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Resumo

No atual panorama energético global, o crescimento de consumo energético continua a
ser maioritariamente satisfeito por setores energéticos emissores de gases com efeito
de estufa, contribuindo para o aumento da temperatura global. No presente ano de 2025,
0 aumento medio da temperatura global em relagao a era pré-industrial ja atingiu o limite
de seguranca estabelecido de 1,5 °C. Neste momento critico para a humanidade e para
o planeta Terra, torna-se imperativa uma transicado em larga escala para uma economia

energética mais sustentavel e ambientalmente responsavel.

O hidrogénio verde surge como uma das solugbes mais promissoras para esta crise
energética, sendo um vetor energético limpo, neutro em CO, e abundante. As células
foto eletroquimicas (PEC) aproveitam materiais semicondutores e um contra elétrodo
metalico para converter diretamente a luz solar em energia quimica (sob a forma de H,),
através da eletrolise da agua. Apesar de ser uma das tecnologias mais promissoras
para a producao de hidrogénio verde, estes dispositivos enfrentam limitagdes impostas
pelo hiato de energia dos semiconductores utilizado que restringem a absorgao de luz
e por sobretensdes de ativagdo que geralmente resultam na necessidade de aplicacéo

de uma polarizagao externa, comprometendo assim a eficiéncia destes dispositivos.

Em resposta a estas limitagdes, as células tandem PEC surgem como uma estratégia
para ampliar a absor¢ao luminosa e eliminar a necessidade de aplicagao de uma fonte
de tensao externa. Com o objetivo de identificar combinagbes de materiais adequadas
para células tandem PEC, com base nos seus hiatos de energia, foram realizadas
simulag¢des numéricas utilizando uma versao adaptada do limite de Shockley—Queisser
(S-Q), onde conseguimos implementar perdas na foto conversao através de fatores

abstratos, rastreaveis a comportamentos fisicos reais.

Os resultados das simulagdes permitiram identificar o 6xido cuprico (CuO) como um
material extremamente interessante para dispositivos tandem PEC, com eficiéncias
tedricas maximas de conversao solar-para-hidrogénio de 16,7% quando emparelhado
com a hematite e de 21% quando emparelhado com silicio, em condigbes proximas das
ideais e baseado nos hiatos de energia destes materiais. O modelo implementado foi
também utilizado para avaliar uma configuragéo inédita de um dispositivo tandem com
trés materiais semicondutores. A configuragao deste dispositivo permitiu transformar a

geometria de emparelhamento ideal de hiatos de energia que maximizam a converséo
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solar-para-hidrogénio de um ponto Unico (emparelhamento binario) para uma linha
continua (multiplas combinag¢des de hiatos). Adicionalmente, esta nova configuragao
permite aumentar as eficiéncias tedricas dadas pelo S-Q limit de materiais com hiatos
de energia mais largos como WO; e TiO,, para valores superiores a 18%, com uma taxa
de produgdo de hidrogénio acima de 40% em relacdo a constante solar incidente (100
mWcm2). Motivados pelos resultados das simulagées numeéricas, foi introduzida pela
primeira vez no instituto IFIMUP a investigacao de foto catodos de CuO, com o objetivo

final de incorporar o CuO e a hematite num dispositivo tandem PEC.

Foram desenvolvidos dois protocolos para a sintese de CuO, que obtiveram resultados
promissores tanto em estabilidade como em eficiéncia. O primeiro método de fabrico
consiste na eletrodeposi¢do de Cu, seguida de annealing térmico para conversdo em
CuO. Neste método, conseguimos melhorar significativamente a integridade estrutural
(avaliada por espectroscopia Raman) dos fotocatodos, através da otimizacdo das
condicdes de eletrodeposicédo, ndo sendo detetada qualquer fase rastreavel de Cu,O
apos a caracterizacado foto-eletroquimica. Adicionalmente, o fotocatodo com melhor
desempenho atingiu uma densidade de foto corrente de 1,44 mA-cm™2 a 0,5V vs RHE,
para espessura de filme e condicbes de deposicdo otimizadas, representando um
aumento de ~85% na densidade de foto-corrente gerada em relagao as condigbes de

deposicao nao otimizadas.

Subsequentemente, foi implementado um segundo método que permitiu a
eletrodeposigao direta de CuO por variagao do pH, utilizando os mesmos reagentes do
eletrolito de eletrodeposi¢cao de cobre, usados no primeiro método. Neste caso, a
agitacao induziu uma microestrutura altamente porosa com uma morfologia semelhante
a corais. Foi obtida uma densidade de foto corrente de 0,65 mA-cm™2 a 0,5V vs RHE.
Estes fotocatodos apresentaram uma integridade estrutural superior apoés

caracterizagao foto eletroquimica, sem sinais de corrosao na estrutura micro-coral.

Com o método otimizado (primeiro método), foram fabricadas duas heterojuncdes de
hematite—CuO. A heterojuncao com melhor desempenho (FTO—-CuO-a-Fe,03: Johoto =
0,47 mA-cm™2 a 1,23V vs RHE) apresentou um aumento de ~330% na densidade de
foto corrente em relacéo a hematite isolada (FTO-a-Fe,Os: Jphoto = 0,14 mA-cm~2), com

uma reducgao adicional de ~115 mV vs RHE na tensao de iniciagao da reacao.

Palavras-chave: [Hidrogénio verde, Clivagem fotoeletroquimica da agua, Células foto

eletroquimicas tandem, CuO-Hematite, focatodos de CuO, foto conversao]
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Abstract

In the current global energy landscape, the majority of global energy demand growth is
still satisfied by greenhouse gas emitting energy sectors, further contributing to global
temperature increase. In the present year of 2025, the global average temperature
increase in relation to the pre-industrial era has already reached the established 1.5°C
safety threshold. In this critical moment for humanity and planet earth, a large-scale
transition to a more environmentally friendly and sustainable energy economy is of the
utmost importance. Green hydrogen emerges as one of the most promising solutions to
this energy crisis as a clean, CO: neutral and abundant energy carrier.
Photoelectrochemical (PEC) cells take advantage of semiconductor material and a
metallic counter electrode to directly convert sunlight into chemical energy (in the form
of Hz) by water electrolysis. Being one of the most promising technologies for producing
green hydrogen, these devices suffer from bandgap restrictions and activation
overpotentials that limit light absorption and usually require the use of an external bias,
respectively, that Ilimit these devices efficiency. Subsequently, tandem
photoelectrochemical (PEC) cells emerge as a strategy to both broaden the light

absorption of these devices and release the system from external bias source.

With the goal of finding suitable materials combinations for a tandem PEC cell based on
their bandgap, numerical simulations were conducted using an adapted version of S-Q
(Shockley-Queisser) limit where we were able to successfully implement loss in
photoconversion through abstract factors, that are traceable to real physical behaviours.
The simulations results allowed us to identify cupric oxide (CuQO) as an amazingly
interesting material for tandem PEC devices, with maximum theoretical solar-to-
hydrogen efficiencies of 16.7% if paired with hematite and 21% if paired with silicon,
when approaching ideal conditions. The implemented model was further expanded to
evaluate an unreported tandem device configuration with 3 semiconductor materials in
which one of them is connected in parallel. This modification allows the transformation
of the maximum solar-to-hydrogen bandgap pairing geometry from a single point (single
bandgap pairing) into a line (many bandgap combinations). Additionally, this new
configuration would also allow to boost S-Q limit efficiencies of wider bandgap materials
like WO3 and TiO, above 18% with an associated hydrogen yield rate above 40% in

relation to the incident solar constant.
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Motivated by the numerical simulation results, CuO photocathodes research was
introduced in the IFIMUP institute for the first time with the final goal of incorporating CuO

and hematite in a tandem PEC device.

We were able to develop two fabrication protocols of CuO synthesis, with promising
results in both stability and efficiency, which have long term chemical stability issues as
CuO can undergo photo-reduction into Cu,O or Cu during photoelectrochemical

operation.

The first fabrication method consists in electrodeposition of Cu followed by a thermal
annealing for CuO conversion. In this method, we were able to significantly improve the
structural integrity (assessed via Raman spectroscopy) of the photocathodes by
optimizing the electrodeposition conditions, where no traceable Cu;O phase was
detected after photoelectrochemical performance. Additionally, the best performing
photocathode achieved a remarkable photo current density of 1.44 mA.cm?@ 0.5V vs
RHE, for optimized film thickness and deposition conditions, corresponding to an ~85%

increment in relation to raw deposition conditions.

Subsequently, a second method was implemented that allowed the direct
electrodeposition of CuO by a pH variation using the same reagents for copper
electrodeposition electrolyte, used in the first method for Cu deposition. In this method,
steering induced micro structuring resulted in a highly porous micro-coral like
morphology. A photocurrent density of 0.65 mAcm? @ 0.5 V vs RHE was obtained, but
with enhanced structural integrity after PEC characterization. On the other hand, these
photocathodes resulted in an improved structural integrity after photoelectrochemical

characterization, where no corrosion is perceived in the micro-coral like structure.

With the first optimized method for CuO photocathodes synthesis, two hematite-CuO
heterojunctions were fabricated. The best performing heterojunction (FTO-CuO-a-Fe2Os:
Jphoto = 0.47 mAcm? @ 1.23 V vs RHE) resulted in a ~330% increase in the generated
photocurrent density in relation to bare hematite (FTO-a-Fe2Os: Jphoto = 0.14 mAcm2),

with an additional lowering of ~115 mV vs RHE in the onset potential.

Keywords: [Green hydrogen, Photoelectrochemical water splitting, CuO-Hematite,

Photoelectrochemical tandem cells, CuO Photocathodes, Photoconversion]
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1.Introduction

Energy is a primary and fundamental resource in our daily lives, a structural pillar of
civilization as we know it, as it was and as it will be. Over the last two centuries, the use
of fossil fuels has been contributing to global warming and climate changes that we
experience daily, where emission of CO, and other greenhouse gases leads to a rise in
atmospheric concentrations of these gases, resulting in an increase of the global average

temperature.

Under the Paris agreement, the global average temperature rise should be kept well
below 2°C in relation to pre-industrial levels, with efforts pursued to limit the warming to
1.5°C [109]. According to these established thresholds, keeping the temperature
increase bellow 1.5°C would significantly reduce the risk of increasingly frequent and
severe weather events such as heat waves, wildfires, heavy precipitation and other

extreme weather phenomena [109].

The most recent data shows we have already reached a 1.5°C increase in sea-land
surface level average temperature in relation to pre-industrial period, as figure 1.1 (i)
details [110]. This increase in temperature is of course related to an increase in
greenhouse gases emissions. This increment in emissions is, in its place, related with
global energy demand growth, that in its vast majority (around 54%) is still satisfied by
greenhouse gases emitting energy sectors [1], as illustrated in figure 1.1 (ii). Because of
the outlined reasons, a rapid transition to a cleaner, sustainable and environmentally
friendly energy economy is not only urgent but imperative. In this transition, green

hydrogen (Hz2) may play a central and indispensable role.

i. Annual temperature anomalies relative to the pre-industrial period. O o ii. GLOBAL ENERGY DEMAND GROWTH
World .
s Celsiis. in 2024
Qil
Natural Gas
(' 11% 28%
\
/\ mf Coal 15%
\ /‘\W ' 13.9 EJ
A A f ' = Nuclear
N " \ A A M (-‘VJ \" \’ v l\/\/ \v N
A~
\ 38%
Renewables

Figure 1.1: i. Global average land-sea surface temperature level in relation to pre-industrial levels. Adapted from [110].
ii. Global Energy Demand Growth in 2024 by energy sector. 54% of energy demand growth is still satisfied with
greenhouse gas emitting energy sectors. Represented with data from [1].
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1.1. Green Hydrogen and its Applications

Green Hydrogen emerges as a clean, non-toxic, abundant and renewable energy carrier:
an alternative for energy storage. Hydrogen can be obtained from many sources and
according to the current EU directory, hydrogen is categorized by colors and labels

depending on its environmental impact, as outlined in figure 1.2 [11,20].

o3 | N =
Produced via electrolysis  using @ ,l‘.f Q = Sl laliasie
GREEN renewable energy, with no greenhouse | =+ CO, CAPTURE
gas emissions during production Renewable
Energy Water Eletrolysis
= St
1
. @+ QD
. ! | -
Hydrogen generated by steam reforming, 1 . :
with generated CO, captured and stored @ —  GReen y GREEN
BLUE underground using carbon capturing : AMMONIA x SYEJSLE;'C :
systems (CCS). l . i
O . i
0 1
() o
TRANSPORT
GREY Hydrogen produced by steam reforming | |
of Natural Gas. -R g%
reumle =
TRUCKS PIPELINES SHIPPING STORAGE

Hydrogen obtained from coal:
bituminous (black) or lignite (brown). It’s

BLACK the most environmentally harmful due to
both generation and lack of capture of
greenhouse gases.

Figure 1.2: Types of Hydrogen according to current EU directory and Diagram of a Green Hydrogen based economy.
Based on [4,5,11,12].

Green hydrogen is obtained from renewable energy powered electrolysis, being CO»
neutral by default. Hydrogen has a remarkably high gravimetric energy density (33.3 kW -
h/kg [5]), but a very low specific density, which results in a low volumetric energy density
(~3W-h/L [6]). Because storing size also matters, hydrogen may be compressed and
stored for later use [6,7,9], increasing the overall volumetric energy density. Devices like
fuel cells can take advantage of the stored hydrogen, where H, molecules react with the

cell's catalyst and ambient O- to produce electricity and water vapor (H20).

As detailed in figure 1.2, green H2 can also be processed with other chemicals like
nitrogen (N2) or atmospheric CO; to produce green synthetic fuels like ammonia (NH3)
or liquid hydrocarbons (LH) [4,5,9]. These are also carbon neutral alternatives, that
promote lower gravimetric energy densities but higher volumetric energy densities. At
the end, either hydrogen or its derivatives (NHs, LH), may be used in industry, power

generation applications or transport, as detailed in figure 1.2.
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Although the enormous potential of a hydrogen-based economy, green hydrogen is still
too expensive to be economically competitive (green H» costs more than twice the price
of grey hydrogen [11]). Consequently, around 96% of the consumed hydrogen in Europe
is still obtained from methane reforming (Grey hydrogen), which releases considerable
amounts of CO; (around 7.3 Mt) [11].

1.2. Photoelectrochemical Cells

As outlined in section 1.1, green hydrogen should be economically competitive for a
viable hydrogen-based economy. The device’s fabrication cost, efficiency and lifetime
greatly influence the overall green hydrogen cost. Photoelectrochemical Cells (PEC
cells) are one of the most promising, sustainable and environmentally friendly
technologies for green hydrogen production [3,15,16]. These devices directly convert
sunlight & water into chemical energy using a semiconductor material to directly promote
the electrolysis of water, separating H>O molecules into H; and O, molecules
[3,13,14,15,16]. A general accepted threshold for solar-to-hydrogen (STH) efficiency for

commercial viability of PEC cells is 10% [3].

A traditional PEC cell consists of a single semiconductor material that either acts as a
photoanode or photocathode (n-type or p-type, respectively), and a metallic counter
electrode (CE), both submerged in an aqueous based electrolyte [3,13,14,15,16]. Figure

1.3 shows an illustration of a photocathode PEC cell (i) and its energy diagram (ii).

When the semiconductor material absorbs an incident photon with energy above its

bandgap, an electron-hole pair is generated:

semiconductor + hv - e~ + h™, for hv > E, (1.1)
Where E; is the bandgap of the semiconductor and hv is the photon’s energy.
i ii.
I, |
| | Vbias hare
_ | -~ ]
le | e cN
@ @ N
Light IHER
Light
- N g
v L L SO S ISt )
ToER
ELECTROLYTE m o
P T |
TCO Photocathode Metal CE Plype Electrolyte ~ Metal CE
. semiconductor
p-type Semicondutor Photocathode
Figure 1.3: i. lllustration of a photocathode (p-type semiconductor) PEC cell. ii. lllustration of the Energy Diagram of

photocathode PEC cell. ¢ — Fermi Level. Based on [3].
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If the semiconductor has conduction band maximum (CBM) above hydrogen evolution
reaction potential (HER), and valence band minimum (VBM) below oxygen evolution
reaction potential (OER), it has suitable band edges for water splitting and can exchange
charge with the electrolyte. The electrolyte-semiconductor interface has a built-in electric
field, associated with the band pinning illustrated in figure 1.3 (ii). In the case of p-type
semiconductors (photocathodes), this field drives photogenerated holes towards the
counter electrode (CE) and photogenerated electrons towards the semiconductor-

electrolyte interface where they reduce water to produce hydrogen.

Following charge generation (equation 1.1), electrochemical water electrolysis takes

place. For acidic electrolysis [3]:

HER:  4H' +4e” - 2H, E2 4= 0.0 Vvs NHE (1.2)

OER: 2H,0 +4h* - 4H*+0,  EO =—1.299Vvs NHE (1.3)

For alkaline electrolysis:

HER: 4H,0 + 4e™ - 2H, + 4HO™ E24 = —0.828 Vvs NHE (1.4)

OER: 4HO™ + 4h* - 2H,0+ 0O, ES = —0.401V vs NHE (1.5)

The red/ox potentials of HER and OER reactions enable the calculation of the variation
in Gibbs free energy (AG°) [3]:

AEL, 4ox = EXoq + ES, = —1.299 Vvs NHE (1.6)

AG® = —mFAEL,;,, = 237 k]/mol (1.7)

Where n = 2 is the number of electrons involved in the reaction and F = 96485 C/mol is
Faraday’s constant. The solar-to-hydrogen (STH) efficiency of the system can be
calculated by the ratio of the generated power density, by the incident light intensity:

bn, " AGO (1.8)

STH(%) = Solar,
C

Where Solar, (solar constant in kW - cm™2) is the incident light intensity and ¢u, is the

generated hydrogen flux (mol - s~*cm™2).
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Under ideal conditions, the later requirements impose a minimum bandgap of 1.5 eV for
water splitting [3]. However, outside ideal conditions there are activation overpotentials
for driving both HER and OER reactions. These overpotentials, illustrated in figure 1.3
(ii) as nygr and noggr, arise because of deviations from ideal conditions, and individual
characteristics of semiconductors. For instance, in the case of hematite (a-Fez03), that
does not have a suitable CVM to drive HER reaction, an intrinsic overpotential emerges

due to this band edge mismatch.

Consequently, a practical and generally accepted minimum bandgap of 2 eV is required
to drive water splitting [3], which limits the absorption of the solar spectrum to the visible-
UV regions. Even so, many times these systems still require an external bias to promote
the reaction, which decreases the overall efficiency of the device. In an equivalent way

to relation 1.8, STH efficiency can also be written as:

_]photo ' (1-23 - Vbias) (1.9)

STH(%) = 1 Solar
(o}

For biased operation of the device [3]. Where 7 is the faradaic efficiency, /o, is the
generated photocurrent and V,;,s is the applied bias. According to expression 1.9,
applying a bias reduces the overall STH efficiency and for V;,c = 1.23 V the efficiency is
zero. Due to the mentioned limitations, a cost-effective, stable and sustainable PEC cell

that meets the commercial efficiency threshold has not yet been reported.

1.2.1. Tandem Photoelectrochemical (PEC) Cells

Tandem Photoelectrochemical cells emerge as way to release a traditional single
photoelectrode PEC cell from the need of an external bias. These cells, also known as
tandem or “3™ Generation Solar Cells” in the photovoltaics field, take advantage of more
than one semiconductor material to conduct a broader absorption and more efficient

energy conversion of the solar spectrum.

Unlike traditional PEC’s, these devices possess more than one semiconductor material.
This extra semiconductor material can replace the metallic CE, resulting in a device with
both a photocathode and photoanode, as illustrated in figure 1.4. As a result, the
photocathode only needs a suitable conduction band edge to drive HER and
equivalently, the photoanode only requires a suitable valence band edge to drive OER.
The ohmic contact represented in figure 1.4 (ii) acts as a hole recombination layer and
isolates the photoelectrodes from each other. The series connection promotes higher
operational voltages for the tandem cell, in relation to the isolated photoelectrodes,

potentially releasing the system from external bias.

5
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i Tandem PEC Device Illustration ii. Tandem PEC Energy Diagram

PHOTOANODE L PHOTOCATHODE

PHOTOANODE Tco

~ |

AVeen

PHOTOCATHODE

/

Light ELETROLYTE ELETROLYTE

ELECTROLYTE

p— “T w
4 'JOBRI E
[e]
lons T‘.\Yf;.}'\f: lons OER VB %
| i — N ﬁ
™ PEM
OHMIC CONTACT
HOLE-ELECTRON RECOMEBINATION LAYER
Figure 1.4: i. illustration of a hypothetical tandem PEC device. Inspired in [3,17]. ii. lllustration of tandem PEC cell

energy diagram. Inspired in [3,17].

Additionally, as the photoelectrodes voltages add, it is possible to choose lower bandgap
semiconductors than the 2 eV threshold mentioned in section 1.2. Consequently, the
narrower bandgap of the second semiconductor promotes a broader absorption of the

solar spectrum, as illustrated in figure 1.5.

First, photons with energy above E,; are absorbed in the 1% “wide” bandgap material.
Posteriorly, the remaining photons with energies lying between E;, and E;, are
absorbed in the 2" “narrow” bandgap material. Consequently, light should pass through
wider bandgap materials first, so the narrower gap semiconductors still have photons to
generate current. The later property already suggests that the bandgaps of each
semiconductor, as well as their positioning, is a very important property of these systems:
as the photoelectrodes are connected in series, the one with shortest generated current

density limits the current density of the system.
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Figure 1.5:

lllustration of the absorption process of 2-junction tandem cell.
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Therefore, adequate bandgap pairing of the semiconductors band gaps is a crucial factor
in designing such systems. Remarkably, even for losses as big as 1eV per
semiconductor, maximum theoretical STH efficiencies as high as 21.6% for an adequate
bandgap pairing of 1.89 eV and 1.34 eV are reported in literature [17]. Efficiencies as high
as 19.9% have already been achieved with these devices, but in this case only 30min of

stability was achieved [56], as listed in table 1.1.

