly related to the substratenaterialand operative conditioa
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Different systers are availableon the market for the creation of the vapr. In this work the
instrument was providedavith a thermal eaporata based on Joule effect whereh@gh current
crossthe cruciblewith the metal reservoifAu)creating the gold cloud over the substrate

~— Vacuum chamber

Substrate holder

Vapor atoms — - Substrate
Source
Resistance heater — Source container

Electric power
. L
for heating 4= -

Vacuum pumping
system

Figure63. Schematic view of a Phydid@paur Deposition system.

1.9.3X-Ray Diffraction XD

L (0 Qa -déstrugfid yfechigque able to provide information about the crystal structure, the
chemical composition and the physical properties of powder mateoiathin film.

X-ray diffraction is based on constructive interference of monochromatiayX and a crystalline

sample. These incident Xays, generated by a cathode ray tube, interact with the sample
producing a constructive interference (and a diffracted ray) when conditions satisfy Bragg's Law
OY<I'HR aAYy ‘0 ¢KA& flFg¢g NBEIGSa (e SiffractioSt Sy 3
angle and the lattice spacing in a crystalline sample. By scanning the sample through a range of

H ‘angles, all possible diffraction directions of the lattice should be attained due to the random
orientation of the powdered material. Conrgton of the diffraction peaks to-gpacings allows to

identify the material because each mineral has a specific patteraspladings. The comparison

with standard material spectra then allows the identification of the sample.

The instrument used in thiwork allows to modify the Xays source angle in order to focus the
beam mostly on the electrodeposited thin film than on the substrate.
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Figure64. XRD schematic view. The used instrument allows to modify both the detectoreasalite angle. Image
from http://www.shimadzu.com/an/elemental/xrd/onesight.html

1.9.4Solar SimulatgfSS)

A solar simulator is a light source with a spectrum as close as possible to the sun one so that it
would be possible to perform indoor experimewt fPV materials with controlled conditiethat
resemble the natural ones. The sun spectrum is very close to the one of a black body but the
intensity reaching the Earth surface is different. The intensity of the solar simulator light is then
defined by tle air mass coefficier(tAM). It is a measure of the direct optical path length trough

the atmosphere at the zenith used as a standardize condition. Briefly is a measure of the
attenuation of the sunlight induced by the presence of the atmosphere taatscatter and
absorb the sunlight. In this worla value of 1.5AM was used as in most of the solar panel
characterization.
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Figure65. Solar (yellow), black body (black line) and AM1.5 (red) spectra comparison. Figure from ABueiiign
for Testing and Materials (ASTNhttp://www.astm.org/)
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1.9.5ElectrochemicdmpedanceSpectroscopy (EIS)

Electrochemical Impedance Spectroscopy implies the application of small amplitd@en(®y)

a.c. signals of selected frequencies. By varyimg frequency of the signal, a selective
perturbation of different physic&ehemical phenomena can be performed, thus allowing the
identification of their separate contributions. In this wdekSvas usel to obtain a MottSchottky

plot of the semiconductarThis plot describes the reciprocal of the square of capacitance versus
the potential difference between bulk semiconductor and bulk electrolyte. In many theories, and
in many experimental measurements, the plot is linear. The use of -Bichbttky plots @
determine system properties such as flatband potential, doping density eimikbltz
capacitanceTheequationused in the MottSchottky plot is:

p q S 00, o s e s
- —— O O — Q¢ W OWN @A Qwe € QO WO €1
o} Q-UV 0 Q d "

P G —~ . Q0 e e s a4
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WhereCis the capacitancé,isthe dielectric constant of the semiconductég,is the permittivity
of the free spaceAis the working area anlp andNa are the donosand acceptosconcentration
respectively.E is the applied potential andg is the flat band potential, the potentiadrop

associated with the space charge in the semiconductor once in contact with a sokth®ralue
of the capacitanceanbe obtained from the imaginary part of impedance measurements:
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Figure66. Mott-Schottky plot of GO from EIS analysis in 0.1M sodium acetate (pH7.85) in water in the dark. Figure
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In theFigure66is reported an examplef a ptype semiconductor GO at different frequencies.
As reported a gype semiconductor will show a negative slope in the?V€ E plot. Different
information canbe obtained from this type of plot:

1 The value of the slope gives the number of carriethésemiconductor
1 The intercept with the saxes gives the flat band potential of the semiconductor.

97



2. Results and Discussion
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This sections articulatedin different chaptes according to thedifferent topics. Eachchapter
includes the experimntal procedursfor the preparation and characterization of electrodes and
materials and theelevantexperimental results.

In all the preparatioa MilliQ® water (Millipore system k=18.2M) is used and all the
measurements were carried out at atmosphepressure.