Photoanode Photocathode Jphoto ! STH/ Stability Year Sou
(mA/cm?) (%) rce

W:BiVO,4/Co-Pi Cu0/RuOy 0.71 0.87 - 2014 [50]
BiVO./NiFeO,-Bi (ZnSe)o.85(C1GS)0.1sCdS/Ti/Mo/Pt 0.89 0.91 30 min 2016 [51]
BiVO, CZTS/CdS/HfO,/Pt 0.85 1.05 10h 2018  [52]
Mo:BiVO./NiFeOx Cu20/Gaz03/TiO2/RuOx 2.5 3 12h 2018 [53]
BiVO, Si-I MIS 1.55 1.9 15 min 2020  [54]
CZTS-BiVO, CZTS/HfO,/CdS/HfO, 14.6 3.17 60 h 2021 [55]
GalnAs / GaAs AllnPOx/AlInP/Galn P 15.7 19 30 min 2022 [56]
BiVO, TD-CuZnSnS, 6.5 8 168 h 2023 [57]

Table 1.1: Summary of literature results of tandem photoelectrochemical (PEC) cells for water splitting.

1.2.2. Materials for Tandem Photoelectrochemical (PEC) cells

Throughout sections 1.2 and 1.2.1, several working principles of PEC cells have been
aborded. Alongside the mentioned efficiency requirements, the sustainability and
environmental impact of these devices are of the utmost importance. The ideal synergy

between different aspects of these devices is illustrated in figure 1.6.

PHOTOELECTRODE

SCALABLE

Figure 1.6: General requirements for a sustainable photoelectrode. Inspired in [100].

As detailed in figure 1.6, an ideal photoelectrode should be efficient, low-cost, non-toxic,

scalable an possess long term stability in aqueous environments. In addition to the
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physical requirements for driving water splitting, the previous properties restrict the

materials choice for these devices.

There are some materials that satisfy the listed conditions, figure 1.7 outlines some of
these materials. This figure also outlines the band edge of both conduction and valence

band as well as the bandgap of these materials, in relation HER and OER potentials.
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40} 05
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8of 35 J TI0, s

Figure 1.7: Some of the adequate materials for PEC cell incorporation. Reproduced from [111].

Analyzing figure 1.7, hematite (Fe2Os3) does not have a suitable conduction band edge
for driving hydrogen reduction but has a quite suitable conduction band (CB) edge for
driving OER. As in hematite, according to this data, CuO does not have suitable valence
band (VB) edge for driving OER but is suitable for driving HER. Furthermore, its low
bandgap of 1.5 eV makes it unsuitable for water splitting in a traditional PEC cell, as

outlined in section 1.2.

As a result, both hematite and CuO come with clear efficiency disadvantages for
incorporation in a traditional PEC cell. However, for a tandem PEC cell, the lower
bandgap of CuO makes it a very interesting material. Furthermore, both Hematite and
CuO have suitable VB edge and CB edge, respectively, for driving water splitting in a

tandem system like the one represented in figure 1.4.

1.2.3. Strategies for Enhancing Photoelectrochemical Performance

Over the years, many different photoelectrodes have been developed. Some of the most
researched are a-Fe;Os, TiO2, WO3 [14,15,16,22] as photoanodes and, for instance,
Cu20 and CuO as photocathodes [22,24,25,26,33].

Some of this excellent photoelectrodes like TiO2> or WO3 have very wide bandgaps,
imposing limitations on STH due to short absorption of the solar spectrum range — having

low S-Q limits for STH conversion, ~1-2% and ~5-6% respectively [3,34]. Cuprous oxide
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(Cu20) has achieved amazing results but is highly unstable in electrolytic environments
and even at ambient air there are reports of degradation [27]. In the case of hematite (a-
Fe20s3), it's very stable in alkaline environments and allows for a considerable theoretical
STH efficiency of 16.8%, depending on its bandgap value which has been reported to be
in the range 1.9-2.2 eV [14]. A problem with hematite, is that it has low mobilities for both
electrons and holes (~1072 cm?V~1 - s71), or in equivalent ways: short mean free paths
(2-4 nm for holes) or high effective masses [3,14,28]. This means that the generated
charges are likely to recombine before getting to the surfaces where they should be
collected. In summary, it is difficult to obtain a material that has adequate bandgap and
electronic structure to promote water electrolysis, and that fulfils section 1.2.2

requirements. To improve overall PEC performance, many techniques can be employed:

. . ey
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o W) PROPERTIES \‘) "
W ([ |
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wewwwww — e n -Si L
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Photoelectrode Doped Photoelectrode To anode
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a ~©®
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Figure 1.8: lllustration of various reported techniques for PEC improvement. i. Doping. ii. Co-catalyst NiP, deposited
on a photoelectrode surface, above a Ti passivation layer. Adapted from [30]. iii. Nanostructuring example: nanowires.
Adapted from [3]. iv. Passivation Layer. v. p-n junction photocathode with adequate band structure for water splitting.

i. Doping: doping can improve both the electronic transport properties and
absorption of the material. Dopants can be donors (donate electrons, increase n
carrier density) or acceptors (accept electrons, increase p carriers’ density),
providing a way to improve the electronic mobilities of the charge carries in the
material [3,14,29]. Excess doping can lead to excess defects in the material that
introduce the opposite effect, for which there is an optimal value for dopant
concentrations [29].

i. Co-catalyst deposition: photoelectrodes surfaces can be functionalized with co-
catalysts such as Pt, TiO, or RuO- (either Hydrogen Evolution Catalysts HEC or
Oxygen Evolution Catalysts OEC) to help create HER or OER active reaction
sites, lower activation potentials, improving charge transfer between the

electrode and electrolyte — It can also help with stability and faradaic efficiency

9



FCUP | FEUP
3 Generation Solar Cells for Green H, Production by Water Splitting

by enhancing selectivity [3,30]. They do not help with photoconversion, only with
the reaction kinetics.

Nanostructuring: Semiconductors can be nano-structured to help tune or
improve their properties. For instance, nanotubes and nanowires offer wider
surface area, and therefore wider active area for reactions to take place/charge
to be collected and can offer shorter paths for charge carriers to reach the
surface. Furthermore, the anisotropy introduced by the shapes and spatial
confinement can further improve charge separation or even help tune the
materials bandgap [3,14,28].

Passivation layers: thin layers of materials like TiO2, Al203 or ZrO, can help
stabilize the photoelectrodes by improving better charge transport to the
electrolyte and preventing the material from being in contact with the electrolyte
itself [31].

P-N junctions: adding n-type layer to a photocathode or a p-type layer to a
photoanode can further help charge separation because of the built-in electric
field of these junctions, they can be achieved by doping the semiconductor
material or by adding a different material, forming a heterojunction [32,]. The
resulting electronic structure of the junction must still be capable of performing
water electrolysis, which requires careful band matching of the materials and their

fermi levels.

Table 1.2 summarizes results of some photoelectrodes, providing specifications of the

techniques used as well.

Photoanodes Employed Techniques J@V vs RHE Source
a-Fe20s i. Sn Doped iii. Nanowires 0.52mA-cm™2 @ 1.2 Vgyg [14]
o-Fe203 i. Mn Doped iii. Nanorods 23mA-cm™? @ 1.23 Vg [35]

WOs3 iii. Nanoplatelets 1mA-cm™? @ 1.23 Vgyg [15]
TiO2 ii. NIOOH HEC iv. Al203 1.42mA-cm™2 @ 1.23 Vpyg [37]
BiVO4 ii. Ni-Co-LDH OEC 34mA-cm™? @ 1.23 Vgyg [36]
BiVO4 ii. NiFe OER catalyst 6.73mAcm? @ 1.23 Vgyg [36]
Photocathodes
Cu20 ii. RuO2 HEC iv. TiO2 passivation 55mA-cm 2 @ 0 Vpyg [23]
Cu20 ii. Pt HEC 3.55mA-cm™2 @ 0 Vgyg [41]
CuBi202 iii. Nanoclusters 1.1mA-cm™2 @ 0 Vgyg [38]
CuO/ZnO iii. Nanowires v. p-n heterojunction 8.1mA-cm™? @ 0 Vgyg [39]

Table 1.2: Summary of some literature results for photoelectrodes in PEC water splitting.

10



FCUP | FEUP
3 Generation Solar Cells for Green H, Production by Water Splitting

1.3. Cupric Oxide (CuQ) Properties

Cupric Oxide (CuO) is one of three oxide phases of copper, the other two are Cu»O and
CusOs. During the beginning of this thesis development, numerical simulations (chapter
2) were conducted that motivated us to research CuO photocathodes for pairing with
hematite. The key properties of this material relevant for its synthesis and
photoelectrochemical splitting of the water molecule are presented throughout this

chapter.

1.3.1. Structural Properties of Cupric Oxide
CuO is a ceramic material, with crystalline monoclinic structure belonging to the C2/c
spatial group. Table 6 summarizes some of the structural properties of Cupper and its

oxide phases.

Material Crystal Spatial a=b=c a=B=y Unit Density Source
System  Group (4) © cell g/cm3
Volume
(A%)
Cu Cubic Fm-3m 3.615 90 47.2 8.96 [62]
Cu20 Cubic Pn-3m 4.27 90 77.8 6.00 [63,64]
a=b(A) c(A)
Cu4O3  Tetragonal 141/amd 5.837 9.932 90 338.4 6.47 [61,63]
a b c B
CuO Monoclinic  C2/c 468 342 513 99.3 81.3 6.31 [61,63]

Table 1.3: Crystallographic properties of Cupper and its oxide phases.

From all the oxide phases of the Cu-O binary system, CuO is the most stable, even more
stable than copper (Cu) in oxygen environments at ambient conditions, as shown in the

phase diagram of figure 1.9 (i).

These phase diagrams are exact in terms of phase stability, but other factors like the
diffusion coefficient also play a role in the phase transition. Subsequently, at room
temperature and ambient O pressure, the ambient thermal energy is not enough to drive
oxygen through the surface oxide layers. Consequently, copper oxides only form at

higher temperatures, although they are more stable.

It is reported with aid of synchrotron x-ray analysis, that at 150°C thermal energy is
sufficient to overcome the native oxide layer on copper and further oxidize a batch of Cu
films ranging from 100 to 1000 nm into Cu2O [65].

11
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Figure 1.9: i. Phase Transition diagram for Cu-O binary system as function of O2 pressure and Temperature.
Reproduced from [66] ii. Resume for x-ray spectrum for thin films Cu-O binary system, for various temperatures at 3h
timestamp. Reproduced from [65].

Below 320°C, the thermal energy is still not enough for enabling CuO phase transition,
which is only detected above this temperature, as illustrated in figure 1.9 (ii). Table 1.4
summarizes some of the reported information, outlining the need time to achieve 100%

oxide phase at different temperatures, which can be very helpful for synthesis purposes.

Phase / Temperature (°C)
100% 150 260 300 330 350
Cu20 unknown 18h 120min - -
CuO - - - 20h 120min

Table 1.4: Time duration to achieve pure phase state at different temperatures. Data from [65].

This truly insightful work from Sumita Choudhary et al, shows that annealing the copper
films in atmospheric air at 350°C for 2h is enough to achieve pure CuO phase, as outlined
in table 1.4. Another observed behavior during literature review is that the Cu,O—-CuO
phase transition, is that the resulting CuO usually exhibits crystalline orientation in both
Cu20’s existing crystalline orientations, and their symmetric counterparts. In other words,
if Cu20 exhibits (111) crystalline orientation, CuO will exhibit both (111) and (—111).
This is not observed in the Cu to Cu20 phase transition and is most likely related with
cubic symmetry conservation in the Cu—»Cu.O transition and a break in cubic to

monoclinic symmetry in Cu—CuO transition. This tendency is visual in figure 1.9 (ii).

1.3.2. Optoelectronic Properties

The optoelectronic properties of a material are of the utmost importance in
photoelectrochemical cells and photovoltaic devices in general. Cupric oxide, usually
exhibiting p-type conductivity, although n-type has also been reported, has a reported
tunable bandgap in the range 1.2-2.3 eV [70]. Although this bandgap malleability is

12
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reported for CuO, some authors claim that it simply has an indirect bandgap of 1.23 eV
and direct bandgap of 1.7 eV [3]. Some of the general optoelectronic properties of CuO

are listed in table 1.5, as well for the well-known cuprous oxide (Cu20).

CuO Cu20 Source
Bandgap (eV) 1.2-23 2-2.27 [70]
Refractive index 1.4 2.28-2.14 [68][70]
Hole effective mass / me 0.24 0.4-5.6 [68][71]
Hole mobility / cm?v—1 0.1-10 0.2-256 [68][69]
Maximum theoretical 35 14.7 [68]

Jphoto | MA - cm™2

Table 1.5: Optoelectronic properties for CuO and Cu,0O found in literature.

The tunable property of cupric oxide (CuO) bandgap is attributed to quantum effects that

rise when its electrons are spatially confined to nanometric dimensions lower than their

de Broglie wavelength, as illustrated in figure 1.10. This confinement can be imposed by

the crystallites, for which a clear inversely proportional relationship between

nanoparticle/crystallite size and this material’s bandgap has already been reported [72].

This inverse proportion relation is typical of these effects, as illustrated in figure 1.10 (ii).
i ii.
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Figure 1.10: i. lllustration of different types of spatial confinement in k-space. Adapted from [112]. ii. lllustration on
bandgap widening effect with particle size reduction. Adapted from [112].

Protocols and precursors utilized in synthesis, as well as oxygen flow rate during

annealing have also been reported to influence bandgap value [76].
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1.3.3. Photoelectrochemical Properties

This material has a monoclinic structure, as outlined in section 1.3.1, which is a highly
anisotropic symmetry. This anisotropy affects several properties of CuO, also having an
impact on its photoelectrochemical properties [113]. In a performed DFT study, in which
bandgap center determination is exact, CuO is found to have different bandgap centers
for different crystalline orientations [113]. Considering a bandgap of 1.5 eV, this study
shows that the (111) direction and (011) are the most suitable for water splitting because

they result in suitable band edges [113].

Usually exhibiting onset potentials between 0.7 and 0.8, some excellent CuO
photocathodes have been reported [39], already reaching amazing photocurrent
densities of 8.1 mA - cm™2, as listed for the ZnO passivated CuO photocathode in table

1.2. Figure 1.11 showcases reported j-V characteristics.
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Figure 1.11:i. (a) J-V curves with chopped illumination for CuO nanowires with Pt co-catalyst (b) /-t under illumination
for 10 min. Reproduced from [115] ii. A. J-V curves with chopped illumination. B. J-t for chopped illumination during
8min @ 0.3 Vvs RHE. Reproduced from [116].

Perhaps one of the most concerning photoelectrochemical characteristics of CuO is that
it can go through self-induced reduction, making long-term stability a challenge and topic
of active research [40]. Strategies like increasing the surface area and other techniques,
that protect the surface and enhance charge transfer dynamics with the electrolyte

material durlng PEC operation and performance enhancement purposes [40].
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2.Numerical Modelling of Photoconversion for

Solar-to-Hydrogen Efficiency

In tandem photovoltaic devices, bandgap pairing is one of the most important properties
and has a great impact on the converted solar energy, as outlined in section 1.2.1. As
such, having the capability to calculate theoretical maximum efficiencies based on
bandgap pairing emerges as a highly useful tool when constructing a tandem PEC cell,
enabling the selection of key material combinations based on their bandgap. An
algorithm capable of doing this calculation could also be used for comparing expected
efficiencies with real efficiencies in tandem devices: so, if a synthesis does not output
the expected bandgap, the amount of loss because of bandgap mismatch may be

estimated.

With the goal to study and identify suitable bandgap pairings that maximize STH
efficiency for existing photoanodes but also to investigate unreported material
combinations and devices configurations, numerical simulations were conducted. These
simulations were conducted using the Detailed Balance Limit model (also known as
Shockley-Queisser (S-Q) limit), explained throughout sections 2.1.1 and 2.1.2. To
account for losses in photoconversion, abstract factors and functions are introduced in
section 2.1.3, as a way of simulating deficits in open circuit voltage (V) and short circuit
current (Jsc). The implemented numerical methods for solving critical equations of the
model are detailed in section 2.2. Subsequentially, model implementation and respective
results are outlined in section 2.3. All functions and methods are implemented in python

and can be consulted in appendix.

2.1. Shockley-Queisser (S-Q) limit formalism
Firstly proposed by William Shokley and Hans-Joacquin Queisser in 1961, the S-Q limit

is the maximum theoretical efficiency for a p-n junction solar cell under ideal conditions.

This model has four fundamental assumptions [74]:

The only recombination mechanism is radiative recombination.

2. The absorption and emission are in thermodynamic equilibrium, so emission is
given by black body emission derived from Bose-Einstein statistics.

3. Every photon above the bandgap is absorbed and contributes to current,
translating into a quantum efficiency (QE) of 100% for photons above the
bandgap.

4. Excess energy from the photons is lost as heat.

15
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Because of these ideal assumptions the S-Q limit is actually a physical limit that you may
approach, but never actually achieve, outputting a maximum efficiency of around 32%
for 1.1 eV bandgap, while commercial 1.1 eV silicon cells efficiency is around 24% due
to reflection losses and other non-ideal scenarios [105]. Sections 2.1.1 and 2.1.2
introduce the model for single and multi-junction cells, while section 2.1.3 introduces the

implemented factors for loss incorporation in the calculation.

2.1.1. S-Q limit for Single p-n Junctions

The previously listed assumptions enable the derivation of suitable relationships for
calculation of maximum theoretical efficiency for a given incident light spectrum in a p-n
junction. Because of assumption (3), the number of generated charge carriers’ density

per unit time (G) is given by [74]:

® 2.1
G=| ¢(E)dE (21)
Eg
Where ¢ (E) is the incident photon spectral flux (#photons - m~2 - eV~! - s71), which may

be obtained by dividing the incident irradiance (W -m~2-eV~1) by the photon’s energy
E = % The bandgap is denoted by the symbol E,. In other words, ¢(E)dE represents
the number of photons with energies lying between E and E + dE.

Because of assumptions (1) and (2), the number of photons emitted by the junction is

given by integrating Bose-Einstein black-body emission statistics for V = 0 [74]:

2m (© E2 (2.2)
el

= cZh3 exp (E ;Tqv) . dE

Where q is the electric charge, V is the potential difference across the junction and Vr =

kgT . . . , . ,
% is the thermal voltage. This expression has no analytical solution, so numerical

methods must be employed. In this way, the short current density may be calculated by

expression 2.3:

Jsc =q(G— Qo) (2.3)
The total photocurrent density (Jhot0) is Calculated by subtracting the dark diode current

density (J-oc), to the generated short current density:

]photo = Jsc = Jrec

v 2.4
]photo =Jsc—Jo-eVr ( )

16
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Where J, = qQ. is the recombination amplitude of the junction, V is the junction’s
potential difference and V; = k(‘j—T is the thermal voltage [74]. Equation 2.4 allows for

determining the Jpnowo-V charactheristics of a p-n junction with bandgap E, at a

temperature T.

The open circuit voltage may be determined by setting Jppot0 = 0:

Voc = Vr-In (]]S_OC> (25)

Knowing the open circuit voltage of the system, the voltage range is determined (V €
[0,Voc]), and the maximum power point (MPP) of the device may be determined

numerically [74]:

MPP = Max(/photo * V) (2.6)

2.1.2. S-Q limit for Multi-junction (Tandem) Cells
In the case of a n-junction cell, the process is very similar. Through this analysis it is
consider that the junctions positioning is in decreasing bandgap order in relation to light

incision direction. The generated charge carrier’s density on the i™" absorber is:

@ 2.7 Egi-1 2.8
Gi=| ¢(E)dE @7 G; =f ¢(E) dE (28)
Eg'l Eg,i
With i € {2,..,n}. In the case of two junctions:
Eg1 (2.9)
Gy = ¢(E) dE
Eg'z

In case of series connection between junctions, the junction with lowest Jsc limits the
short current density of the device. Each individual Jsc; is calculated according to

equation 2.3, and the lowest one becomes the J5. of the cell:

Jsc = Min[Jsc1,Jsc.20 - Jscn] (2.10)
With Jsc determined, the current density range is now known: Jyho¢0 € [0,/sc]-

Relationship 2.4 can be inverted to output the voltage of the i™® junction (V;), as a function

of the photocurrent density Jyhoto:

Vi _ VT ‘In (]SC _]ph0t0> (2-11)
Joii
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The voltage across the cell for series connection is given by equation 2.12:

Vcell = Z VT -In (]—SC _]()]?hOt()) ( 212)

Like in section 2.1.1, the MPP can be determined numerically:

MPP = MaX(]photo ) Vcell) (2.13)

2.1.3. Photoconversion Losses Implementation

As outlined in section 2.1, the S-Q limit calculation is derived under ideal scenarios such
as 100% quantum efficiency (QE) (assumption 3) and only radiative recombination
(assumption 1). However, in practical situations, additional recombination pathways such
as Auger, defect induced recombination or unbalanced doping, that introduce significant
losses in both Jsc and V¢, also arise. To account for these losses, a term that controls
recombination current amplitude and a function that introduces loss in quantum efficiency
(QE) are implemented, enabling the simulation of Vo and Jsc deficits with traceable

physical behaviors.
Voc Deficit
For accounting Vy deficits, an f. term that controls the recombination current density

v
amplitude (J,) is introduced. This extra recombination should be proportional to the e e
factor, justifying the amplitude control implementation. In this work, this is done in a
different but equivalent way to reported literature [75]. Relations 2.14 and 2.15 outline
the adaptations to expressions 2.4 and 2.5:
Jo V¥ (2.14)

]photo =Jsc—Fe'r
fe

Jsc _]photo) (2.15)
Jo

So, if f. = 1 its equivalent to detailed balance limit and if f. < 1 recombination increases

VZVTln(f;:

with a voltage dependency, affecting open circuit voltage. This factor was found to

simulate rather well V¢ deficits but did not affect J5¢ effectively.
Jsc Deficit

To account for both absorbance and quantum efficiencies losses, a QE efficiency

function is modulated by hyperbolic tangents:

0 E <E, (2.16)

QEEI=) 4. tanh (B-(E-Ey)) E=E,
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Where A and B are parameters that may introduce different loss, although B = 5 is held
fixed throughout this analysis. The factor A € [0,1] controls the amplitude of QE (E), while
B controls “how fast” QE(E) goes from O to A (see figure 2.1).

This function is incorporated in the generated charge carrier’s calculation, in a way that

expression 2.1 becomes:

[ee]
2.17
G = ¢(E)'QE(E)dE ( )
Eg
| Il.
10 -0z 0.8
A=04 07
- 0.8 A=06 - 06
o — A=038 o
D 06 A=10 g o5
o ® 04
= — 5Q =
:J 0.4 ‘I_‘u“ 0.3
o o
02 02
01
0.0 0.0
0 1 3 4 1 3 4

2 2
Energy / eV Energy / eV

Figure 2.1: i. Graphical representation of the QE assumed in S-Q limit vs the simulated profile by expression 2.17, for
A€[0.2,1], B =5and Eg,, = 1.1 eV. ii. Graphical representation of simulated QE by expression 2.15 as function of
bandgap, for A = 0.8 and B = 3.

The QE (A, E) function represents the fraction of incident photons with energy E that are
absorbed and contribute to the generated current density, resembling the behaviour of
absorbance spectrums, as illustrated in figure 2.1. With this approach, we were able to

successfully introduce Js deficits.

2.2. Numerical Methods

This section outlines the employed numerical methods for calculation of the S-Q limit,

used in the calculation of equations 2.1 and 2.2, as well in the determination of the

maximum power point (MPP).

All functions are implemented in python, and the different systems are modelled by
imposing adequate mathematical restrictions. The only numerical techniques used are

for integration and maximum search. All wavelength dependent variables are converted

to energy variables through E = % relation.
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2.2.1. Trapezoidal Rule

The trapezoidal rule is employed for numerical integration of the equation 2.1 (G) .The
incident photon spectral flux (G) is calculated using the reference spectrum ASTM G173-
03, corresponding to 1 Sun Air Mass 1.5, obtained from ENRL data Files [108].
Trapezoidal rule consists in discretizing a continuous function f(x) and its integration

domain in N small intervals with width h. If the integration domain is x € [a, b], h is given

by:

b—a (2.18)

Then the integration simply becomes the sum of the various trapezoids defined by width
h and heights f(a + kh) and f(a + (k + 1)h), with k€ {0,1,2,..,N — 1} :

I_be( y Nz_:th(a+k-h)+F(a+(k+1)h)
= . X x—>k=0 2

N-1
L (2.19)
I :E(f(a) + f(b) +2;f(a+k-h)>

The uncertainty of this method is in the order of magnitude of h [106]. For details in this

implementation of the rule, see appendix.

2.2.2. Gauss-Legendre Quadrature
For integrating expression 2.2, Gauss-Legendre quadrature is used. Gauss-Legendre
quadrature, a variant of Gaussian quadrature, allows for fast and precise numerical
integration by using non-uniform nodes and optimized weights for integrals of the form
[106]:

1 n (2.20)

1= feodr =Y wirGo

-1 i=1

Where x; are the nodes, w; are the integration weights of the nodes and n is the number

of sampled nodes used for integration. This method allows for exact integration of any

polynomial up to order 2n — 1.

First the integration domain is changed from E € [Eg, oo], into a finite domain z € [-1,1],

with the following change in variables:
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2E, (2.21) 2E,
E=-—F dE = —%
1-2z (1-2)2

With a quick inspection it's simple to confirm the variable change outputs the right

& (2.22)

integration limits:

2E 2.23 2E 2.24
lim E_ = Eg (2.23) lim —& = o (2.24)
z-»-11—2z z-11—2z

The new expression for Q. under thermodynamic equilibrium (V' = 0):

_ 16mEg° jl 1 dz (2.25)

VEY ER 2E; 1 1-2)*
eXp(V—Tl_Z)—l

The later expression is integrated using Gauss-Legendre quadrature for z € [-1,1], being

a function of E; and the cells temperature.

2.2.3. Numerical Maximum Search

The numerical method employed for maximum search is unconventional and takes
advantage of built-in python functions. The employed methods were chosen because
they allow extracting the maximum element of a numeric array, allowing to determine the
maximums from the arrays used in graphical representation the efficiencies as a function

of bandgap/bandgap pairing.
Single Domain Functions

NumPy allows for identification of the index of the maximum value of a given array by

the “np.argmax()” function, which was used to determinate all maximums:

1. The functions domain [a, b] is computed and represented as an array x. This
domain is an array with discrete elements, equally spaced by an amount §. This
spacing is user defined in the creation of the domain array: x = (a,a + 6,a +
26,..,b—6,b);

2. The output function f(x) is computed for all elements in x, and stored in an array
y = f(x). By running the instruction “np.argmax(y)’, the index “i“ of the
maximum value in y is outputted.

3. The index of maximum value in y is the same of the element in array x that
outputted that value. By running the instruction "x[i]”, the value of the domain at

which f(x) is maximum is known, by an uncertainty of §: x;,,.x = x[i] 6.

This method enables fast maximum determination, within an user defined uncertainty of
d.
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Multidomain functions

1. For multidomain functions the various domains of integration are computed and
stored in their own array: d,d,, ..., d,,.

2. The output function is computed for all possible combinations of the elements in
the various domains dy,d,, ...,dyn: f(dy;, dyj, ..., dny), @nd represented in an
array y = f(dy, dy, ..., dn)

3. Then in a similar fashion to the 1D method, the “np.argmax(y)” outputting the
index "i” of the maximum argument on the uravelled y array (each vector inside
the array is sequentially mapped into a 1-dimensional array). Following this, in

the case of 2D “y” arrays, it is possible to retrieve the 2D maximum indexes by

the following operation: d; nax = int (m) yd2max = 1 — length(dy) * dq max-
1

2.3. Model Implementation and Results

This section explains how the models are implemented and outlines the obtained results,
focusing on possible STH efficiencies under different photoconversion losses and device

configurations.

2.3.1. Single Junction limit and Loss Factors Implementation

For calculating the S-Q limit of a single p-n junction, equation 2.1 (¢) and 2.2 (Q.) are
calculated using the numerical methods described in sections 2.2.1 and 2.2.2, as
function of E; and considering room temperature T = 300K. A study on equation 2.25

integration convergence points was carried, considering the percentual difference

between successive integrations AE=I"I_$><100 as criterium, where I, is the

n-1
integration value for n sample points. The method demonstrates fast convergence, as
outlined in figure 2.2. The study showed that 30 sample points are enough to achieve a

good convergence of AE < 1071°, for E, € [0.4,3] eV. For this reason, all integrations of

equation 2.24 are carried using 30 sample points.
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Figure 2.2: i. Logarithm value of the numerical integration value, as a function of the sample points. ii. Logarithm of
percentual error difference between successive integrals for various bandgaps for E, € [0.4,3] eV. Formula: AE =

’I‘# x 100.

After this, equation 2.4 is implemented as a function of Jsc and V. Subsequently, open

circuit voltage is calculated using relation 2.5, enabling the creation of a numeric array

ranging from 0 to V¢ in steps of §:

Finally, the maximum power point (MPP) is determined using the described method for
maximum search in section 2.2.3 for single domain functions. The loss factors are

inserted by considering relations 2.14, 2.15 and 2.17 in the /010, Voc @nd G calculation.

V =10,6,26, ..., Voc — 8, Vol

Voc Deficit

Open circuit voltage deficit is introduced by the factor f. as described in section 2.1.3,

n-1

changing current density and voltage relations, according to equations 2.14 and 2.15.

(2.26)

Voc DEFICIT ii. RESULTS
401 30 4
w 25 4
£ 301
- ® 20
E -~
E 201 8 154
o o
2
s L 104 L
— 10{ — S-Q: Radiative Only —— 5-Q: Radiative Only
f.=10"3 5 f.=10"3
ol f.=10"% 0l f.=10"%
0.0 0.2 0.4 0.6 0.8 0.5 10 15 2.0 25 3.0

Voltage / V

Bandgap / eV

Figure 2.3: i. S-Q limit as a function of bandgap for: f, = 1 (only radiative recombination) and f, = 103,107 (a
thousand and million-fold more recombination than radiative). ii. J-V profiles for 1.1 eV Si considering the same f

factors as in (i).
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These results approach the published literature by this method [75]. As we can see, the
fc term simulates rather well V. deficits but doesn’t affect J5c in a significant way, not
impacting wider bandgap values as much as lower ones, as figure 2.3 (i) shows.
Photoelectrochemical cells usually take advantage of wide bandgap materials for their
high operating voltages and STH efficiency strongly depends on J;,4t0- Subsequently.
considering only the f. factor will not affect these important bandgap range as much as

the lower ones, promoting an unfair loss implementation.
Jsc Deficit

By introducing the QE (E) function in the G term calculation (equation 2.17), it is possible
to introduce short circuit current density deficit as well, as illustrated in figure 2.4. As the
results show, this approach successfully simulates s deficits, also having a more
homogeneous impact across the considered bandgap range as well, as it can be visually
confirmed by inspection of figures 2.3 (ii) and 2.4 (ii). To the best of our knowledge, this

approach is not reported in literature.

i Jsc Deficit ii. RESULTS

=
o
L
w
o

g 25
£ 34
o
; B\ 20 o
=
£ 20 m
~ O 15
e o
2
= 104 —— Radiative Only 107
— f=l1&A=1 5
01 0
0.0 02 0.4 0.6 0.8 0.5 10 15 2.0 25 3.0
Voltage / V Bandgap / eV

Figure 2.4: i. Implemented model with simulated QE losses, for B = 5 according to expression 2.13. ii. Visualization of
the losses impact on J-V behavior for 1.1 eV Si.

The observed decrease in efficiencies (plot ii.), demonstrates how much a small
deviation from ideal 100% quantum efficiency can impact the S-Q limit, decreasing
maximum of 1.1 eV Si PCE (Percentage of Converted Energy) from 32.9% to 28.7 %
considering f. =1,A=1and B =5.
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Adapted Model

Implementing both the f, factor and the QE(E) function, both V¢ and Js¢ deficits can be
incorporated. Comparing the previous models (figures 2.3 and 2.4) with the adapted
model in figure 2.5, the adapted model is more complete, as it allows us to simulate
losses in both Jsc and Vgoc. With these adaptations, evaluating the S-Q limit under

different photoconversion losses considerations is now possible.

Besides the successful loss implementation, these loss factors can be traceable to real
physical behaviors: for instance, the introduced QE (E) function may be thought as the
result of absorbance and collection efficiency of the material for photons with energy E,

while £, is a suitable pathway to introduce non-radiative recombination.

i. BOTH ii.. RESULTS
—— Radiative Only — 5-Q
407 — f=1&A=1 304 — f=1l&A=1
™~
25 1 F—10-° & A—D
£ 34 — £=10°&A =05 —— =107 &ASDS
~ & 20+
- iy
S 4 151
e o
g 10_
= 10
5,
0 0

0.0 02 0.4 0.6 0.8 05 10 15 2.0 25 30
Voltage / V Bandgap / eV

Figure 2.5: i. Jphoto- V characteristics with varying loss factor: A4 € {1,0.7,0.5}, f; € {1,107%,107¢}. ii. Loss factors impact
in energy conversion.

2.3.2. Double Junction S-Q limit for STH conversion

Following the successful implementation of the S-Q limit calculation for a single junction,
it is possible to extrapolate the model for a multi-junction system, as described in section
2.1.2. Firstly, the S-Q limit for a 2-junction system connected in series is implemented,
following section 2.3.1 reasoning. In relation to the single junction calculation, there are

some extra steps:

1. The G, factor is calculated according to equation 2.9, with the nuance that the
spectral photon flux (G) is simply set to be 0, for photons satisfying: E > Eg 4;
instead of changing the integration limits.

2. Both Jsc; and Jsc, are determined, maintaining the lowest one as the device’s

Jsc, as represented in equation 2.10 from section 2.1.2.
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3. The voltage of the cell (V) is calculated with relation 2.12, and the MPP is
determined using the maximum search for single domains described in section
2.2.3.

4. Finally, the maximum search for multi-domain functions is employed to find the

maximum PCE as function of E; ; and Eg .

For photoconversion loss incorporation, the expressions 2.14, 2.15 and 2.17 are
introduced (section 2.3.1). When f. and A factors are considered, they are the same for
both junctions. For solar-to-hydrogen (STH) conversion it is assumed that the cell’s
photoelectrodes (cathode and anode) have suitable band edges for water splitting, so if

the condition:

Vcell > Vact (2-27)
Is verified, the reaction should happen. Where V,.; is the redox potential for water
splitting, including activation losses. The equivalent electrochemical circuit for regions

satisfying condition 2.27 is illustrated in figure 2.6.

JUNCTION 1 JUNCTION 2

Light

ELECTROLYTE
Figure 2.6: Equivalent circuit of a 2-junction tandem PEC.

For STH S-Q limit calculation in unbiased regions, expression 1.8 is used for efficiency.

Where the hydrogen flux is obtained by considering the current density at the maximum

power point (Jypp):

_ Jmpp (2.28)
2qNy

Another reasoning could be applied, for instance, the current density could be taken at

bn,

V.en = 1.23 V (or at another reaction redox activation potential), because lower voltages
usually lead to higher photocurrents, as it can be quickly confirmed by inspection of

figures 2.3, 2.4 and 2.5 (i). However, the MPP is a stable operation point of the cell and
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considering the current density at this point promotes a more conservative analysis, as

in practice the S-Q limit could be higher than the ones presented.

Results

The traditional S-Q limit calculation, applied to 2-junction system for STH conversion, is
presented in figure 2.7. The null STH efficiency zone on the left of both plots is a region
where the second junction has a higher bandgap than the first one, having null incident

spectral photon flux. The right null zone is related with activation losses.
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Figure 2.7: i. Literature reproduction considering AU = 3.23 eV [17]. ii. S-Q for STH efficiency considering AV, = 2V.

Likewise, the null STH region to the right of both plots is related to activation losses:

i.  Plot (i), previously achieved in literature [17], which considers an activation loss
of 1 eV on the junctions’ bandgaps: AU = E cqox + 2 €V.
ii.  Plot(ii), unlike the previous approach, considers a reaction activation potential of

V.t = 2 V. Inthis approach, the operating voltage Vypp must obey condition 2.27.

The considered V,.. = 2 V already contains big activation potentials. However, even with
this loss, STH efficiencies as high as 27% are permitted by the S-Q limit. Table 2.1

outlines the maximum STH bandgap pairings for each calculation.

E,leV E, eV STH/ % Source
i. This work 1.33 1.87 21.2 -
Literature 1.34 1.89 21.6 [17]
iil. AV, =2V 1.05 1.69 27.4 -

Table 2.1: Results and literature comparison for maximum STH conversion using S-Q limit model.
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According to results of calculation (ii), maximum STH efficiencies over 20% are possible
by some combinations of E;; € [1.6,1.9]eV and Eg, € [1,1.5]eV, which can be

observed inside the white contour line in figure 23 (ii).

Hematite as a reported bandgap in the range [1.9,2.2] and CuO has a reported tuneable
bandgap in the range [1.2,2] eV. Cupric oxide (CuO), being one of the transition metal
oxides with reported bandgap below 1.7eV, could serve as a narrow bandgap
semiconductor, but also as a wide bandgap material due to its reported tunable bandgap.
In this way, both combinations Fe;O3-CuO and CuO-Si bandgap pairings are studied,

with photoconversion losses incorporation.
Hematite-CuO Pairing

To study Hematite-CuO pairing, STH is calculated for these materials’ possible bandgap
combinations. Loss factors are varied to evaluate the impact of photoconversion losses

in STH efficiency, as represented in figure 2.8.
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Figure 2.8: STH efficiency simulations for Hematite-CuO bandgap pairing. i. f, =1,A=1&B =5.ii. f, =1073, A=

0.8& B =5.iii. f,=10"%,A=0.5,B =5.

Minimum Pairing Maximum Pairing
Egq ! Egp | Egq ! Eg, |
Plot [fe,A] gt 8 STH | % g 8 STH | %

eV eV eV eV

i [1,1] 2.8 16.7

ii [1073,0.8] 23 13.4
1.7 1.9 1.31 1.9

iiii [107¢,0.5] 1.42 8.4

Table 2.2: Results for the Hematite-CuO pairing. i. Approaching S-Q limit conditions; ii. x10° more recombination with
QE plateau at 0.8. iii. A million-fold more recombination, with QE plateau at 0.5.

These results show that for the considered bandgap ranges, STH can vary a lot

depending on the pairing. The minimum STH pairing is always for 1.7 eV CuO and 2.2
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eV Hematite, always below 3% even for low photoconversion losses. On the other hand,
the maximum is always for 1.9 eV Hematite and 1.31 eV CuO. Approaching ideal
photoconversion conditions, promising STH efficiencies as high as 16.7% should be
possible, which can be lowered to around 8.4% with considerable photoconversion

losses.
CuO-Si Pairing

Inspecting figure 2.7 (ii), combining CuO-Si might enable enhanced STH efficiency
regarding Hematite-CuO combination. Under this scenario, CuQO is considered the wide
bandgap material and Si the narrow one: Si could be integrated with as a PV Pannel or

passivated with an electrocatalyst layer for direct contact with the electrolyte.

Based on results, a 1.75 eV CuO could be a perfect match for 1.1eV Si — having above
10% STH efficiency, even for high photoconversion losses, as figure 2.9 demonstrates,

and efficiencies as high as 21% for low photoconversion losses.

Interesting that after introducing QE(E) function, the optimal bandgap of CuO shifts

slightly to the right and maintains constant.

| — sQ Eg,max,CuOI STHmin STHmax

— f=107A=1

[fe,A]

— £=10"3A=08 eV 1 % | %
I L s-Q 1.71 7.11 26.7
~ 154
z [1073,1] 1.75 2.97 21
3]

104

[1073,0.8] 1.75 2.3 16.8
Ny

[1076,0.5] 1.75 1.4 10.5

13 14 15 16 17 18
CuO Bandgap / eV

Figure 2.9: Graphical representation of STH as function of  Taple 2.3: Results for CuO-Si pairing. All minimum STH
wide bandgap value for 1.1 eV Si. are for £g,1=1.3 eV.

This shift in the bandgap that maximizes STH efficiency, is most likely related to the fact
the introduced QE(E) function makes the first photons above bandgap contribute less,
as can be visually perceived in figure 2.1 (i). These results indicate that based on

bandgap, CuO is a material with great interest for incorporation in a tandem PEC cell.
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2.3.3. Breaking the S-Q limit for in series 3-junctions Cells

This section comprises a mini study in 3-junction tandem PEC devices using the normal
S-Q limit. Firstly, the traditional in series connection of the 3-junctions is evaluated,
outputting similar conclusions to those reported in literature [3]. However, by changing
the electrical connections there is a gain in relation to 2-junction devices, as shown in

this section.
Maximum STH limit for a 3-junction tandem PEC cell

As it is not possible to visualize a STH(Egy, Eg,, Eg3) function (4-dimensional space, 3
input variables into 1 output), the maximum STH is calculated based on Eg; (3" junction

bandgap) variation for fixed domains in Egy, Eg,.

In practice, a 3™ junction is included in series in section’s 2.3.2 algorithm.
Subsequentially, STH efficiency is calculated for Eg, € [1.4,3] and Eg, € [1.3,2] and

represented as function of Eg;

Inspecting figure 2.10 (i), the maximum STH efficiency is a 21.21 % plateau for narrow
bandgap range of Eg; € [0.6, 0.8] eV, imposing the need for rather low bandgap materials
and increasing costs, but with no gain in efficiency. This plateau is related with the
limitation on the spectral photon flux of the 2" junction. Figure 2.10 (i) also details that
maximum STH follows the remaining incident photon flux tendency (G5 factor), as outlined

by the blue curve in plot (i).
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Figure 2.10: i. Maximum STH efficiency as a function of the bottom junction bandgap value. ii. Maximum STH efficiency
for wide and mid bandgap pairings, for a fixed 1.1 eV narrow bandgap.