2.1 Cuy0 Photoelectrodes

The first chapteisdevoted to the preparation of G® photoelectrodes and their electrochemical
characterization with classical techniques. The proceslumgolved in the deposition of the
electrodes are the same for ¢hXAS and FeOOH overlayer chagpifemot declarel differently.

2.1.1CuwO HectrochemicabDeposition

In the introduction, different methods for the preparation of Quwerepresented Here the
electrochemical method was selected due to its large tunigbdind scalability allowing also
preparingseveral electrodes a reduced timeMoreover, © the best of our knowledge the so
prepared semiconducting materiaghowshigh photocurrent, high degree of homogeneity and
offers a large matrix of parametsrthat can be modulated in order to achieve better
performances.

The deposition occurs from then aqueoussolutionof 0.2M CuS@ 0.5M kHPQ and 3M lactic
acid to which2M aqueousKOH is slowly added until pH 12 is reached. The color of the solution
changes from blue to turquoise (the formation of a foadike precipitate will staréit around pH
9) and finally to deep dark blue without any solid parti¢tarther information and analysis on
this deposition bath will be given during the Result and Discus$iapter. ThHs electrodepsition
bathfor CwOwas firstly reported bysolder?®, andlately usedby Paracchint“>®andmany other
author?®52%.297and allows ¢ easily obtain C4D. The high pH isnandatory forpreparing the p
type Cu0?%8.2%9 According to diffrent authors83% working at low pidthe ntype isobtained,
but the reasonbehind this outcomes still under discussié®f. To avoid the precipitation of
copper hydroxidat pH 12the presence of lactic acid is mandatoltyis important to noticeghat
CuS@Qis theonly thazardous mateal€ in this synthesis, making this procedure as ddendly as
possible.As presented in the introduction the use of this bath together with thge of
electrochemical methodsllows a wide control over the shape and morphology of theQCu
According tothe original recipe, higher photocurrestare obtained underintensiostatic
conditior?®®3%1 and at T ° 30°CY2. However we obtainedbetter resultsunder potentiostatic
conditions and af ° 60°C In particular, the potentiatontrolallows to determine thegrain size,
shape and compositigh’3033%4 while the higher temperatureallows fasterdeposition and
higherfinal performances®.

The so prepared bath is then used at°G0in a sealed thermostatic cell. Sealing the cell is
extremely important to avoid solution evaporation and changes in batlteotmation during the
deposition.

CuO were electrodeposited in the unstirred ba#tt 0.55/ vs RHE in a typicate3ectrodecell
configuration. A Pt foil 1x2cm was used as counter electindeont to the working one and at
almostlcm.

99



Thisensures thdormation of ahomogeneous layer of @0 due to thegood current distribution

A Saturated Calomel Electrode (SCE) was used as reference (E = +0.248 mV VSHKNE) in a
0.5Mdouble bridgeconfiguration. The use of the double bridge aw@t contaminaton in the
deposition bath thus avoiding Cl doping of the material (leading to a possibletype
conductivity) and at the same timpresewnesthe life of the SCE the strong basic environment

All the potentials are anyway herefegred to RHE electras (E&rne= Escet0.059pH + 0.248V).

Figure67. Electrochemical setup for the £u(and Cu)deposition. A &lectrode cell with thermostatic bath and
magnetic stirring.

Other methods, likeltermal oxidation of Cu substrate treatén 0.125M (Nk)>SOs as chemical
oxidant to obtain Cu(Off and different electrochemical synthesis where also tested Hug

to the low photocurrens, and inhomogeneitiesof the samples, were abandoned and not
reported.
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2.1.1.1DepositionBath

To individuate the potential window for the electrodeposition, a series of CV experiments were
performed at10mVs' between 0.95 Ws RHE (close to theu20 Open Circuit Potential (OCP))
and hydrogen evolutiomeaction In the first cycle, a first shouldés observedat ©0.4V vs RHE
and two well defined peaks ab.1 and-0.55 V vs RHE. Accordinghe literature, the shoulder

is to be referred to C:O depositioi®from free Ci#* (accordingo the complexation equilibrium

with lactate) while the two more negative peaks are relatedbe deposition oimetallic copper.

i I i i I i i I ' '
-10 -08 -06 -04 -02 00O 02 04 06 08 10
E/ Vvs RHE

Figure68. CVvat a bare FTQvorking electroden 0.2M CuS©O+ 0.5M KHPQ + 3M lactic acid at pH 1&can rate
10mVs', Pt counteelectrode at 60° C.