For a 1.1 eV Si bottom cell (3™ junction), the S-Q limit maximum STH is only ~17.5%.
This is because these cells output higher voltages but due to current density limitations,

STH decreases. This kind of behaviour has already been reported [3].
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Maximum STH for a tandem PEC-PV-EC hybrid system

Here we present a hybridization between a 2-junction tandem PEC cell and a silicon
photovoltaic panel, which is an unconventional and unreported design to the best of our
knowledge. The S-Q limit for STH efficiency of a 3-junction system in series has no
theoretical gain in relation to a 2-junction system. However, by connecting the two first
semiconductors in series configuration and 3™ one in parallel, this limit may be broken

down. This hybridization is illustrated in figure 2.11.

i. Device lllustration ii. Equivalent Circuit
—
Light °F

ELECTROLYTE
ELECTROLYTE

f O | !
i~ TandemPEC ———--————--| L. PVEC ..___d :
ELECTROLYTE

JUNCTION 1 JUNCTION 2 JUNCTION 3

Figure 2.11: i. lllustration of hypothetical tandem PEC-PV-EC device. ii. Equivalent circuit of the designed hybrid system.

Under this scenario, 3™ junction of silicon (Si) is considered in parallel configuration,

which requires a bias.

For biased operation regions, STH efficiency is calculated with equation 1.9. The
considered activation voltage for water splitting for the Si cell was V,. = 1.5V, as state-
of-the-art electrocatalysts can achieve activation overpotentials < 100 mV [107]. The

required bias is then provided by: V.5 = 1.5 — Vypp.
Two quantities were considered in the evaluation of this hybrid system:

STH = STHtandem pec + STHpy—gc ~ (2.29) . bu, - AG° (2.30)
H, Yield = ———

Solar,
Where STH efficiency is calculated by adding the two subsystems individual efficiencies,
according to expression 2.29. As detailed in relation 2.30, H; yield rate is calculated by

the sum of the two subsystems generated hydrogen fluxes (¢y,), normalized to the

incident solar constant (100 mW/cm). Figure 2.12 presents the simulation results for

this system.
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Figure 2.12: i. STH efficiency of the system for E ; = 1.1 eV. ii. H; production rate as a function of bandgap pairing for
1.1 eV narrow bandgap: output energy in hydrogen normalized to incident solar energy.

As it is possible to confirm by inspection of figure 2.12 graphics, there are 3 main

advantages to this hybridization:

1. The S-Q limit is higher than for full series connection, this is because in parallel
the currents add, instead of the voltages. In other words, the 3™ junction does not
limit the current density of the system anymore.

2. Unlike in full series connection, there is a broad region for mid and wide bandgap
pairings that allow for S-Q limits above 22%, as figure 2.12 shows: transforming
the maximum region geometry from a single point (figure 2.10 (ii)), into a straight
line (figure 2.12 (i)). Consequentially, the choice in semiconductors pairing is less
limited, even enabling good STH efficiencies for combinations like Hematite and
WO3bandgaps.

3. Ha yield rate is represented in figure 2.12 (ii). Interestingly, for combinations of
wider bandgap materials there is a broad region with over 40% H. output in
relation to incident solar energy — which may have a significant impact on the
price of green H; production. This effect is also because of the current density
addition property of the parallel configuration, where wide bandgap materials will

leave a higher spectral photon flux for the 3" junction to collect.

This device configuration could allow for utilization of already investigated wider bandgap
materials like Hematite, WO3 and TiO, with S-Q limit STH efficiencies above 18% and H>
yield rates above 40% (normalized to incident solar constant).
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2.4. Conclusions

An adapted version of detailed balance limit (S-Q limit) was implemented, enabling the
incorporation of losses in photoconversion by consideration of open circuit voltage (V)
and short circuit current density (Jsc) deficits. This model allows for bandgap pairing
optimization based on the junctions’ bandgaps and photoconversion losses and
eventually, can serve as an analysis tool for real scenarios — by allowing to compare

tandem PEC cells maximum theoretical efficiencies with experimental data.

With the developed model it is possible to identify Hematite-CuO and CuO-Si as
promising materials combinations for STH conversion, based on bandgap and
hypothetical photoconversion losses: resulting in almost ~17% and 21% STH efficiencies
respectively, under near ideal conditions. These results motivated us to research CuO
photocathodes. Although, other factors like the Fermi levels and band bending at
semiconductor-electrolyte interface can have significant impacts on real life

performances.

The S-Q limit for 3 junction tandem PEC systems revealed interesting results, where by
connecting all junctions in series there’s a drop in efficiency because of current density

limitations and the maximum STH efficiency for Eg; € [1.4,3] eV and Eg, € [1.3,2] eV is
calculated to be a ~21.21% plateau for Eg; € [0.6,0.8] eV. The model shows that by
connecting the 3™ junction in parallel it is possible to break this limit, increasing the S-Q
limit for Eg; =1.1eV from STHgepies ® 17.5% 10 STHgeries+parallel = 25.2%. More
interesting than the limit increase, the reshaping of the maximum STH region from a
single point to a straight line, enabling a lot of combinations in Eg; and Eg, that enable
maximum STH efficiency. Finally, as the 3™ junction is in parallel and is a low bandgap
material, it must work with an external bias, which translates into significantly higher H»
yielding rates than its bare STH efficiency: enabling above 40% H. yielding ratio in
relation to the incident solar constant (100 mWcm2), for a broad region of bandgap
combinations. As a result, material combinations like WO3; and TiO- could result in STH
efficiency above 18%: a clear gain in relation to these bare materials STH efficiency,

which is below 6% and 3% respectively.
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3. Experimental Methods and Characterization

Techniques

This chapter summarizes the materials, synthesis methods and characterization
techniques used in the fabrication and analysis of the fabricated photoelectrodes.

3.1. Materials

The fabricated photoelectrodes were deposited onto fluorine-doped tin oxide (FTO)
substrates, that exhibit a sheet resistance of 7 Q/sq (TCO 22-7/LI, SOLARONIX). All
chemical reagents were used as received, without further purification. A comprehensive

list of the materials employed is provided in Table 3.1

Washing Purposes

Name Chemical Formula Purity / % Supplier
Acetone CH3COCHs >99.8 Fisher Scientific
Ethanol C2HeO >99.8 Fisher Scientific

Laboratory Detergent - - Labkem
Fabrication Purposes
Copper Sulphate
Pentahydrate CuSO04- 5H20 > 98 SIGMA ALDRICH
Ascorbic Acid CesHsOs > 99 SIGMA ALDRICH
Boric Acid BH303 >99.8 SIGMA ALDRICH
Sodium Hydroxide NaOH >98.6 JGMS

Table 3.1: List of employed reagents and chemicals.

Besides the reagents listed in table 3.1, RO (Reverse Osmosis) water with 18.6 MQ/cm
is used for washing purposes, while UP (Ultra-Pure) 5.8 uS/cm water is used for solution
preparation. Both types are obtained with a Direct-Pure UP Ultrapure & RO Lab Water
System from Rephile.

3.2. Fabrication Techniques and Synthesis Procedures of the

Photoelectrodes

This section outlines the fabrication techniques and synthesis protocols employed in the
development of the photoelectrodes. In each section, the procedural steps are presented
first, followed by a detailed explanation of the employed techniques in their respective
subsections. The substrate preparation, which is a common procedure for all samples,

is described in section 3.2.1. The synthesis routes and fabrication techniques for the
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CuO photocathodes are aborded in section 3.2.2, while Hematite-CuO tandem

heterojunctions related methodologies are detailed in section 3.2.3.

3.2.1. Substrate Preparation
Substrate preparation is held fixed through this thesis development. The FTO substrates,
supplied in 10x10 cm sheets, are cut into 1.2x5 cm pieces using a diamond blade and

application of pressure.

After cutting, the substrates are cleaned by undergoing 4 consecutive 10 min ultrasonic
bath cycles, with the following solvent order: Detergent, Acetone, Ethanol and DI water,
as illustrated in figure 3.1. Between consecutive cycles, the substrates were rinsed with

DI water. After cleaning, they dry at 80°C for 30min in a controlled heating chamber.

'm )
o
h
ULTRASONIC BATH = MAGNETRON Au
FTO DRY @ Heating Chamber SPUTTERING Coated

1. 10min Detergent . : FTO
2. 10min Acetone 20min-at 80°C; * 120s
3. 10min Ethanol < 1.1kV
4. 10min DI Water « 17mA

Figure 3.1: lllustration of the substrate preparation procedure.

Finally, a gold (Au) thin film is deposited via magnetron sputtering under an applied
voltage of 1.1 kV and a current of approximately 17 mA, for 120s. Prior to deposition, the
chamber is purged 5 times (10s pumping vs 3s Ar injection). Subsequently, the system
is continuously pumped for 1h until high vacuum is achieved (< 1073 mbar). The purge
cycles dilute residual atmospheric contaminants within the chamber by repeated flushing
with Ar gas. More details about the magnetron sputtering technique are available in

section 3.2.1.1.

3.2.1.1.  Magnetron Sputtering

Magnetron sputtering is a physical vapor deposition (PVD) technique, usually employed
to deposit metals or ceramics. This technique is used in thin films fabrication, providing
a fast, reproductible and efficient pathway to deposit thin film coatings with good
adhesion [84,98].

At high enough applied voltages (several thousand volts), the Ar atoms contained in the
chamber are ionized and form a plasma. These ions are accelerated by the electric field

between the cathode and the anode, as illustrated in figure 3.2 (ii). The accelerated ions
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bombard the target material (cathode), releasing both atoms and secondary electrons

from the target.

Figure 3.2: i. Picture of the utilized magnetron sputtering during deposition. ii. lllustration of a magnetron system
working principles. Reproduced from [84].

The magnetic field traps the secondary electrons in helicoidal orbits that lead them back
to the cathode, where they are either collected or reflected. This magnetic confinement
increases the efficiency and deposition rate of the process [85]. The sputtered atoms
eventually encounter the substrate and deposit, forming a thin film. For ensuring uniform
and homogeneous deposition, high vacuum is very important because it ensures long
mean free path of the sputtered atoms, minimizing scattering events with residual gas
molecules in the chamber. The utilized magnetron sputter was a BOC Edwards Scancoat

Six Sputter Coater, coupled with an Edwards RV3 Rotary Vane Vacuum Pump.

3.2.2. Fabrication Techniques and Synthesis Procedures of the CuO
Photocathodes

This section abords the general procedures of the developed CuO photocathodes,

alongside the methodologies and techniques utilized throughout the process. Finer

details about the synthesis can be found in chapters 4 and 5, while the underlying

principles about the employed fabrication techniques may be found in their respective

subsections 3.2.2.1 and 3.2.2.2. Two different approaches were taken for the

development of the CuO photocathodes:

Route A consists of electrodeposition of copper (Cu), followed by thermal annealing.
Prior to deposition, the FTO-Au substrate’s edges are covered with Kapton tape to
mitigate border effects observed during initial trials. Cu thin films are electrodeposited at
ambient temperature, using a 0.2 M copper(ll) sulphate pentahydrate, 0.06 M Ascorbic

acid (AA) and 0.16 M Boric acid solution, stirred for 25min. This composition is adapted
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from a previously reported Fe electrodeposition protocol [87]. Following deposition, the

films are annealed in atmospheric air at 550°C for 2h.

‘ Route A: Electrodepostion of Cu + Annealing ‘

FTO-Au AgAgCl Ptmesh
as RE CE
QUARTZ
—) \ TUBE N

WE
KAPTON \ FL *
3 v

ELECTROLYTE
TEFLON CONTAINER

Au-Coated FTO-Au-Cu l
FTO ELECTRODEPOSITION :‘:|= FTO-Au-Cu0
Cu

FTO-Au Ag/AgCl Pt mesh 2h @ 550°C
WE asRE CE
\ : I ! / i / ANNEALING
Au-Coated ppep——— FTO-AuCu0

10 FTO-Au-Cu0
ELECTRODEPOSITION

Cu0

Route B: Electrodepostion of CuO + Annealing |

Figure 3.3: lllustration of the developed synthesis routes procedures.

Route B involves the direct electrodeposition of CuO, followed by an annealing as a way
of ensuring pure CuO phase. In this case, Kapton is not employed because no border
effects were observed during experimental trials. CuO is electrodeposited using the
same workstation as in the copper electrodeposition procedure, as illustrated in Figure
3.3. Sodium hydroxide is added to a 0.2 M copper(ll) sulphate pentahydrate and 0.06 M
ascorbic acid solution until pH 13 is reached. After deposition, the samples were

annealed in atmospheric air at 500°C for 2h, as in “Route A" protocol.

3.2.2.1.  Electrodeposition

Electrodeposition (or electrochemical deposition) is a bottom-up micro and
nanofabrication technique, that enables the deposition of a chemical species from an
ionic electrolyte into a conductive substrate, which acts as an electrode, by application
of an external voltage/current [86,98]. This is a highly scalable and cost-effective
technique and has several operational modes such as AC or galvanostatic methods, but
through the development of this thesis only potentiostatic electrodepositions were

employed. A general electrodeposition process may be expressed as:

(MXMy)Z + nxe™ - xM° + yW (3.1)
Where M is the reduced species, W is a molecule, ion or radical bounded to M forming
the complex (MXMY)Z, and n is the number of electrons involved in the reaction [98].

There are also some variations for electrochemical cell’s configurations, some contain 2
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electrodes and others 3. In this work, all depositions were conducted using a 3 electrode
electrochemical cell, illustrated in figure 3.4. A platinum (Pt) mesh acts as Counter
electrode (CE), an Ag/AgCI electrode is used as Reference Electrode (RE) and the
prepared substrates act as Working Electrode (WE).

POWER SUPPLY
|

L

CE

"

AUTOLAB STATION TEFLON CONTAINER

TEFLON CONTAINER

Figure 3.4: i. Picture of the electrodeposition working station, with illustration of the connection with the AUTOLAB
station and computer. ii. lllustration of a 3-electrode electrochemical cell circuit. V — Voltmeter, A- Ammeter.

In potentiostatic mode, the potential difference between the RE and WE is maintained at
a fixed value. This applied potential generates an electric field, that in the case of “Route
A, attracts copper ions from the electrolyte towards the substrate, where they are further

reduced.

Electrodeposition is highly sensitive to the surrounding electrochemical environment.
Parameters like electrolyte composition, pH, temperature, applied voltage, substrate
characteristics, and many others, can severely influence the electrochemical and
optoelectronic properties of the deposited structures [87,98]. For instance, by pH
adjustment it was possible to directly electrodeposit CuO using the same precursors as
in “Route A”, for copper electrodeposition. Additionally, the Au coating on the FTO
surface aids in nucleation and promotes film homogeneity [102], certainly having an

impact on the resulting crystalline structure as well.

In the conducted depositions, the reagents are weighed rigorously and mixed with water
using a magnetic steerer. The different electrodes were connected to an AUTOLAB
interface and the deposition I(t) (current vs time) and Q(t) (charge vs time)
characteristics were recorded via NOVA 2.1.8 software. The evolution of the deposited

charge density over time is given by the following expression:
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t (3.2)
ODeposited @) = f](t)dt

Where t, is the initial deposition time, and t is the present time. Relation 3.2 is derived
by dividing the recorded Q(t) = ftz I1(t) dt characteristics, by the sample area "As mpie”-

The area Agampie is calculated using ImagedJ software. A linear regression is performed
to each of the recorded opeposited(t), €nabling the determination of the deposition rates

and calibration of the electrodeposition process. The resulting films thickness d was

estimated using Faraday’s law of electrolysis [98]:

(33)

d=— oF ODeposited (tf)
Where M is the molar mass of the species, F is faraday’s constant (96,485 C - mol™?!), p
is the specific density of the electrodeposited species, and n is the number of electrons
involved in the reaction. The final deposited charge density is given by opepositea(tr) =
@)

Asample

3.2.2.2. Thermal Annealing

Annealing consists in providing thermal energy to a material. This procedure may induce
phase transitions, as well as enhance the crystalline structure of the photoelectrodes
[101]. In the synthesis of metal oxide semiconductors, annealing the precursor metals in
an oxygen containing environment promotes oxidation and may induce the phase
transition from metal to metal-oxide under the right conditions (temperature, oxygen

pressure) [65,66,101].

QUARTZ TUBE MIDDLE MARK

l INSERTION
HOMOGENEOUS LIMIT MARK
TEMPERATURE

ZONE

Figure 3.5: i. Photograph of the annealing furnace in the heating process. ii. lllustration of the quartz tube, with
illustration of the homogeneous temperature zone where the samples are placed.

The samples were positioned in a homogeneous temperature zone inside a quartz tube,
as illustrated in figure 3.5 (ii). All thermal annealing’s were conducted in ambient air

550°C for 2h, with 10°C/min heating ramp. The cooling was performed at ambient
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temperature with a controlled 8°C/min cooling ramp, ensuring the cooling ramp is not
below this value. During Cu—»CuO phase transition, the number of copper atoms is
conserved. Consequently, the number of Cu atoms is equal to the number of CuO

molecules formed. The later condition can be expressed as follows:

Pcuo Pcu (3.4)
—V =—V,
Mcuo CuO Mcu Cu

Assuming the geometric area of the films remains approximately constant during the

Cu—CuO transition, the CuO thickness d, o after annealing is given by:

Mcyo Pcu d (3.5)
M Cu
Pcuo Mcy

Relationship 3.5 is equivalent to consider direct CuO electrodeposition in Faraday’s law,

dcuo =

equation 3.3. The proportion between CuO and Cu thickness is then roughly: @Z& =
CuO MCu

1.77.

3.2.3. Fabrication Techniques and Synthesis Procedures of the Hematite-CuO

tandem heterojunctions
Following the successful development of good CuO photoelectrodes, it's possible to
couple hematite (a-F304) with CuO to form a tandem heterojunction. To obtain the
hematite layer, an iron (Fe) layer is deposited through lon Beam Deposition (IBD), which
oxidizes to hematite phase during thermal annealing. Details on the IBD technique and

deposition conditions are available in section 3.2.3.1.

For the fabrication of Hematite-CuO heterojunctions, two variations of “Route A” are

implemented:

Route A1 initiates with the established protocol in Route A, wherein CuO photocathodes
are fabricated by thermal annealing of the electrodeposited Cu thin films.
Subsequentially, Fe is deposited onto the CuO photocathode using lon Beam Deposition
(IBD), forming an FTO-Au-CuO-Fe junction. Finally, the junction undergoes a second
annealing, as described in section 3.2.2.2, oxidizing the Fe layer into hematite (a-Fe203),

resulting in the final FTO-Au-CuO-a-Fe2O3 heterojunction.
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Figure 3.6: Procedure illustration of Route’s A1 and A2 for hematite-CuO heterojunction synthesis.

Route A2. The FTO substrate preparation procedure was conducted as described in
section 3.2.1, with the exception that no gold coating is applied. Following substrate
preparation, iron (Fe) is deposited by IBD forming an FTO-Fe structure. Route A protocol
is employed to the FTO-Fe junction after IBD, as illustrated in figure 3.6, resulting in an
FTO-a-Fe304-CuO heterojunction.

3.2.3.1.  lon Beam Deposition (IBD)

lon beam deposition (IBD) operates by directing a controlled beam of energized ions (Ar
beam) onto a material target. The target’s atoms become loose after collision, forming a
plume of the target material. This plume eventually deposits on the substrate holder,

forming a thin film [93]. An IBD chamber is illustrated in figure 3.7 (ii).

SUBSTRATE
HOLDER

— Fe TARGET

Figure 3.7: i. Photograph of IBD system from Commonwealth Scientific at CEMUP clean-room facility. Reproduced fom
[95]. ii. illustration of the inside chamber of a IBD system and its operating components. Adapted from [93].
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To deposit pure metallic thin films, this beam of ions must be of a noble gas like Argon
(Ar), guaranteeing no side reactions with the material. The deposition must be conducted
at low pressures to ensure long mean free path of the ejected atoms, much like in
magnetron sputtering. IBD is renowned for its un-matched batch uniformity and
repeatability, that allows controlled deposition of thin films [93]. All Iron depositions were
carried using IBD, with table 3.2 parameters, resulting in a deposited iron (Fe) layer with

88.5 nm of thickness.

lon Beam Deposition Parameters

Ps/ Torr 1.2x106 ValV 150
Ve/V 1000 la/ mA 2
ls/ mA 11 Vp/V 38

Pw/ Torr 1.4x10* Ib/A 19
Ic/A 74 VclV 10
Final Iron (Fe) Thickness / nm 88.5

Table 3.2: lon Beam deposition parameters.

3.3. Characterization Techniques

The characterization techniques and deposition solutions are presented in this section,
accompanied by a brief description of their working mechanisms and underlying physical

principles.

3.3.1. Structural Characterizations
The structural properties of the photoelectrodes were investigated via Raman
Spectroscopy. Raman spectroscopy works by measuring Raman scattering, which is an

inelastic type of optical scattering, resulting from light-matter interaction.

)\\, er Anti-Stokes
Acatter < A

Stokes Raman
Scattering Rayleigh
Ascatter > Naser Scattering
A arter = N

Figure 3.8: i. Raman Microscopy Station at IFIMUP. ii. lllustration of Raman Scattering (inelastic) and Rayleigh
Scattering (elastic) effect on the scattered photon’s wavelength — or equivalently: energy. Reproduced from [103]


https://astrafizik.com/eng/scnc/a-novel-technique-for-raman-spectroscopy/
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In this type of scattering, photons interact with molecule/lattice vibrations that result in a

shift in the photon’s energy. This of course has an impact on the photon’s frequency:

WR = W T wyip (3.6)
Where wy, is the frequency of the scattered photon and w is the frequency of the incident
photon, wy;, is the Raman shift associated with the lattice’s vibrational modes. This shift
can be positive or negative, corresponding to the de-excitation (Anti-Stokes) or excitation
(Stokes) of vibrational modes. Raman spectroscopy allows to measure wyj,, thus
providing a spectral signature of the crystalline structure of a material. These spectrums
contain rich structural information, for instance, a deviation Aw,;;, from the expected w;y,

can be related to strain within the lattice [81,82]:

Awyip, = bep (3.7)
Where b is a constant of the material and ¢, is the strain in the parallel direction to the
vibration. Negative deviations (Awy;, < 0) are related with tensile stress and positive
deviations (Awy;, > 0) are related with compressive stress. If the deviations are the same
for all modes, then the strain is isotropic [81,82]. Crystallinity is associated with high and
sharp Raman shift peaks. In contrast, amorphous/disordered regions provide broader
peaks or may exhibit a sloping baseline signal due to breakdown of long-range

translational symmetry [83].

The photoelectrodes crystalline structure is accessed using Raman spectroscopy with a
RENISHAW inVia Raman microscopy setup at IFIMUP (FCUP), using a monochromatic
532nm excitation laser. The spectral data was acquired by averaging three sets of 10-
second acquisitions at each measured spot. Multiple regions of each sample were
evaluated, ensuring the acquired spectrum is representative of the sample. The Raman
shift peaks are identified using Lorentzian fits to the measured spectrum using

ORIGINLab and compared with literature reference spectrums [90,91,92].

3.3.2. Morphological Characterizations

The morphology of the fabricated samples is studied using SEM (FEI Quanta 400FEG
Field Emission at CEMUP), operated at an accelerating voltage of 15 keV and
magnifications ranging from x 103 to x 10°. The samples are firstly investigated in
different zones to ensure the micrographs are representative of the sample’s
morphology. Elemental composition was accessed with Energy Dispersive X-ray
Spectroscopy (EDS). Additionally, atomic contrast imaging was employed to visualize

different atomic species. Posterior analysis of the SEM images was carried with ImageJ
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software aid, which enables quantitative measurements of morphological features by

calibrating spatial dimensions with a known reference scale.

3.3.3. Electrochemical Characterizations

The dynamics between substrate and electrodeposition electrolyte are investigated
using cyclic voltammetry. Cyclic voltammetry consists of recording |-V characteristics,
while sweeping the potential at a constant rate for a desired electrochemical window.
Multiple cycles may be performed with a constant sweeping rate, or with varying
sweeping rate between cycles. This technique allows for identification of redox reactions
and their reversibility, amongst others [88]. The utilized deposition solutions were studied
with cyclic voltammetry for different sweeping rates, using the AUTOLAB workstation
controlled via NOVA software, with a 3 electrode electrochemical setup equivalent to the

one of figure 3.4.

3.3.4. Optical Characterization
One of the most important properties for solar-to-hydrogen conversion (STH) is the
bandgap (Eg), as emphasized in chapter 2. Knowing the material’s reflectance provides

enough information to estimate the photoelectrodes bandgap using the Kubelka-Munk

functions:
_(1-R)? (3.9)
FOR) =%
IF(R) - ho|™ « (E — Ey) (3.10)

With n = 1/2 for indirect allowed transitions and n = 2 for direct allowed transitions [89].
This functions transition slope may be approximated to a straight light through a linear
regression, where the intersection of the fitted function |F(R) - hv|® = m - E + b with the
lower plateau a fulfils the condition |F(R) - hv|™ = a, allowing to determine bandgap. The
uncertainty related to bandgap estimation is calculated via the error propagation formula

[79], which is available in the supplementary information.

Optical reflectance of the developed photoelectrodes was measured by UV-VIS-NIR
spectroscopy with a SHIMADZU UV-VIS 3600i Plus spectrometer, covering the 200-
1200nm spectral range. The samples were placed facing the interior of the integrator
sphere, which ensures all light diffusively and specularly reflected light from the sample

surface is redirected until it is collected at the detector, as illustrated in figure 3.10 (ii).
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3.3.5. Photoelectrochemical Performance

Photoelectrochemical performance is access by J-V measurements using Linear Sweep
Voltammetry (LSV), both in dark and under 1 Sun AM 1.5 illumination, with an
illumination area of 0.528 cm?. The measurements are performed in a cappuccino cell in
3 electrode configuration with: Pt wire as CE, Ag/AgCl as RE and the photoelectrodes
as WE. The electrolyte used is a pH 13.6 NaOH aqueous solution. J-V characteristics
are acquired via LSV (Linear Sweep Voltammetry) with a ZENNIUM (Zahner Elektrik,
Germany) workstation controlled via Thales software, with 10mV/s sweep rate. The

employed set-up is represented in figure 3.9.

[® CE

NaOH pH 13.6 & WE
Solution 1o RE
Scan rate:10 mV/s \ ( Q
1SUN 1.5 AM
SIMULATOR

Figure 3.9:: lllustration of the photoelectrochemical characterization station. All PEC characterizations are performed at
LEPABE, FEUP.

All solar measurements are performed using front illumination, meaning that light insides
in the semiconductor material first, as illustrated in figure 3.9. For the CuO
photocathodes, the potential ranges from 0.2 to 0.8 V vs RHE, while for the Hematite-
CuO heterojunctions a 0.2 to 1.3 V vs RHE window is considered. The potentials in
relation to Ag/AgCl are converted to reversible hydrogen electrode (RHE) scale using

Nernst equation:

ERHE = EAg/AgCl + 0059 . pH + E./gg/AgCI ( 314)
Where Epg/agc1 is the measured potential and EAg/Agcl 0.197 V vs RHE is the Ag/AgCl

electrode potential under standard conditions.
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4. CuO Photocathodes: Electrodeposition of

Copper followed by Annealing
4.1. Applied Potential Optimization of Copper Electrodeposition

This subsection outlines the conducted experimental procedures and results for
optimization of the deposition potential for copper (Cu) electrodeposition. As described
in section 3.2.2.1, electrodeposition is highly sensitive to the surrounding electrochemical
environment. Consequently, the applied deposition potential is one of the most important
parameters in electrodeposition as it can affect the deposited film phase and properties
[84].

4.1.1. Electrolyte Characteristics and Substrate-Electrolyte Electrochemical
Dynamics
This section outlines the employed electrolyte characteristics, as well as a cyclic

voltammetry study to find a suitable deposition electrochemical window.
Electrolyte characteristics

For electrodeposition of metallic Cu thin films, an electrolyte used in lron-Cobalt
deposition is adapted [84], with the described concentrations for Route A procedure in

section 3.2.1. Table 4.1 describes important electrolyte composition characteristics.

Concentration Molar Mass | DI
Reagent
(M) (g/mol) WATER
CuSO, - 5H,0 0.2 249.685 Volume Conductivity
Ce¢HgOg 0.055 182.08 50 mL 5.8 uS/cm
Precursor/Reducing
BH;0; 0.16 61.84 4:1
Agent Ratio

Table 4.1: Electrolyte composition for copper electrodeposition.

Copper (Il) sulphate pentahydrate acts as copper precursor, ascorbic acid as a reducing
agent and boric acid as a buffer — aiding in pH adjustment and stabilization. This

electrolyte is held fixed throughout this chapter’s development.

When dissolving in acidic environment, copper(ll) sulphate pentahydrate breaks into
copper(ll) ions. These Cu?* ions can react with ascorbic acid to form copper-ascorbate
complexes. In these complexes Cu(ll) valence can change to Cu(l) [80], but also aid in

precipitation of Cu(ll)/Cu(l) ions into Cu particles [77]:
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CuS0, - 5H,0 — Cu?* (4.1)
2CU2+ + C6H806 g 2CU+ + C6H606 + 2H+ (42 )
Cu?* + C4HgOg = Cu+ CgHgOg + 2H™ (43)

Room temperature thermal energy is enough to drive the overall reaction 4.3, with
reported copper precipitate yields of around 15% for precursor/reducing agent
concentration ratios of 1:6 at 25°C after 24 hours [77] — showcasing the reducing power
of ascorbic acid. According to literature, for a 1:3 ratio only ~0.5% copper precipitation
yield/hour is expected, and this yield decreases with the precursor/reducing agent ratio
[77]. The employed deposition electrolyte has a 4:1 ratio, as detailed in table 4.1, but
copper precipitation was still observed during solution steering. Having copper

precipitated/precipitation during solution may harm film quality.

Steering the solution introduces extra kinetic energy which may induce extra
precipitation. Limiting the steering time to 25 min at 340 rpm minimized precipitation,

resulted in no visible copper particles in as prepared solution, at a stable pH of 2.6 + 0.1.

Cyclic Voltammetry

To further inspect the solution electrochemistry and identify a suitable chemical window
for copper deposition, the solution was studied with cyclic voltammetry for the bare FTO-
Au substrates. Figure 4.1 (i) shows the CVs for scanning rates ranging from 10 to 160
mV - s~ 1. The potential values are converted to RHE using Nernst's equation (equation

3.14).

V vs RHE V vs RHE
-15 -10 -05 00 05 10 15 20 -15 -1.0 -0.5 0.0
— 10mVs 01— 10mvs
20 e Cu’*+2e” - Cu: 0.34V vs RHE
~ — 40 mV/s o =24
! 101 — 80 mV/s
£ ol £
g — 160 mV/s U 4
< 0 <
E £
— —10 Z 6]
720 4
. -8 e Peak @ -0.33 V vs Ag/AgCl
20 -15 -10 -05 00 05 10 15 20 2000 -175 -150 -125 -1.00 075 -0.50 —-025 0.00
V vs Ag/AgCl V vs Ag/AgCl

Figure 4.1: Cyclic Voltammetry’s (CV) for the represented solution in table 4.1, for the photoelectrodes substrates: FTO-

Au. i. Varying sweep rate for the same substrate. ii. 10 mV/s CV for cathodic current density J.
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Figure 4.1 (ii) outlines electrochemical window where copper may deposit. After the first
CV, the behavior in the cathodic region is ohmic, as in the anodic side (copper reduction
at platinum site). Suggesting that some copper remains in the FTO-Au surface after the
first scan, forming an FTO-Au-Cu structure and impacting the overall electrochemical

behavior.

The possible cupric ions reduction reactions are listed below [114]:

Cu?* +e~ > Cut : E.oq =0.15VvsRHE (4.4)
Cut+e” > Cu : Epq =0.52VvsRHE (4.5)
Cu?* +2e~ > Cu : Epq = 0.34VvsRHE (4.6)

The peak around -0.33 V vs Ag/AgCl (0.017 V vs RHE), is most likely related to
Cu(ll)»Cu(l) reduction (0.15 V vs RHE, equation 4.1) whose reduction potential
becomes more negative by the copper-ascorbate complexes. The cathodic region starts
at 0.34 V vs RHE, indicating direct reduction of Cu (Il) ions (equation 4.6). With this

information, a suitable electrochemical deposition window is [—1.5,0.34] V vs RHE.

4.1.2. Copper (Cu) Electrodeposition

After assessment of the FTO-Au (substrate)/Electrolyte electrochemical behavior, 5
deposition potentials lying inside the electrochemical window determined in section 4.1
were selected, as presented in figure 4.2 (i). Different samples were deposited at these

applied potentials for a fixed deposition time of 5 minutes, as listed in table 4.2.

i. STUDY POTENTIALS

01— 10mvss . _
o AL:-033V Sample | Vpep vs Ag/AgCl | Time/ min

~ 1 o A31v A1 -0.33 5
£ o A4:-125V -
O o4 A5:-1.5V 0.75 5
g A3 -1.00 5
~ —67
B A4 -1.25 5

1 A5 -1.50 5

~2.00 -1175 -1150 -125 -1.00 —0.75 —0.50 —0.25 0.00 Tstation = 20°C
V vs RHE

Table 4.2: Batch deposition parameters.

Figure 4.2: Selected deposition potentials for sample
fabrication
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The samples showed quite different electrodeposition characteristics, as figure 4.3
demonstrates, for samples A1, A2 and A3. For samples A4 and A5, there seems to be

no explicit difference in the electrodeposition characteristics.

i Electrodeposition ii. ODep (t)

49

0.04

rTl fT‘ —0.4 1
£
: 3
- —0.8
< — AL -0.33V | -
E o
—
(]
- — A3 -1V 5 -12-
—=- A4:-1.25V
I ~161
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Figure 4.3: i. Electrodeposition j(t) characteristics. ii. Deposited charge density over time (ap(t)).

Charge density versus time (apep(t), €quation 3.2), represented in figure 4.3 (ii), shows

a clear significant increase in the final deposited charge absolute value with more

negative deposition potentials until Vp., = —1.5 V vs Ag/AgCl. This increase in the final

deposited charge is related to the higher deposition current densities observed in figure

4.3 (i). These currents increase because of the higher V¢, (deposition voltage) induced

electric fields. The fact that the deposition rate for A4 (-1.25 V) and A5 (-1.5 V) samples

is very similar means the limiting current has been achieved, where the current is limited
C(]]3 1k

; . Where D is the diffusion coefficient of

by diffusion, which states [119]: J, = —nFD

Bulk js the bulk concentration.

the species, § is the diffusion layer thickness and C
Consequently, applying higher deposition potentials will not substantially increase the

current.

Figure 4.4 shows the deposition rates for each of the selected potentials. The rates are

obtained through a linear regression to the op.p,(t) characteristics, for which the fitting

parameters are listed in table 4.3.
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Deposition Rates

r 120
T 030 - Sample Slope Intercept R?
= F100 —
TE 0.25 - E A1 0.04 0.03 0.9994
£ Feo £
3 0201 4t oder Exact Fit £ 0.19 0.04 0.9996
S o1s{ ® A0V © 8 A3 0.27 0.06 0.9995
& o0l ® A3V g A4 0.32 0.09 0.999
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-14 -12 -l0 —08 -06 -04
V vs Ag/AgCl
Figure 4.4: Deposition Rates for charge density and Cu. Table 4.3: Parameters of the various oy, (t)

regressions.

Table 4.3 parameters enable the calibration of future electrodepositions. The depositions
are conducted in an electrochemical window where both Cu(l) and Cu(ll) reductions are
expected (as detailed in section 4.1.1). However, the assumed number of electrons
involved in copper reduction is n = 2 because it's the potential where cathodic current
begins. Consequently, the Cu deposition rates (Cup.p) represented in figure 4.3 are

calculated using Faraday’s law of electrolysis with n = 2 (equation 3.3).

4.1.3. Photoelectrochemical Characterization

After Cu electrodeposition, the five samples prepared at different applied potentials were
converted into CuO semiconductors by thermal annealing (as described in Section 3.2).
This yielded the first group of CuO photocathodes, each obtained at a distinct deposition
applied potential. Their photoelectrochemical performance was then evaluated to
determine the optimal deposition condition. The fabricated CuO thin films are
characterized as described in section 3.3.5. For control, an IBD deposited Cu thin film is
annealed in equal conditions and measured for comparison. Figure 4.5 shows the
measured photo response, and for visual clarity purposes, samples A1 and A2 are

represented in plot (i), and the remaining in plot (ii).

Samples A1 and A2 showed irregular photoelectrochemical behavior. In sample A1
(—0.33V), the dark current density is superior to under illumination conditions for some
regions, even showing dark current maximum near Cu(ll) reduction potential. Sample A2
(—0.75V) shows an improved photo response, but the dark maximum behavior is also
present. This behavior, also observed in the IBD sample, suggests chemical reactions in
dark conditions, which are most likely linked to corrosive reactions at the sample-

electrolyte interface and related with Cu(ll) reduction.
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ii. A3 to A5

--- |BD Dark
—— 1BD Light
--- Al:-0.33 V Dark

— AlL:-0.33 V Light --- IBD Dark --- A4:-1.25V Dark
— 1BD Light — A4:-1.25V Light
H --- A3:-1VDark --- A5:-1.5V Dark
e Cu*t +2 = Cu W — A3:-1VLlight —— A5:-1.5V Light
-3 . . . . . - . T : . :
02 0.3 0.4 0.5 0.6 0.7 0.8 0.2 0.3 0.4 0.5 0.6 0.7 0.8

V vs RHE V vs RHE

Figure 4.5: Photoelectrochemical performance of the fabricated photoelectrodes. The samples are represented in
different plots with IBD reference for ease in the curve’s visualization. i. A1 and A2 samples photo response. Red point:
Cu (Il) to Cu potential, equation 4.6. ii. A3 to A5 samples photo response.

Unlike samples A1 & A2, the remaining samples show a clearer photo response and
don’t exhibit an evident dark current maximum around Cu(ll) reduction. As observed in
figure 4.5, the fabricated CuO photocathodes exhibit photocurrent density in Ve
[0.2,0.72] V vs RHE interval. Subsequently, the potential 0 V vs RHE, where photocurrent
is usually measured for comparison in photocathodes, is outside the photo response
zone. As such, the photocurrent density (Jphoto) Was taken at 0.5V vs RHE for all
samples, far from Cu(ll) reduction potential zone. Table 4.4 outlines the measured onset

and photo-current values.

| Jphoto | @ 0.5 V vs RHE

Sample Vpep vs Ag/AgCl Vonset VS RHE
(mA-cm?)

IBD - 0.14 0.71

A1 -0.33 0.58 0.729
-0.75 0.56 0.714

A3 -1.00 0.78 0.722

A4 -1.25 0.74 0.724

A5 -1.50 0.75 0.724

Table 4.4: Summary results for the potential study: absolute photo-current density J,pot, @ 0.5 Vand
Vynset Vs RHE.

The sample with best photocurrent was A3, deposited at —1 Vvs Ag/AgCl with J,410 =
0.78 mA-cm~2 @ 0.5 V vs RHE. Although samples A3 to A5 do not show significantly

different photocurrent densities (see figure 4.5 (ii)).
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4.1.4. Morphological Characterization
The morphology is investigated with scanning electron microscopy (SEM), as described
in section 3.3.2. Figure 4.6 shows SEM micrographs to view the morphologies of

samples A1 to A4. Sample A5 was not measured because of its close similarity to A4.

A1:-0.33V A2:-0.75V A3:-1V A4:-1.25V

Figure 4.6: SEM micrographs of the CuO photocathodes posterior to photoelectrochemical characterization.

Observing the 100 um scale micrographs in figure 4.6, the samples morphology appears
to be very homogeneous. The bright texture observed in sample A2 (—0.75 V) at both

scales (1 and 100 um) was confirmed to be NaOH electrolyte remains by EDX analysis.

Unlike samples A3 and A4, sample A1 (-0.33 V) seems to be highly corroded, having the
TCO exposed in some areas, as this was confirmed by electron backscattering mode
(atomic contrast imaging). Both samples A3 (-1.0 V) and A4 (-1.25 V) show a porous
morphology, but also a “spiked” grain morphology, suggesting some residual corrosion

of these samples as well.

4.1.5. Structural Characterization

The structure of the CuO photocathodes is assessed with Raman spectroscopy, as
described in section 3.3.1. These measurements were performed after
photoelectrochemical characterization, with the goal to detect any Cu.O phase formed
at the surface during photo-performance. Figure 4.7 contains the measured Raman
spectra, where A1 (—0.33 V) is not considered because it was severely damaged after

photoelectrochemical measurements.
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Figure 4.7: Raman spectrum of samples A2 to A5 with Cu,O and CuO literature Raman shift peaks. CuO modes: [85];
Cu,0O modes: [86].

As observed in figure 4.7, all samples show a clear shift to the left (negative Aw,;,) of
the reported Raman shift values for CuO phase, which is associated with tensile stress,
as explained in section 3.3.1. This behavior is most likely related to thermal expansion
during annealing but also to the Cu—CuO phase transition that corresponds to a 1.77

thickness expansion at a fixed area, as demonstrated in section 3.2.2.2.

Sample A2 (—0.75 V) shows no clear Cu20 peak but exhibited bad photoelectrochemical
performance as shown in figure 4.5 (i). All Cu2O modes detected in sample A3 (—1V)
are also present in both A4 and A5. Unlike A3, A4 (—1.25V) and A5 (—1.5V) show a
noticeable Ty (high) IR defect activated mode. The structural integrity of A3 (—=1V) in

relation to the other samples also suggests Vpe, = —1.0 Vvs Ag/AgCl as a suitable

deposition potential.

4.2. Optimization of Film Thickness

Photoconversion is a balance between photon absorption and charge collection
efficiency: thicker samples absorb more because there’s more material to absorb light
(Beer-lambert Law of absorption) but thicker samples also mean that the charge carriers
must travel longer distances to be collected — increasing the probability of charge
recombination before collection. As such, an optimal thickness that maximizes photo

performance exists. For accessing optimal film thickness, the deposition time is varied
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under the optimized deposition applied potential of —1V vs Ag/AgCl. Section 4.2.1
introduces an implemented variation on the deposition cell geometry that resulted in
improved film homogeneity and PEC performance. The remaining sections present this

study in a similar fashion to section 4.1.

4.2.1 Electrochemical Cell Geometry
Previously to this chapter experimental execution, a change in the geometry of the
electrodeposition cell was conducted. The distance between the reference electrode and

working electrode (WE) was changed, as illustrated in figure 4.8.

Figure 4.8: A: Previous set-up configuration. B: Employed set-up configuration in this section.

The RE was placed as near as possible to WE because it is a more stable
electrochemical region (well-defined potential, electrochemical reactions), improving
potential control and reducing ohmic drop [88]. This variation did not affect the
electrodeposition characteristics behavior, although it led to more homogeneous

electrodeposited films with more defined grain morphology in the CuO photocathodes.

4.2.2. Copper (Cu) Electrodeposition
Photoconversion is a competitive process between charge carrier generation and
recombination, as outlined at the beginning of the chapter. Consequently, an optimal

thickness that maximizes photoconversion and STH efficiency exists.