The peakavere assigned by comparing a series of experiments at different bath compositions:

. KOH pH 12
. KHPQ+ KOH pH12
.  KHPO4 + KOH + lactic acid pH 12
IV. KHPQ+ KOH + lactic acid + Cu®@ 12

This approach allowed also to test tipetential stability window of the bathin the cathodic
direction.
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Figure69. CV ata bare FTO i) KOH pH2, II) 0.5M KHPQ + KOH pH12, IIl) 0.5MHPQ + KOH + 3M lactic acid
pH 12 and IV) 0.2M CuS®0.5M KHPQ + 3M lactic acid at pH 12 (addition of 2M KOH). Scan rate 1&n®P¥'s
counterelectrode

¢CKS / +Qa Of SI NI & & Kassh na geakiis rdcgfded RrtsodxdudestheO S
reduction of lattic acidvithin this potential window. Thesmall shoulder just befe'HERnN the
presence of BHPQ(II) and then lactic acid (lif probably due to oxygen reduction and cannot
be relaked to the much highepeak recorded in presence afopperions.In the presence of
copper sulphate,he twolargepeaksare assigned t€udeposition, bytwo different processes
which correspond talifferent possible phenomena:

i) The depositiorfrom free Céd*ions (0.00025M) and from theopperlactatecomplex
i) Two different nucleation mechanisms

iii) Less likeklythe reduction ofthe alreadydepositedCwO*%7, a possibility that is not supported
by the peak charge integration

In summarythis solution is stablenough to baused for the depostion ofeveral electrode§l0
CuwO + 10 Cyyith the samegood reproducibility. Indeed, the depostion of sumhamount of
material slightly modify the cqger concentration in the bath.

102

2T



On subsequentV cycleghe potentialof Cu(0) deposition peaks does not change while th&Cu
occurs at more positive potentmlThis behaviourcanbe explained by considering that bare

FTO surfacan induction potenti&is needed for the formation of the first grains of2OuOnce a

first cycle is performed, this induction potential is not necessary because on the electrode are
present some GO and Cu deposited in the first cycle at more cathodic potential.

0.5 _
— First Cycle

—— Second Cycle

0.0 H

-0.5

-1.0

j/ Acm?

-1.5 +

-2.0

-2.5

-3.0

T T T T T T T T T T 1

0.2 0.3 0.4 0.5 0.6 0.7 0.8
E/V vs RHE

Figure 70. Linear Sweep Voltammetry (LSV) comparison betwee@ @eposition peak on a FTO free surface (in
black) and on a surface with soroeppermetal on it (red line). Is possible to notice the shift due to the higher energy
required br grain formation Scan rate 10mVs Pt counteelectrode

A preliminary material characterization was performeyl Scanning Electron Microscopy (SEM)
coupled with Energy Dispersivaay (EDX) analysis anday diffraction of the prepared sample.

To canfirm the ptype conductivity of the material Electrochemical Impedance Spectroscopy (EIS)
was used.
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2.1.2Cup0O Characterization
2.1.2.1 SEM Analysis

Asampleof CwOwas analysed to have structural and chemical information about the deposited
materid. SEM analysis and EDX analysis were performed with a Carl Zeiss Gemini Ultra 55. EDX
analysis confirm the presence of LQu(Cu:O ratio equal to 2:3yhile the SEMmagesare here
reported at different magnificationratios. A clear crystalline structurés not found, and the
obtained grains seems to have differesizesand shaps. The grairsizevaries between 5@00

nm, showing asizemuch smaller than the one reported the literature for the same type of
electrodgi.e.1000-2000 nn¥”:3%9), Only Bijani et &% showa similar sizeThisis an interesting
result becausdé suggessa larger real surface area for this material and thlergersurface that
canbe lightactivated. Moreover, a reduced size of the particles incrediseir stability?'® and

their photocatalytic efficiencypy changing the light scattering propertié& In addition, was
possible to obtain this results within the use of surfactants or organic solvent likewise reported
in different synthesi¥? Moreover, despite the absence of a specific shape the electrodes
performances are highly reproducible suggesting the low importance of this parametiee in
final behaviour for HER.

EHT 10008/ Signel A= InLers Dae 17 Ang 2017 zenss| h Date 17 Aug 2017 his EHT = 10.00kV Signa A = inLens Date 17 Aug 2017
= Mag= 100KX Teve-17: | . - X Time 162336 WO 4.1 men Mag= BOOKX Time 472730

. AT L J
Signel &= sy Data 17 dag 2017 Dt 1] Aog 2017 z Siand &= s Date 17 Aag 2017 F—
diag = 1000 KX Trve:17:2600 o Tive 172327 Mag= 000K % Time 7:16:33

EHT= 10004V S 4= ey Date 17 hag 2017
W dimm Mag = B000K X Trve:172213

Figure71. SEM images of a-fype CuO sample. Different magnifications were used: a) 09200, c)500¢,
d)1000, e) 20008, f)4000%, g) 80006 and h) 10000%.
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