For ideal film ideal thickness assessment, the deposition time varies between 2.5 and 40
min in powers of 2, using the same electrolyte. According to the prior calibration of
section 4.1.2 for Cu electrodeposition and the Cu—~CuO expansion coefficient (equation
3.5), these deposition times correspond to theoretical CuO thicknesses ranging from
~500 to 7000 nm. Table 4.5 details the deposition conditions and expected CuO

theoretical thicknesses.
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Sample Deposition Time Theoretical Cu Theoretical CuO
/ min thickness / nm thickness / nm
B1 25 269.7 477.4
5 5175 915.9
B3 10 1012.92 1792.9
B4 20 2003.82 3546.8
B5 40 3985.6 7054.5
Tstation = 20°C Vpep = —1 V vs Ag/AgCl

Table 4.5: Batch deposition times and theoretically expected thickness.

The batch deposition characteristics (J(t) and op,.,(t)) are presented in figure 4.9,

showing very similar electrodeposition characteristics. Noticeably, sample B5 (40 min)

seems to deviate from the observed behavior of the remaining samples.
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Figure 4.9: Electrodeposition /-t and o-t characteristics for the deposited Cu thin films.

Further comparison of the final deposited charge density with the deposition calibration

shows a perfect fit for samples B1 (2.5 min) to B3 (10 min), as figure 4.10 demonstrates.

However, both B4 (20 min) and B5 (40 min) show deviations from the expected final

deposited charge density (apep ()

Final Opep / C:cm?
-
o =

~

Opep(ts) vs Calibration

@

IS

Calibration: 0 = 0.27 - t + 0.06
e B1:2.5min

e B3:10min
e B4:20min
e B5:40min

/ nm

1893 3
kel

r1024

r257

5 10 15 20 25
Time / min

30 35 40

Figure 4.10: Comparison of final deposited charge density with prior calibration from section 4.1.
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These deviations from the final expected deposited charge density is attributed to a
reduction in precursor concentration in the electrolyte that slowly affects the deposition
rate, as its highly visual for sample B5 (40 min) in figure 4.9 (ii) and 4.10. As the samples
are deposited using the same electrolytic bath, so sample B5 (40 min) was deposited

using a solution with 37.5 min of accumulated deposition time.
The resulting electrodeposited copper films and the obtained CuO photoelectrodes are
presented in figure 4.11.

B1: 2.5min B2: 5min B3: 10min B4: 20min B5: 40min
A

As Deposited

As Deposited

Figure 4.11: As deposited and as annealed photographs of the samples.

All electrodeposited films appear very homogeneous, as do the resulting CuO
photocathodes. However, sample B5 (40 min) did not fully oxidize, as copper was visible
through the back of the substrate. Additionally, sample B5 (40 min) started to
disassemble and consequently it was not taken into photoelectrochemical

characterizations.

4.2.3. Photoelectrochemical Characterization

The samples are photoelectrochemically characterized as described in section 3.3.4.
Figure 4.12 presents the measured J,,40-V characteristics in plot (i) and the absolute
generated photocurrent @ 0.5V vs RHE in plot (ii). As observed figure 4.12 (ii), the
photocurrent density increases from sample B1 (2.5min) to B3 (10 min), further
decreasing in sample B4 (20 min). The highest photocurrent density is from sample B3
With |Jphotol = 1.44 mA - cm™2 @ 0.5V vs RHE and Vopger = 0.74 Vvs RHE, as listed in
table 4.6.
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Figure 4.12: Photoelectrochemical results. i. Jyhoto- V performance. ii. J @ 0.5 V vs RHE as function of sample
thickness/deposition time.

Deposition Time | Jphoto | @ 0.5V vs

Sample Vonset VS RHE
(min) RHE
B1 2.5 0.65 0.70
5 1.04 0.74
B3 10 1.44 0.74
B4 20 1.14 0.74

Table 4.6: Photoelectrochemical results of the thickness study sample batch.

The thinner sample B1 shows a similar irregular Jyn0t0-V characteristic to the observed
in sample A1 (-0.33 V) of section 4.1.3, but without the high dark currents. Sample A1
was even thinner than B1, suggesting it is an effect of thinner samples. Analyzing figure
4.12 (ii), the exact cubic fit suggests the true optimal deposition time is around 12 min.
Additionally, the measured photocurrent density for sample B2 (-1 V, 5 min) represents
a 33.3% increment in photocurrent in relation to sample A3 (-1 V, 5min), outlining the

improvement introduced by employing set-up B from figure 4.8.

The samples state before and after photoelectrochemical characterization is presented
in figure 4.13. As it is perceived, sample B1 (2.5 min) shows strong signs of corrosion

like A1 (-0.33V), which appears to be traceable to the odd behavior observed in figure
4.12 (i).
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Figure 4.13: As annealed and post solar photographs of samples B1 to B4.

Figure 4.13 also suggests that sample B3 was the least degraded sample, as noticeable
“solar marks” are visible in samples B2 and B4. Suggesting sample B3 provides not only

the best photocurrent but also the best integrity after PEC characterization.

4.2.4. Morphological Characterization

The samples’ morphology is assessed with scanning electron microscopy (SEM), as
described in section 3.3.2. SEM images of the samples top view are presented at the 1
and 20 ym scales. In this study, the morphology of the CuO photocathodes is assessed
before Jphoto-V a@ssessment. Analyzing figure 4.14 at the 20 um scale, samples B1 (2.5
min) to B3 (10 min) morphologies appear highly homogeneous. However, samples B4
(20 min) and B5 (40 min) present different morphologies from the rest, even at the micron
scale, where a porous and irregular grain morphology is observed.

B1:2.5 min B3: 10 min B4: 20 min B5: 40 min

Figure 4.14: SEM micrographs of samples B1-B5 at the 20um and 1um range.
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Analyzing the micron scale micrographs, samples B1 to B3 show similar grain

morphology, with well-defined grain boundaries.

The grain size was measured with ImajeJ as detailed in section 3.3.2, and the measured
grain population distributions are presented in figure 4.15. A biased accumulation effect

to the left is very visual in samples B1 (i) and B2 (ii), deviating from gaussian behavior.
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Figure 4.15: Probability density histograms for: i. Sample B1; ii. Sample B2; iii. Sample B3. Fitted normal distributions.

This deviation is related to the SEM resolution, in which distances below 30 nm, at the

1 um scale, are difficult to visualize.

4.2.5 Structural characterization

Similarly to section 4.1.5, the samples were measured after photoelectrochemical
characterizations via Raman spectroscopy. Figure 4.16 (i) contains the Raman spectra,
where sample B5 (40 min) acts as a control because it did not undergo PEC

characterization.
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Figure 4.16: Batch Raman Spectra.
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After photoelectrochemical characterization, none of the samples show any noticeable
Cu20 modes. However, some amorphous contribution from T4, (low) Cu.O modes
seems to be present for B4 (20 min). The measured spectrum of B3 (10 min) shows a
clear improvement in the structural integrity after PEC characterization of the samples in
relation to the batch of section 4.1. Figure 4.17 outlines this improvement, attributed to
the set-up B from figure 4.8 electrochemical cell geometry improvement, where a higher

degree of crystallinity is observed and no Cu.O mode is detected.

] ——A2:5min : -1V : Set-up A
—B2: 5min . -1V : Set-up B
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B
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Figure 4.17: Comparison between the structure of the photocathodes after photo-performance characterization,
between equivalent samples fabricated in different electrochemical set-ups.

The amorphous region in sample A3 around the B; mode (600 cm™1), observed in figure

4.17, is also present in figure 4.7 but is not as perceivable because it is more compacted.

As outlined in section 4.1.5, and very visual in figure 4.16, the detected CuO modes
present a clear shift to the left from the expected value. Additionally, this deviation seems
to decrease with film thickness. As explained in section 3.3.1, deviations from the
expected mode values (Awy;,, equation 3.7), are related to strain through a proportion

coefficient b [81,82]. For CuO, the b coefficient was not found in literature.

However, by plotting the quantity Aw,;y,, it is possible to observe a decrease in strain with
increasing thickness, as figure 4.18 shows. This inversely proportional relation is also

reported in literature for the annealing of VO2 with different film thicknesses [78].
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Figure 4.18: Strain as function of thickness, visualized through |Aw,;,| vs deposition time relation.

A plausible explanation for this behavior is that strain is introduced by constriction at the
FTO-Au and Cu interface and as result, crystalline planes farther away from this interface
are not as constricted. Consequently, in thicker films, there is more un-strained material
contributing to signal acquisition.

4.2.6. Optical Characterization

Optical characterization is carried as described in section 3.3.3, after

photoelectrochemical characterization. Optical bandgap is determined by the

interception of |F(R) - hv|™ lower plateau with the fitted regression at the transition slope

of the Kubelka-Munk functions Tauc-plot, as illustrated in figure 4.19.

i Indirect n=1/2 ii.

B1: 2.5 min ]
B1:

Directn=2

B1: 2.5 min s
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T T 0 T T
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Figure 4.19: Fit visualization on Kubelka-Munk functions transition slope for: i. Indirect allowed transitions. ii. Direct
allowed transitions.

Table 4.7 lists the obtained direct and indirect bandgap values, estimated with the linear

regressions represented in figure 4.19.
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Indirect Direct
Sample Time Eg/eV u(Ey) [ eV Eg [eV H(Eg) [ eV
B1 25 1.455 0.005 1.64 0.02
5 1.464 0.005 1.65 0.02
B3 10 1.463 0.006 1.65 0.02
B4 20 1.461 0.005 1.65 0.02

Table 4.7: Summary of linear regression and bandgap calculation results. Note: E,,,, uncertainty (u(Eyq,)) is calculated
using error propagation formula considering the linear regression slope and intercept standard deviation.

The calculated indirect bandgaps contain each other’s uncertainties except for the B1
(2.5 min) sample, which was severely damaged after photo-performance. All determined
direct bandgaps contain themselves in their uncertainties: being equal to 1.65 eV, except

for sample B1. These results indicate an indirect bandgap of Eg ngirect =1.46 €V and a

direct one of Eg girece = 1.65 €V for the fabricated samples.

4 .3. Conclusions

Throughout the development of this chapter, a scalable and inexpensive route for CuO
synthesis was developed. The employed cyclic voltammetry study to the electrolyte,
allowed to dive deeper into the FTO-Au/electrolyte electrochemical dynamics and to

identify a suitable electrochemical window for copper electrodeposition.

The deposition potential and cell geometry were explored, allowing electrodeposition of
copper thin films under optimized conditions, resulting in better performing CuO
photocathodes with improved structural integrity after photoelectrochemical

characterization, as demonstrated in sections 4.1.5 and 4.2.5.

The thickness of the raw CuO photocathodes was optimized to a theoretical CuO
thickness dcyo = 1.7 pm, corresponding to an electrodeposition time of 10 min and
photocurrent density of Jpporo = 1.44 mA- cm™ 2 @ 0.5VvsRHE. In literature, CuO
photocathodes usually exhibit photocurrent densities bellow 1 mAcm2 @ 0.5 V vs RHE.
Although an optimal thickness is found, a 3™ order approximation to the measured data

suggests an optimal deposition time of around 12 min.

Although only the indirect CuO bandgap approaches the estimated ideal E, = 1.31 eV

determined in section 2.3.2 for a Hematite-CuO pairing, the estimated direct bandgap
approaches the ideal E; = 1.75 eV for a CuO-Si pairing.
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5. CuO Photocathodes: Electrodeposition of
Cupric Oxide (CuOQ) followed by annealing

This chapter describes Route B elaboration, described in section 3.2.2. This route
enabled direct electrodeposition of CuO, avoiding the intermediary step of Cu
electrodeposition and releasing the requirement of thermal annealing. This synthesis
route consists in changing the electrolyte pH through the removal of boric acid and
addition of sodium hydroxide (NaOH) for pH adjustment, leading to knew
electrochemistry in the substrate/electrolyte interactions, as demonstrated through
section 5.1. Additionally, throughout section 5.2 it is shown that adding steering to the
solution led to visually different chemical species in the electrolyte that resulted in
remarkably different electrodeposition characteristics, surface morphologies and

structural integrities after photoelectrochemical characterization.

5.1. The effect varying pH

As stated in section 4.1, the electrochemical environment is highly dependent on pH.
Varying the pH can severely affect the electrolyte conductivity, reactions redox potentials
as Nernst equation dictates (equation 3.14) and which material phase is more favored
during electrodeposition. Like in physical phase diagrams, a Pourbaix diagram indicates
what chemical species are, and phase minimizes free energy and thus is more likely to

form as a function of applied potential and pH [117].
Phase Selection with pH variation

The same precursor and reducing agent may be used to deposit different chemical
species and phases. According to the Pourbaix diagram for copper, CuO is more stable
than Cu for high pH values. Cuprous oxide (Cu20) is also favored by neutral to high pH
environments but has a very narrow chemical window stability [117]. Although these
diagrams don'’t include ascorbic acid, citric agents have been reported to aid in copper

oxides synthesis [77].

The various stages of the electrolyte as a function of pH during steering are illustrated in

figure 5.1.
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pH7 pH13
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Figure 5.1: Solution photographs of the solution as a function of pH, during steering.

¥ . " ?
- ‘,‘ "' | CuO precipitation

At pH 3 the solution looks very similar to the one employed in chapter’s 4. With increasing
pH, the solution acquires a lactic aspect, turning yellow at pH 7, then to olive green at
pH>10, as shown in figure 5.1. Without steering, the electrolyte eventually loses the
lactic aspect and becomes transparent, indicating that a metastable compound is formed

with steering.

The black powder observed at pH 7 in figure 5.1, is a reaction between the solution and
freshly added NaOH pellets, probably resulting in CuO particles precipitation given the

color. This solution alteration may help find the main chemical species in the solution:

e CuOH (hydrated cupric oxide) exhibits a yellow color in aqueous solution [117].
e Cu(OH)2 may also form at high pH 13 [117].

Another interesting observed effect during experimental trials was that by diminishing the
precursor/reducing agent ratio the solution exhibits the yellow tone even at pH 13.
Suggesting that the predominant compound at pH 7 for the 4:1 ratio is still the
predominant compound at pH 13 for a 2:1 ratio. Consequently, the yellow compound

seems to be favored by the higher concentrations of ascorbic acid.
Cyclic Voltammetry

To further investigate the electrochemical interactions between the substrate and
electrolyte, cyclic voltammetry with fixed 20 mV/s scan rate is employed at different pH,
with 400 rpm steering rate. For each CV a bare FTO-Au substrate is used to avoid
changing the nucleation substrate between consecutive CVs. Figure 5.2 presents the CV
results, for which the HER and Cu(l) reduction potentials are calculated using Nernst

equation (see section 3.3.5).
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Figure 5.2: i. Cyclic Voltammetry with 20 mV/s scan rate as a function of pH, at 400 rpm. ii. Zoom in anodic region for
pH 13 Cyclic voltammetry.

All cyclic voltammetry’s show identic behavior from pH 9.2 to 10.8, predominantly
showing capacitive behavior. For the CV at pH 13, which is the closest pH to the
photoelectrochemical characterization conditions, two distinct peaks appear around HER

and copper (1) reduction potentials in the cathodic region.

Afterwards, an electrodeposition is carried at —1V vs Ag/AgCl (HER potential) for different
pH values ranging from 9 to 13, during 10min. This deposition time was chosen because
in figure 5.2 (ii) CV the current density is only 1 mAcm2. As presented in figure 5.3, clear
CuO deposition is noticed for pH 212, with what seems a residual deposited CuO layer

for pH values below this threshold.

pH9.2 pH10.8 pH12.2 pH13

Figure 5.3: After CV samples, showing clear deposition above pH 10.8.

5.2. The Effect of Adding Steering during Electrodeposition
As previously discussed in section 5.1, adding steering to the electrolyte leads to quite
different visual textures in the solution. The effect of applying steering to the solution at

pH 13 can be visualized in figure 5.4.
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400 rpm

CuO Forming

Figure 5.4: Steering Effect on the solution state. i. No steering effect, photograph during deposition. ii. Steering rate: 400
rpm.

This is a clear indicator of a metastable compound formation, which greatly influenced
the deposition results Also, employing steering during electrodeposition has been

reported to affect surface morphology, being a suitable route to micro and nano-
structuring [118].

5.2.1. Direct CuO Electrodeposition

Two samples were electrodeposited at pH 13, with equal deposition time and applied
potential, with and without steering during deposition. Sample F2 (No steering) is
deposited after F1 (400 rpm), so the initial solution state changes from that of figure 5.4

(ii). During deposition. Figure 5.5 presents the electrodeposition characteristics.

oo i ED ZOOM ii. DEPOSITED CHARGE
—— F1: 400 rpm 0.07 —— F1: 400 rpm
F2: NO STEER F2: NO STEER

—0.54

J/mA-cm~2
1.
Opeposirep / ©s75 - cm_p
&
2

=154 T T T T T T T
o 1 2 3 4 5 o 2 4 6 8 10
Time / min Time / min

Figure 5.5: i. Zoom in t € [0,5]min window for electrodeposition /(t) characteristics. ii. op.,(t) characteristics for t €

[0,10] min.
Sample Deposition time / Deposition Potential / Steering Rate /
min Vvs Ag/AgCl rpm
F1 20 -1.5 400
F2 20 -1.5 0

Tstation = 20°C.

Table 5.1: Deposition conditions for batch fabrication.
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Analyzing figure 5.5 (i), both samples show similar nucleation stages but rather different
characteristics afterwards. Sample F2 (No steering) shows typical film deposition j(t)
characteristics, with an approximately constant steady state current density after
nucleation. On the other hand, sample F1 (400 rpm) shows a minimum absolute current
density value around t = 54s, which then further increases in absolute value. In a
potentiostatic deposition, as the electric field is fixed through voltage, for current density
to increase the surface area must be increasing as well. Also, by inspection of figure 5.2
(ii) it is immediate to confirm that these samples are deposited in a potential region
beyond HER potential which justifies the strong noise observed in sample F1(400 rpm).
Noticeable, this “noise effect” is much weaker in sample F2 (No steering), which has a

smooth deposition curve.

5.2.2. Photoelectrochemical characterization

After electrodeposition, both samples go through the annealing process described in
section 3.1.4, as a way of ensuring pure CuO phase, as structural characterization is not
performed prior to photoelectrochemical characterization. The photoelectrochemical
characterization was performed as described in section 3.4.5. Figure 5.6 presents the
measured Jphoto-V characteristics, under dark and simulated sunlight illumination
conditions. The samples show very different photoelectrochemical behavior. Sample F2
(No steering) shows irregular photocurrent density, like samples A1 and A2, exhibiting
very high dark currents but also regions where dark current even surpasses photocurrent

— with similar current density transition around Cu (Il) reduction potential.

. i SOLAR PERFORMANCE o ii.. ZOOM
/ B Dark F1 : 400 rpm
0 —— Light F1 : 400 rpm

0.0 +

! --- DarkF1:400rpm
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I
)
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i e Cu?f +2e = Cu

T T T T T -1.0 T T T T T T T
0.2 0.3 0.4 0.5 0.6 0.7 08 0.40 0.45 0.50 0.55 0.60 0.65 0.70 0.75 0.80

V vs RHE V vs RHE

Figure 5.6: i. Photoelectrochemical J-V for V € [0.2,0.8] V vs RHE. ii. More stable chemical window V €
[0.4,0.8] V vs RHE.

Sample F1 (400 rpm) shows typical photocurrent density up until potentials near Cu (Il)
reduction potential, where after this potential it shows an almost ohmic behavior under

illumination and a very high dark current density maximum near 0.2 V vs RHE.
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Table 5.2 summarizes the photoelectrochemical results for these samples, showcasing

that sample F1 achieved the best photocurrent and lowest onset potential.

Steering Rate / [ Jphoto | @ 0.5V vs RHE /
Sample Vonset/ V vs RHE
rpm mA-cm
F1 400 0.654 0.706
0 0.609 0.741

Table 5.2: Summary results for F1 & F2 photo-response results.

Posterior to characterization, the samples integrity shows clear visual differences, as
presented in figure 5.7. Sample F1 (400 rpm) seems better preserved than any other

developed CuO photocathode.

F1: 400 rpm F2: No Steering

/ As Annealed Post Solar \ As Annealed Post Solar

e g e

Figure 5.7: Before and after photoelectrochemical characterization photographs of samples F1 and F2.

Unlike F1, sample F2 shows clear degradation in all the areas that contacted the
electrolyte. Consequently, besides a superior photo-performance, sample F1 also seems

intrinsically more stable than F2.

5.2.3. Morphological Characterization

The morphology of the fabricated samples F1 (400 rpm) and F2 (No steering) is
investigated using scanning electron microscopy (SEM), as described in section 3.3.2.
Micrographs at 1 um and 100 um scales are presented. Unlike the previous sections, for
this sample batch, morphology is assessed both prior and after photoelectrochemical
characterization, enabling for evaluation of the photoelectrochemical trial effect on

morphology.
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Before Photoelectrochemical Characterization

As expected by section 5.2.1 analysis, figures 5.8 and 5.9 demonstrate quite different
morphologies for sample F1 and F2. Figure 5.8 presents the micrographs for sample F1,
for which two very different morphologies are visualized at the 100 um scale: Zone 2 with
a very continuous film like morphology, and Zone 1 with a porous micro-structure that
resembles a coral rift.

F1: 400 rpm

- >

Figure 5.8: SEM micrographs of sample F1.

The observed grain morphology in Zone 2 (Z2) is very similar to those of section 4.2.4,
while zone 1 (Z1) shows quite a unique, and highly porous morphology at the micron
scale. This porosity inside Z1 may have risen because of hydrogen evolution during
deposition. On the other hand, sample F2 shows a very predominant film like morphology
as figure 5.9 demonstrates. In Zone 2 at the micron scale, the film is much less regular
than that of sample F1. Subsequently, although it also exhibits (in much less proportion)
micro-structures that resemble figure 5.8 zone 2 micrographs, it seems less porous than
those of sample F1 (400 rpm). These residual microstructures are most likely related to

the initial state of the deposition electrolyte, that was used after F1 electrodeposition.

F2: No Steering

Figure 5.9: SEM micrographs of sample F2 (No Steering).
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After Photoelectrochemical Characterization

Figure 5.10 outlines SEM micrographs for both samples, in an annealed and post PEC

characterization stages.

F1: 400 rpm F2: No Steering

e »

Figure 5.10: As annealed and post solar measurements SEM images of samples F1 and F2. Maro images: x10°
magnification — 100 ym; Micro images: x10° magnification — 1 um.

As it can be seen from figure 5.10 inspection, the film like morphology of Zone 2 (Z2)
shows corrosion in both samples, as the grains appear more “spiked” prior to PEC
characterization. The steering induced micro-structure shows no sign of corrosion in

sample F1 (400 rpm), while minimal corrosion is observed in sample F2 (No steering).

Figure 5.11 contains EDX spectrums for Zone 1 (film morphology) in plot (i) and for Zone
2 (micro-coral morphology) in plot (ii). The green boxes outline copper (Cu) and oxygen
(O) characteristic x-ray energies intensity, while the black box outlines tin (Sn, present in

substrate) x-ray energies intensity.

Z2

Z1

Label A CEMP 1SV 321 Label A CIMIF 1%eV IR

£ . o

Figure 5.11: EDS spectrum for samples of different zone types. Black box: Sn containing energy peaks; Green box: O
and Cu containing energy peaks.
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As observed by comparison of plots (i) and (ii), the relative intensity between tin (Sn) and
copper/oxygen (Cu/O) x-ray energy peaks is much higher in Z1 than in Z2. Additionally,
EDX measurements before photo-performance assessment demonstrates higher Cu/O
ratios in relation to tin (Sn) in both zones. The former concludes that the remaining
copper/oxygen content in Z2 is much higher than that of Z1, after photoelectrochemical
characterization. Consequently, EDX analysis suggests that Z2 (micro-coral like) is

intrinsically more stable than Z1 (film like).

The trend in figure 5.11 between the different zones is observed in both samples. As
figure 5.10 also demonstrates, corrosion seems much stronger in the film like zone of
sample F1 in relation to the steered induced microstructure. Consequently, this
enhanced stability of Zone 2 is attributed to the similarity between the electrochemical
environment (pH 13, hydrogen evolution) and the photoelectrochemical characterization

conditions.

5.2.4. Structural Characterization
Raman spectroscopy is employed for accessing the samples’ corrosion state after solar
measurements, as described in section 3.3.1 and performed in sections 4.1.5 and 4.2.5.

Figure 5.12 presents the measured Raman spectrums for samples F1 (400 rpm) and F2

(No Steering).
Bg Ty, (high)

Ag Bg |
5 | Tiullow) 2Ey \ |[——F1:400 rpm
© :
= ' |—— CuO Modes
-*ﬁ ' --- Cu20 Modes
= :
[T |
= :

2|:I|E| 4|i-||:| 600 EUIU
Raman Shift / cm™

Figure 5.12: Raman spectrums for F samples. i. Post solar measurements F1 and F2 spectrums; ii. As annealed and
post solar spectrum of F2 sample.
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Sample F1 (400 rpm, blue) spectrum presents very sharp, defined peaks, even after the
photoelectrochemical measurements. Not only it presents the best structural integrity
after PEC characterization, as it demonstrates much smaller deviations (Aw,;,) from the
expected Raman shift peak value (wyj,) than the fabricated photocathodes by Route A
(electrodeposition of copper followed by annealing). As such, these samples are less
strained than the ones from chapter 4. Consequently, much of the induced strain in
chapter 4 samples must be related to copper thermal expansion and Cu—»CuO phase
transition. Unlike F1, sample F2 (No steering, orange spectrum) is very amorphous and

barely presents any CuO after photoelectrochemical measurements.

5.2.5. Optical Characterization

The samples are characterized as described in section 3.3.3, and bandgap is determined
using Tauc-plots of the Kubelka-Munk functions. Figure 5.13 presents the calculated
Kubelka-Munk functions and the carried fits to the transition slope, while table 5.3 lists

the calculated bandgap values, as in section 4.2.6.

i. Indirect n=1/2 ii.. Direct n=2

—— F1: 400 rpm —— F1:400 rpm
--- BI:Fit --- BI1:Fit

L
P 100 -

|F(R)-hv| 1/2
|F(R)-hv| 2

_____________ B —

T T T T T T T T T T T T T
13 14 15 16 17 18 19 1.50 1.55 1.60 165 170 175 180 1.85 1.90

Energy / eV Energy / eV

Figure 5.13: Tauc plots using Kubelka-Munk functions for indirect (n = 1/2) and direct (n = 2) transitions.

Indirect Bandgap Direct Bandgap
Sample Steering / rpm Eg [/ eV u(Eg) [ eV Eg [/ eV H(Eg) [ eV
F1 400 1.447 0.005 1.63 0.01
0 1.448 0.005 1.63 0.01

Table 5.3: Fit results summary and respective calculated indirect and direct bandgaps.

Both films exhibit a direct bandgap of 1.63 eV and an indirect one of 1.45 eV, for which

the difference observed for the indirect bandgap values is absorbed in their uncertainties.
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Comparing these bandgap values and respective uncertainties with that of chapter 4, it
is not possible to say the samples have different bandgaps because there’s not enough
statistical evidence sustaining that conclusion. As such, both syntheses are considered
to result in similar bandgap value. Table 5.4 presents the average of all determined direct

and indirect bandgap values and their uncertainty, taken to be their standard deviation.

Egap / ev ”(Egap) / ev
Indirect Bandgap 1.456 0.007
Direct Bandgap 1.64 0.01

Table 5.4: Estimated bandgaps and uncertainties considering all samples from chapter 4 and 5.

5.3. Conclusions

Utilizing the same precursor and reducing agents of chapter 4, it was possible to induce
direct cupric oxide (CuQ) electrodeposition with a variation in pH. Additionally, by adding
steering during electrodeposition, a metastable compound forms that enabled the direct
deposition of CuO during hydrogen evolution. This steering effect was also correlated
with a change in electrodeposition characteristics (J(t)), enabling micro-structuration

during deposition that resulted in a very porous morphology.

The resulting CuO photocathode with steering during deposition achieved a photocurrent
density of 0.65 mAcm? @ 0.5 V vs RHE, with enhanced structural integrity in relation to
any of the previously fabricated CuO photocathodes. This enhanced stability is attributed
to the similarity between the deposition electrochemical environment and the
photoelectrochemical characterization environment (high pH with Hz evolution).
Additionally, this photocathode structure showed minimal strain in relation to chapter 4
photocathodes, attributed to the different initial annealing phases (Copper (chap. 4) vs
CuO (chap. 5) as initial phase). Furthermore, the enhanced stability for this photocathode
suggests that the induced morphology during electrodeposition is a very promising route

for stabilizing these photocathodes surfaces during PEC operation.

The estimated bandgaps for these synthesis approaches show no significant deviation
from the determined in chapter 4. For bandgap tuning assessment, investigation on the
deposition electrolyte precursor/reducing agent ratios and annealing conditions should

be performed.
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6. Hematite-CuO Tandem Heterojunctions

Following the successful development of synthesis routes for CuO photocathodes
fabrication, it was possible to incorporate CuO photocathodes by “Route A” and Hematite
to form a tandem heterojunction, as detailed in section 3.2.3. The formed heterojunctions
have a different structure to that of a tandem PEC cell, resulting in different energy
diagrams. Nonetheless, coupling the two materials may still improved performance. The
copper electrodeposition on the FTO-Au and FTO-Fe substrates is analyzed in section
6.1. Additionally, the photo-response of the fabricated junctions is presented in section
6.2, comparing the performance to an equivalent bare-hematite photoanode. Finally, the
morphology and structural integrity of the samples is discussed through sections 6.3 and
6.4.

6.1. Copper (Cu) Electrodeposition

The electrodepositions of copper for the junction’s fabrication are conducted as in
chapter 4, using the optimized deposition potential and cell geometry but a deposition
time of 5 minutes is employed at Tgation = 20°C. Figure 6.1 presents the
electrodeposition characteristics. Copper electrodeposition on the FTO-Au substrate is
conducted first and undergoes annealing. Afterwards, iron is deposited via IBD on top of
J1: FTO and J2: FTO-Au-CuO, enabling posterior electrodeposition of copperin J1: FTO-
Fe.

i Electrodeposition J(t) ii. Deposited Charge Opep(t)
—4 0.0 1
J2: FTO-Au substrate
—6 1 . —044
rr' |
: 6
<z 81 U —p8-
E =
= &
-101 -12 A
J2: FTO-Au Substrate
-121 T T T T T T —-16 T T T T T T
0 1 2 3 4 5 0 1 2 3 4 5
Time / min Time / min

Figure 6.1: i. Electrodepositions J (t) characteristics for both substrates. ii. Deposited charge density opeyp (t)
characteristics.

The deposition charge density characteristics are almost the same, as illustrated in figure
6.1 (ii). Although in copper electrodeposition (plot (i)), the quasi-plateau of J1: FTO-Fe is
not as stable as in J2: FTO-Au deposition (plot (i)). However, the nucleation substrate is

different, and this might result in different grain morphologies and crystalline orientations
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of the copper films. Subsequently, the resulting junctions undergo annealing (as in

section 3.2.2.2), resulting in the following heterojunction configurations:

e J1: FTO-0-Fe,03-CuO
e J2: FTO-Au-CuO- a-Fe;03

Figure 6.2 demonstrates the fabricated structures before and after annealing, for the

different configurations.

As Deposited As Annealed

( FTO-Fe-Cu

( FTO-Au-CuO-Fe FTO-Au-CuO-a-Fe,0)
J2

FTO--F_ezo3-Cua

Z

J

A

e

P

Figure 6.2: Pictures of the fabricated samples before and after annealing.

6.2. Photoelectrochemical Characterization
Photocurrent density-voltage (Jyhoto-V) under dark and simulated sunlight illumination of

the fabricated heterojunctions are presented in figure 6.3 (i) and (ii). Both junctions are

measured under front illumination conditions, as described in section 3.3.5.

As thoroughly explained throughout section 1.2.1 and chapter 2, light incision should
pass through the semiconductors in decreasing bandgap order. In case of J1 (FTO-a-
Fe203-CuO), the front-illumination condition imposes light to pass firstly on CuO and later
hematite (a-Fe2O3), which is bad device configuration regarding photoconversion and

justifies the clear difference between J1 and J2 photocurrent densities.
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As figure 6.3 demonstrates, these heterojunctions can be made to act as either a

photocathode or photoanode depending on the applied bias.
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Figure 6.3: i. Cathodic electrochemical window for the fabricated heterojunctions. ii. Anodic electrochemical window of
the fabricated junctions.

Table 6.1 lists the measured photo current density at both anodic and cathodic sites, as

well as onset values.

Sample Configuration J@0.5VvsRHE | J@1.23 VvsRHE Vonset VS RHE
J1 FTO-a-Fe203-CuO -1.31 -0.068 0.9
J2 FTO-Au-CuO-a-Fe203 -1.08 -0.47 0.785
Bare Hematite FTO-Fe203 - -0.141 0.9

Table 6.1: Summary results for the heterojunctions photoelectrochemical characterization.

Photoanode Electrochemical Window

For applied bias above each heterojunction V,,s.t, both J1 and J2 act as photoanodes.
Remarkably, even with CuO absorbing most photons above hematite’s bandgap in J1,
the junction was still capable of achieving around 50% of the photocurrent density to that
of bare hematite, plot (ii). Regarding J2 (FTO-Au-CuO-a-Fe;Os), with a correct
configuration for light absorption it was possible to obtain around 330% increase of
J @ 1.23 Vvs RHE for this junction with a shift in the onset potential from 0.9 to 0.785

V vs RHE, in relation to the bare hematite configuration.
Photocathode Electrochemical Window

For applied bias below each heterojunction V,,..t, both J1 and J2 act as photocathodes.
Unlike the photoanode region, the current density under illumination in this

electrochemical window shows photocurrent maximum near Cu(l) reduction potential.
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This behavior was also observed for the thinner CuO photocathodes of chapter 4.
Additionally, the dark cathodic currents are also observed, starting before Cu(l) reduction
potential. This behavior is attributed to the introduction of hematite, as it was not
observed for equivalent bare CuO photocathodes of chapter 4. One of hematite’s
limitations is the low carrier diffusion lengths, as outlined in section 1.2.3. Consequently,

although the measured cathodic Jyhot0@ 0.5V vs RHE is higher than the bare CuO

photocathodes, it is most likely related with photo corrosion.

Figure 6.4 shows the visual integrity of the samples after photoelectrochemical

characterization. Sample J2 segregated from the substrate after washing.

BEFORE AFTER

J1: FTO-a-Fe,05;-Cu0O

J2: FTO-Au-CuO-a-Fe,0,

Figure 6.4: Sample photographs after photoelectrochemical characterization.

6.3. Morphological Characterization

The morphology is inspected after photoelectrochemical characterization via scanning
electron microscopy. Figure 6.5 contains micrographs for J1 and J2 macro and micron
scales. Additionally, sample B2 (5 min) micrographs from section 4.2.4 are also
presented for comparison.

J1: FTO-a-Fe,0;-Cu0O J2: FTO-Au-CuO-a-Fe,0 B2: 5 mir

Figure 6.5: SEM micrographs of the fabricated heterojunctions, after photoelectrochemical characterization.
Micrographs for sample B2 (5min) from section 4.2 are included for CuO morphology comparison.
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As illustrated in figure 6.4 (section 6.2), the center of J2 junction segregated from the
junction. As such, SEM images were acquired the remains in the center, represented in
sample J2 (FTO-Au-CuO-a-Fe;03) micrographs. Attending to the 20 um scale, it is

possible to visualize some corrosion in sample J2.

Surprisingly, the grain morphology observed in sample B2 is preserved in both samples
J1 (FTO-0-Fe203-CuQ) and J2 (FTO-Au-CuO-a-Fe;Os3) after photoelectrochemical
characterization, although some deformation is observed. Analyzing sample J1
micrograph, this is a remarkable improvement in relation to raw depositions conditions,
where all micrographs from section 4.1.4 present what seems to be a strongly corroded

morphology at the micron scale.

6.4. Structural Characterization

The structural integrity of the heterojunctions is assessed via Raman spectroscopy, like
in previous chapters. Subsequentially, the acquired Raman spectra for the different

acquisition zones are represented in figure 6.5.

Hematite A;_

J2: Center

Hematite E,
CulA,

Hematite E

CuOB, Cu0B,

Intensity / a.u.

200 400 600 800
Raman Shift / cm™

Figure 6.6: Acquired Raman spectrums of samples J1 and J2, at different regions for layer composition assessment.

In the case of J1 (FTO-a-Fe,03-CuO) the acquired spectrum at the samples’ center does
not show any clear hematite mode, but the acquisition at the samples top periphery
enabled detection of typical hematite modes. Regarding J2 (FTO-Au-CuO-a-Fe203), the
typical hematite Raman modes are detected, but in this case, there is no exposed CuO

at the periphery so it was not detected.

Comparing the measured hematite modes in samples J1 and J2, sample J2 does not

show the higher Eg mode.
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6.5. Conclusions

The incorporation of Fe2O3 and CuO into a heterojunction revealed promising results,
even without a ohmic insulator between the semiconductors. The fabricated junctions
were able to behave as both a photocathode and a photoanode, although the
photocathodic response shows photocurrent maximum that is probably related with

photo-corrosion of the CuO layer.

Although sample J2 (FTO-Au-CuO-a-Fe203) segregated after photoelectrochemical
characterization, it was the best performing sample, resulting in a x3.33 increase in
photocurrent density (0.47 mAcm? @ 1.23 V vs RHE) and a lowering in the onset
potential of 115 mV vs RHE, in relation to bare hematite (0.141 mAcm2? @ 1.23 V vs
RHE).

Remarkably, sample J1 (FTO-Fe,O3-CuO) achieved similar photocurrent densities to the
bare hematite sample, even with an unsuitable configuration for light incision. This
means that sample J1 was able to achieve similar performance to that of bare hematite,
even with much less incident radiation on the hematite layer (which limits

photoconversion), showcasing the potential of this configuration.

Like the CuO photocathodes developed in chapter 4, the resulting structure after
photoelectrochemical characterization does not show any Cu20 phase. Additionally, the
CuO grain of J1 (FTO-Fe203-CuO) shows no sign of corrosion, showing similar

morphology to equivalent CuO photocathodes of chapter 4.
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7. Conclusions and Future Work

This work focused on developing photoelectrodes for photoelectrochemical tandem
cells, with the goal of combining a photoanode (n-type) and a photocathode (p-type)

metal-oxide based semiconductors.

Numerical modelling for solar-to-hydrogen conversion was carried, for which according
to results, the maximizing efficiencies indicate that the reported bandgap range of CuO
offers promising advantages for incorporation in a photoelectrochemical tandem device
if paired with a hematite photoanode (up to ~16.7%) or a silicon solar cell (up to ~21%)
under near ideal conditions, with still considerable efficiencies even when high
photoconversion losses are present. In addition, the implemented algorithm for solar-to-
hydrogen efficiency allowed to simulate an unreported hybrid 3-junction tandem PEC-
PV-EC system that by a parallel electrical connection implementation, re-shaped the
maximum solar-to-hydrogen efficiency region from a single point into a straight line (more
than 1 bandgap combination outputs the maximum efficiency), broadening the possible
bandgap combinations. This broadening was found to enable S-Q limit efficiencies above
18% for the pairing of wide bandgap materials like WO3 or TiOz2, with a resulting hydrogen

yield above 40% in relation to the incident solar constant (100 mWcm).

Following the simulation results motivation, two synthesis protocols were designed to
obtain CuO photocathodes based on the electrodeposition technique. In the first
approach (Route A), the CuO photocathodes were obtained by direct electrodeposition
of Cu and subsequent thermal annealing, inducing the metal (Cu) to metal-oxide (CuQ)
phase transition. This process optimization was accurately performed by exploring
electrodeposition parameters like deposition voltage, cell geometry and deposition time
(CuO film thickness). Two groups of samples were fabricated and studied by varying: (1)
the electrodeposition applied voltage from -0.33 V to -1.5 V vs Ag/AgCl, and (2)
electrodeposition times from 2.5 min to 40 min. By combining morphology, structural and
optical characterization with the evaluation of photocurrent density output, the best solar-
performing photocathodes were clearly identified under photoelectrochemical testing
with simulated sunlight. The improvement in the electrodeposition cell geometry led to
photocurrent density of 1.04 mAcm? @ 0.5V vs RHE, leading to a 33.3% improvement
in equivalent samples, in relation to raw deposition conditions (0.78 mAcm2? @ 0.5 V vs
RHE). No evident Cu.O traces were identified after photoelectrochemical performance

studies. Furthermore, the highest photocurrent density was obtained for a 10 min
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electrodeposition time at —1 V vs Ag/AgCl applied voltage, reaching 1.44 mA-cm™2 @ 0.5
V vs. RHE with 0.74 V vs RHE Vonget.

For the second synthesis protocol (Route B), we were able to directly electrodeposit the
oxide-CuO via a pH variation (fixing the reagents and electrolyte composition of the first
approach). During this method’s development it was found that incorporating steering
during the electrodeposition led to a different solution state, ultimately leading to highly
porous micro-coral-like morphology. Although the resulting photocathodes with this
method resulted in lower photocurrent densities (0.65 mAcm? @ 0.5 V vs RHE), they
have led to a high degree of crystallinity and structural integrity after
photoelectrochemical characterization, when compared with the photocathodes obtained
by the first approach (Route A). This improvement was attributed to the close similarity
between the electrochemical deposition environment and the photoelectrochemical
characterization environment (high pH with H. evolution), as well to the enhanced

surface area of the photocathodes obtained by this method.

Finally, the successful development of suitable CuO photocathode fabrication enabled
the incorporation of this material into hematite-CuO heterojunctions, resulting in
promising prototypes of tandem PEC cells by pairing n-type and p-type photoelectrodes,
thereby reproducing the numerical simulation environment. Although the fabricated
junctions do not follow the exact architecture of a tandem photoelectrochemical cell
presented in the introduction, the implementation of CuO led to a ~330% photocurrent
density improvement (0.47 mAcm2 @ 1.23 V vs RHE) compared to that of bare hematite
(0.141 mAcm? @ 1.23 V vs RHE), as well to a lowering in the onset of 115 mV vs RHE:
resulting in both a superior photoconversion and a lowering in the activation overpotential
for OER.

Accordingly, this work demonstrates promising results for CuO photocathodes
fabrication as well as this material implementation into hematite-CuO heterojunction

photoelectrodes.

7.1 Future Work
The development CuO photocathodes (p-type) was conducted with FTO (n-type) as a

TCO contact. The junction of these two oxides leads to a depletion field that favours hole
transport into the electrolyte and redirecting electrons to the counter electrode, which
opposes the natural flow of charge induced by the semiconductor/electrolyte built-in field,
and is behind the strong anodic photo-response observed throughout chapters 4 and 5.

Because of this, a p-typte TCO like NiO should act as TCO contact, favouring hole
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extraction to the counter-electrode. After this study, typical enhancement techniques like

doping, passivating and co-catalyst deposition should be performed.

Subsequently, “Route B” presented in chapter 5 was just the beginning, as no
optimizations were conducted besides the demonstrated work. The relationship between
the electrochemical environment and resulting morphology and properties should be
deeply studied, as this work suggests that is a highly promising route for achieving long-
term stability for these photocathodes. This route could and should be tested as a

functionalization of the “Route A” CuO photocathodes surface.

Regarding the hematite-CuO heterojunctions, an intermediary ohmic layer should be
placed between the hematite and CuO to act as both recombination layer and an
insulator, so the built-in electric field at the electrolyte/semiconductor interface is not
opposed by the electric field generated between the n and p semiconductors.
Additionally, the FTO-a-Fe2O3-CuO junction should be studied under back illumination

conditions to enhance light absorption.
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A — Supplementary Information of Chapter 2
Trapezoidal Rule

Trapezoidal rule can be elegantly implemented in python with NumPy module. The 1
Sun AM 1.5 is acquired from [] and is already discrete, so 4 new arrays are created with
this data:

e Arrays Ej, f;: containing the values for E, f(E) from the 15t element up until the
penultimate position, included.
e Arrays E,, f,: containing the values for E, f(E) from the 2" element up until the

last.

By calculating "E, — E;", we get the distance between successive photon energies of the
spectrum: we get an array with the widths h of each trapezoidal — which in this case is
very relevant, because the distance between successive wavelengths in 1 Sun AM 1.5
series is not homogeneous, its different for UV, VIS and IR radiation. And now, f; is the
left height of the various trapezoids and f; is the right height. The rule is implemented by

calculating the operation:

- (E; —E) - (fi+12)
I“’Z 2

Wich can be quickly done by the operation “np.sum(‘%B)", where A= (E, —E;)and B =

(fi + f>). For finding Solar., all spectrum is integrated. To find G, the spectrum is

integrated between the respective limits, according to eq. 7.

A vs Data Index 1017 Total Photon Flux
4000 1 e —— Total Photon Flux vs Bandgap
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-~ £
5 2500 ]
(- ~
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Wavelength vs data index, the different wavelength slopes indicate different distances between successive

wavelengths. Right: Total photon flux passing through the junction as a function of E,,,,. Comparison literature: [].
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Solar constant

Model Calculated / W Official / W Source
This work 1000.37 1000 -
Literature 1003.02 [43]

Summary results for trapezoidal function and comparison with literature calculations.

1 def trapezio(x, y, egap):

2

3 arg = np.where(x >= egap) [0]

4 xx = x[arg]

5 yy = ylargl

6

7 w = xx[1:] - xx[:-1] # E2-E1

8

9 fx = yy[1:] + yy[:-1] # f1 + f£2
10

11 return np.sum(w * fx) / 2

Trapezoidal integration implemented code.

Gauss Legendre Quadrature

The weights and sample points are obtained through NumPy module through
“polynomial.legendre.leggauss()” function. Firstly, a dQ.(z, E4, T) function that calculates
the integrand of eq _ is implemented. Then, a Gauss-Legendre function
Gauss_L(dfunc,Eg,T,N) that calls the function dQ. if dfunc = dQ, and integrates it
using approximation of eq. __ for z e [—1,1] for a given E; at temperature T, using N
sample points is implemented. For evaluating the number of sample points need, this

integration is performed for various E, values varying the number of sample points N

and evaluating the convergence rates by the formula AE = I”I_ﬁ x 100, where I,, is the

n-1

numerical integral value with n sample points.

1 def dQc(z,Eqg,T):

2

3 C = 16*pi / (c**2 * h**3)

4 dz = (1-z)**-4

5 v = VT (T)

6

7 return C *dz* Eg**3 / (np.exp(2*Eg/ (v*(1l-z)))-1)

Integrand function implementation.
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3
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Gauss_L (dfunc,Eg,T,N) :
xi,wi = np.polynomial.legendre.leggauss (N)

return np.sum( wi * dfunc(xi,Eg,T))

Gauss-Legendre quadrature implementation.

Single absorber functions and S-Q limit implementation

1 def
2

3

4 def
5

6

7

8 def
9
10
11

1 def

O J o U b W

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

VT (T) :
return k*T

J(G,Qc,V,T, fc) :
v = VT (T)
return g* (G-Qc*np.exp (V/v) /fc)

V_oc(G,Qc, T, fc):

v = VT (T)
return v*np.log(fc*G/Qc)

Implement functions to calculate /.., — V relations.

S Q(Egap,T,N,ev,p flux,delta, fc):
n = len(Egap)

sgq = np.zeros (n,dtype=float)

v = VT (T)

for i in np.arange (n) :
Eg = Egapl[i]

G = trapezio(ev,p flux,Eg)
Qc = Gauss_ L(dQc,Eg,T,N)

Voc = V_oc(G,Qc, T, fc)

v_range = np.arange(0,Voc +delta,delta)
Js = J(G,Qc,v_range, T, fc)*10**-1

power = Js*v_range

if np.size (power)==
power = np.zeros (1)

arg = np.argmax (power)

mpowr = power[arg]

sq[i] = mpowr
return sg

S-Q limit calculation implementation.

# mA/cm”2
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Model PCE@1.1eV Jsc@1.1eV Vyoc@1.1eV Max PCE Egapmax  Source
This work 32.9% 44.2282 0.857751 33.7% 1.34 -
Literature 32.8% 44.2239 0.857749 33.7% 1.34 [74][76]

Results comparison with literature.

1 def QE (x,Eg,A,Db):

2 ab = A * np.tanh (b* (x-Eqg))
3 ab = np.where (x<Eg, 0, ab)
4 return ab

Quantum Efficiency function implementation.

1 def s Q2(Egap,T,N,ev,p flux,delta,fc,A,b):

2 n = len (Egap)
3 sg = np.zeros (n,dtype=float)
4 v = VT (T)
5
6 for i in np.arange (n) :
7 Eg = Egap[i]
8 ap = QE(ev,Eg,A,b)
9 p = ap*p_flux
10 G = trapezio(ev,p,Eqg)
11 Qc = Gauss_ L (dQc,Eg,T,N)
12
13 Voc = V_oc(G,Qc, T, fc)
14
15 v_range = np.arange (0,Voc +delta,delta)
16 Js = J(G,Qc,v_range, T, fc)*10**-1 # mA/cm”2
17
18 power = Js*v_range
19
20 if np.size (power)==
21 power = np.zeros (1)
22
23 arg = np.argmax (power)
24
25 mpowr = power [arg]
26
27 sqli] = mpowr
28 return sq

Adapted model implementation in python for single junction devices.

Tandem Cells Implementation

For modelling 2T tandem cells, firstly two arrays containing the bandgap values of each

of the junctions are created: Eg,, E,,, with a user defined distance & between successive
elements. Two meshgrid arrays are created from Ey; and Eg;, that contain all possible

combinations of both junctions’ bandgaps. Then, the same method for calculation of the
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S-Q limit described in section 2.3.1 is employed for each semiconductor, with the

following nuances:

1. G, and G, are given calculated using eq. 2.8 and 2.10 using trapezoidal rule, but
by simply making ¢(E) = 0 for E > Ey,. In case of 3 junctions’ cell, the same
reasoning is applied making spectral photon flux O for E > E,.

2. Both Jg¢; and Js¢ , are calculated, and the minimum Jsc .., i retained. After this,
an array Jpnoto like in eq. 2.11 is created — With the allowed current densities for
the system. The same reasoning for 2T 3 junction cells.

3. After step 2, each cell voltage relation is calculated using relations 2.12 and 2.13.
The converted power is given by: Power = Jynoro * [Vi(Uphoto) + Va(photo)]-
Including the V3 (Jpnoto ) @s well in the case o 2T multijunction.

4. After knowing the power distribution for a given bandgap pairing, the MPP is
determined using the method described in section 2.2.3. The calculation is
performed for a given interval of bandgaps for each junction, for each maximum

energy conversion is determined by the method described in section 2.2.3.

Results for 2 junction photovoltaic cell in series:

a0 40
20 5 ESS
= =
@ @
o o
o 18 Bz > By
z g Z g
] ]
2 0 2 0
1] 1]
Z1s 15 = 15
= =
10 10
14 5 5
T T T T T T ] F T T T T T T o
10 11 12 13 14 15 16 09 10 11 12 13 14 15 1&
Narrow Bandgap [ eV Narrow Bandgap / eV

S-Q limit for a 2T tandem cell. ii. S-Q limit considering A = 1, B = 5, f, = 1072 with the adjusted model.

Maximum PCE drops from 45.54% to 37.82% considering different losses factors A =1, B =5,
f. = 1072, but the bandgap pairing doesn’t change much. Uncertainty on bandgap is of order
~1072,

EgqleV Eg,leV Max PCE |/ %
i. 1.59 £ 0.01 0.94 +0.01 45.54
ii. 1.61+0.01 091+ 0.01 37.82

Bandgap pairings and respective maximum PCE obtained from the implemented model.
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1 def PEC1l_ 2T (ev,s flux,el,e2,T,N, fc,A,B,delta):

O J o U b W N

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46

Egl,Eg2 = np.meshgrid(el,e?2)
nl,n2 = len(el), len(e2)

PCE = np.zeros((n2,nl))

JJ = np.zeros((nz2,nl))

vV np.zeros ((n2,nl))

fl s _flux

for i in np.arange (n2):
for j in np.arange(nl):

el = Eglli,J]
e2 = Eg2[i,]]

P2 = np.where(ev <= el,f1,0)*QE (ev,e2,A,B)

Gl = trapezio(ev, f1*QE (ev,el,A,B),el)
G2 = trapezio(ev,p2,e2)

Qcl = Gauss_L(dQc,el, T, N)

Qc2 = Gauss_L(dQc,e2,T,N)

Jsl = J(G1,0Qc1,0,T, fc)
Js2 = J(G2,0Q0c2,0,T, fc)

Jsc = np.min((Jsl,Js2))
Js = np.arange (0,Jsc,delta)

V1 volt (Jsc,Js,Qcl)
V2 volt (Jsc,Js,Qc2)

Power = (V1+V2) * Js
if np.any (Power) :
mpp = np.argmax (Power)

JJ[i,3] = Js[mpp]
VVI[i,j] = V1l[mpp] + V2[mpp]

PCE[i, 3] = Power[mpp] / 10

else:

PCE[i, 7] 0
return Egl, Eg2,PCE,JJ,VV

2 junctions in series adapted model implementation. For S-Q the QE function simply isn’t called and f, = 1.

Function “PECI_2T()” outputs JJ and VV at MPP, STH is calculated posteriorly.
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1 Gibs = 237.2 # J/mol

2Na = 6.023*10**23

3

4phi = J / (2*g*Na) # H2 molecules / s.m"2
5

6 STH = phi * Gibs * 100 # x 100 / 1 kW.m"*-2
7

8 STH1 = np.where (E1+E2>=3.23,STH, 0)

9 STH2 = np.where (V>=2,STH,0)
Unbiased STH calculation for both losses consideration in figure 2.7.
1 STH3 = ( Jss / (2*g*Na) ) * Gibs * 100
2
3 STH5 = ( JS / (2*g*Na) ) * Gibs * 100
4
5STH4 = ( J S / (2*g*Na) ) * Gibs * 100
gSTHl = np.where(Vl >=2, STH1, J1*10**-1*(1.23-(2-V1)))
8

NeJ

STH2 = np.where (V2 >=2, STH2, J2*10**-1*(1.23-(2-V2)))
10
11 STH3 = np.where (Vss>=2, STH3, J3 *(1.23-(2-V3)))

STH implementation for both biased and unbiased regions of figure 2.8.
3 junctions’ devices

i Device lllustration ii. Equivalent Circuit

TCO

ﬁ Junction 1

Junction 2

ELECTROLYTE
ELECTROLYTE

Junction 3

!

Junction 1 Junction 2

ELECTROLYTE

Junction 3 0o

Device configuration and equivalent circuit for results in figure 2.10.
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1 def PEC_3T(ev,s flux,el,e2,e3,T,N,delta):

2

3 Egl,Eg2 = np.meshgrid(el,e2)

4 nl,n2 = len(el), len(e2)

5 PCE = np.zeros((n2,nl))

6 JJ = np.zeros((n2,nl))

7 VV = np.zeros((n2,nl))

8 fl = s flux

9

10 for i in np.arange (n2):

11 for j in np.arange (nl):

12

13 el = Egl[i,J]

14 e2 = Eg2[i,7]

15

16 P2 = np.where(ev <= el,f1,0) #incident spectr
17 p3 = np.where(ev <= e2,f1,0)
18

19 Gl = trapezio(ev,fl,el)
20 G2 = trapezio(ev,p2,e2)
21 G3 = trapezio(ev,p3,e3)
22
23 Qcl = Gauss_L(dQc,el,T,N)
24 Qc2 = Gauss_L(dQc,e2,T,N)
25 Qc3 = Gauss_L(dQc,e3,T,N)
26
27 Jsl = G1 - Qcl
28 Js2 = G2 - Qc2
29 Js3 = G3 - Qc3
30
31 Jsc = q * np.min((Jsl,Js2,Jds3))
32
33 Js = np.arange (0,Jsc,delta)
34
35 V1l = volt (Jsc,Jds,Qcl)
36 V2 = volt (Jsc,Jds,Qc2)
37 V3 = volt (Jsc,Jds,0c3)
38
39 Power = (V1+V2+V3) * Js
40
41
42 if np.any (Power) :
43 mpp = np.argmax (Power)
44
45 JJ[i,3] = Js[mpp]
46
47 return Egl,Eg2,JJd

Implemented code for 3 junctions in series STH calculation, relative to figure 2.10.
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Gibs = 237.2

Na 6.022*%10**23

e3 = np.linspace(0.6,1.3,50)
Smax = np.zeros (50)

r2 = np.linspace(1.3,2,100)
rl = np.linspace(1.4,3,100)
const = Gibs * 100 / (2*g*Na)

for i in np.arange(50): Smax[i] =
np.max (const*PEC 3T (ev,p flux,rl,r2,e3([1i],T,20,10**-3))

re flux = np.zeros((n))

xe = np.where (ev<=1.3,ev,0)

p = np.where(ev<=1l.3,p flux,0)

for i in range(n): re flux[i] = trapezio(xe,p,e3[i])

Code for max STH(E,3) calculation of figure 2.10.

Device lllustration ii. Equivalent Circuit

O
l Junction 1
CE
E
(2]
[7}]
w 3 w Junction 2
& °© 5
-
o Q
£ £
Z 2 z
— —
w -
- o]
E
| 1 | 5
Junction 1 Junction 2 Junction 3 2

Equivalent device and circuit for calculations results presented in figure 2.11.

1 def PEC 3TJ(ev,s flux,el,e2,e3,T,N,delta):

W O 3 o U1 b W N

Egl,Eg2 = np.meshgrid(el,e2)
nl,n2 = len(el), len(e2)
JJ = np.zeros((n2,nl))

(
JJ3 = np.zeros((n2,nl))
VV = np.zeros((n2,nl))
VV3 = np.zeros((n2,nl))

fl = s flux
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for i in np.arange (n2):

for j in np.arange (nl) :

el = Egl[ilj]

e2 = Eg2[i,]]

p2 = np.where(ev <= el,f1,0) #incident sp
p3 = np.where(ev <= e2,£f1,0)
Gl = trapezio(ev,fl,el)

G2 = trapezio(ev,p2,e2)

G3 = trapezio(ev,p3,e3)

Qcl = Gauss L (dQc,el,T,N)
Qc2 = Gauss L(dQc,e2,T,N)
Qc3 = Gauss L(dQc,e3,T,N)
Jsl = G1 - Qcl

Js2 = G2 - Qc2

Js3 = g*(G3 - Qc3)

Jsc = g * np.min((Jsl,Jds2))
Js = np.arange (0,Jsc,delta)
J3 = np.arange (0,Js3,delta)
V1l = volt(Jsc,Jds,Qcl)

V2 = volt(Jsc,Jds,Qc2)

V3 = volt(Js3,J3,Q0c3)

Power = (V1+V2) * Js

powerz2 = V3 * J3

if np.any (Power) :

mpp = np.argmax (Power)
JJ[i,3] = Js[mpp]
VV[i,j] = Vl[mpp] + V2[mpp]

if np.any(power2) :

mpp2 = np.argmax (power?2)
JJ3[1,73] J3 [mpp2]
Vv3I[i,]j] V3 [mpp2]

return Egl,Eg2,JJ,JJ3,VV,VV3

Implemented model for figure 2.11 calculations.
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B — Supplementary Information of Chapter 3

Scanning Electron Microscopy.

EDS SPECTRUM } X -
7 a1 I—_r]:

— = : \

1 1

lenses

SEM IMAGING

i. SEM station at CEMUP. Adapted from [95]. li. SEM working principals and principal components. Adapated from [94].

A scanning electron microscope system uses a focused electron beam, controlled with
electromagnetic lenses that scans the sample surface. Upon interaction, the beam
induces emission of secondary electrons, backscattered electrons and diffracted
backscattered electrons. Secondary and backscattered electrons are collected by a
detector and are used to produce high resolution images: higher surfaces emit more
secondary electrons that reach the detector, appearing brighter [96]. Backscattered
electrons intensity is roughly proportional to the atomic number, allowing for atomic
contrast imaging [96]. Also, when inner shell electrons are removed from the atoms,
outer-shell electrons fill the state — emitting characteristic x-ray energy which can be

measured and used to identify the atomic species present [97].

As the image is formed by detection of emitted electrons by the sample, high vacuum is

required to ensure long mean free path of the electrons.
UV-VIS-NIR

a—b (3.11)

Bandgap uncertainty is calculated by error propagation formula [79], applied to
expression 3.11:

3 (3.13)

2

S (3.12)
wenn= () + () = | + ()
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Where s; is the uncertainty of variable i, considered to be the standard deviation for the

linear regression’s intercept and slope coefficients.

2. Measuring reflectance

Light source

T Detector

i. Photograph of the used UV-VIS-NIR system. ii. lllustration of integrating sphere working mechanism

under: 1 — Transmittance measurements; 2 — Reflectance measurements. Adapted from [99].



	List of Tables
	List of Figures
	Glossary
	1. Introduction
	1.1. Green Hydrogen and its Applications
	1.2. Photoelectrochemical Cells
	1.2.1. Tandem Photoelectrochemical (PEC) Cells
	1.2.2. Materials for Tandem Photoelectrochemical (PEC) cells
	1.2.3. Strategies for Enhancing Photoelectrochemical Performance

	1.3. Cupric Oxide (CuO) Properties
	1.3.1. Structural Properties of Cupric Oxide
	1.3.2. Optoelectronic Properties
	1.3.3. Photoelectrochemical Properties


	2. Numerical Modelling of Photoconversion for Solar-to-Hydrogen Efficiency
	2.1. Shockley-Queisser (S-Q) limit formalism
	2.1.1. S-Q limit for Single p-n Junctions
	2.1.2. S-Q limit for Multi-junction (Tandem) Cells
	2.1.3. Photoconversion Losses Implementation

	2.2. Numerical Methods
	2.2.1. Trapezoidal Rule
	2.2.2. Gauss-Legendre Quadrature
	2.2.3. Numerical Maximum Search

	2.3. Model Implementation and Results
	2.3.1. Single Junction limit and Loss Factors Implementation
	2.3.2. Double Junction S-Q limit for STH conversion
	2.3.3. Breaking the S-Q limit for in series 3-junctions Cells

	2.4. Conclusions

	3. Experimental Methods and Characterization Techniques
	3.1. Materials
	3.2. Fabrication Techniques and Synthesis Procedures of the Photoelectrodes
	3.2.1. Substrate Preparation
	3.2.1.1. Magnetron Sputtering
	3.2.2. Fabrication Techniques and Synthesis Procedures of the CuO Photocathodes
	3.2.2.1. Electrodeposition
	3.2.2.2. Thermal Annealing
	3.2.3. Fabrication Techniques and Synthesis Procedures of the Hematite-CuO tandem heterojunctions
	3.2.3.1. Ion Beam Deposition (IBD)

	3.3. Characterization Techniques
	3.3.1. Structural Characterizations
	3.3.2. Morphological Characterizations
	3.3.3. Electrochemical Characterizations
	3.3.4. Optical Characterization
	3.3.5. Photoelectrochemical Performance


	4. CuO Photocathodes: Electrodeposition of Copper followed by Annealing
	4.1. Applied Potential Optimization of Copper Electrodeposition
	4.1.1. Electrolyte Characteristics and Substrate-Electrolyte Electrochemical Dynamics
	4.1.2. Copper (Cu) Electrodeposition
	4.1.3. Photoelectrochemical Characterization
	4.1.4. Morphological Characterization
	4.1.5. Structural Characterization

	4.2. Optimization of Film Thickness
	4.2.1 Electrochemical Cell Geometry
	4.2.2. Copper (Cu) Electrodeposition
	4.2.3. Photoelectrochemical Characterization
	4.2.4. Morphological Characterization
	4.2.5 Structural characterization
	4.2.6. Optical Characterization

	4.3. Conclusions

	5. CuO Photocathodes: Electrodeposition of Cupric Oxide (CuO) followed by annealing
	5.1. The effect varying pH
	5.2. The Effect of Adding Steering during Electrodeposition
	5.2.1. Direct CuO Electrodeposition
	5.2.2. Photoelectrochemical characterization
	5.2.3. Morphological Characterization
	5.2.4. Structural Characterization
	5.2.5. Optical Characterization

	5.3. Conclusions

	6. Hematite-CuO Tandem Heterojunctions
	6.1. Copper (Cu) Electrodeposition
	6.2. Photoelectrochemical Characterization
	6.3. Morphological Characterization
	6.4. Structural Characterization
	6.5. Conclusions

	7. Conclusions and Future Work
	7.1 Future Work

	8.  References
	A – Supplementary Information of Chapter 2
	B – Supplementary Information of Chapter 3

