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ABSTRACT

Time-Resolved Investigations on the Charge Carrier Dynamics of CuBi204 and
Cu20 Photocathodes for Photoelectrochemical Hydrogen Evolution Reaction
Emir Ardah
Master of Science in Chemistry
August 5, 2024

As green hydrogen starts to become a more prominent candidate for being the fuel
of the future, research on solar hydrogen production methods is gaining widespread
attention. Among these methods, photoelectrochemical (PEC) overall water splitting
(OWS) stands out as a compact technology that aims to combine sunlight with
electrochemistry by using light-absorber semiconductor materials. A conventional PEC
OWS setup consists of a photoanode and a photocathode that can convert the energy of
solar light into photocurrent to split water molecules into molecular oxygen and hydrogen,
respectively. Although the molecular oxygen production at the photoanode surface,
known as oxygen evolution reaction (OER), is the main bottleneck of PEC OWS, the
achievement of a fully functional cell equally relies on the optimization of the molecular
hydrogen production at the photocathode compartment, also known as hydrogen
evolution reaction (HER). Therefore, the investigations carried out within the scope of
this thesis focus on photocathode research, which has been in scarce volumes compared
to photoanode research. In particular, two promising photocathode candidates, CuBi>O4
(CBO) and Cuz0 are studied in detail with the utilization of two different approaches.

The PEC activity of a photoelectrode is a vital property that is primarily dependent
on the successful utilization of the charge carriers within the system. In this context, a
time-resolved investigation of the charge carrier dynamics upon illumination opens new
possibilities for comprehending and optimizing photoelectrodes to unlock the full
potential of PEC OWS. Such charge carrier events that are influential on the generation
of photocurrent in photoelectrodes can occur at timescales as short as a few femtoseconds
up to a relatively longer time duration of a second. In the first part of the thesis, ultrafast
polaronic charge trapping and recombination dynamics of compositionally manipulated
CBO photocathodes are screened via ex situ and in situ ultrafast transient absorption
spectroscopy (TAS). In the second part, interfacial charge trapping, accumulation, and
utilization dynamics of Cu.O-based single or heterojunction photocathodes are
investigated via transient photocurrent (TPC) experiments. Throughout the thesis, time-
resolved investigations are combined with advanced structural characterization
techniques and complementary PEC performance tests to develop a thorough
understanding of the effects of structural differences on ultrafast charge transport and
interfacial charge transfer dynamics.

Intrinsically, p-type photocathodes such as CBO gain their p-type behavior from the
cation vacancies that are found in their crystal lattices as natural dopant sites. Yet, such
vacancy sites hold the capacity to polaronically trap valence band (VB) holes, which
results in their recombination with conduction band (CB) electrons. There are two
common types of cation vacancies (Cu?* vacancy: Vi, and Bi®* vacancy: Vg;) that can
be found within the CBO lattice, which can act as polaronic trap sites and hinder the
ultrafast charge transport. Therefore, unraveling the differences between the two types of



vacancy sites in terms of polaronic charge trapping is of great importance. For this
purpose, two different types of cation-deficient CBO photocathodes were fabricated. The
structural and PEC properties of these Cu- and Bi-deficient CBO photocathodes were
analyzed to understand their possible influence on the charge transfer processes. Later,
ultrafast charge carrier dynamics screening of CBO photocathodes was carried out under
ex situ and in situ conditions via ultrafast TAS measurements. Through the sequence of
such experiments, the transient absorption (TA) spectral features near 460 nm and 560
nm were successfully assigned to dominant hole absorption (HA) and hole polaron

absorption (HPA) character, respectively. Later, it was revealed that the Vy; sites are more
prone to polaronically trap the VB holes and retard the ultrafast hole transport causing
poorer photocurrent generation in Bi-deficient CBO photocathodes.

Heterojunction photoelectrodes are prominent devices for achieving enhanced
interfacial charge transfer dynamics that allow better PEC OWS efficiencies. Therefore,
the application of such a concept to one of the most popular photocathode candidates,
Cu20, has been introduced previously. Cu.O photocathodes and their heterojunctions
with TiO, are widely studied topics within the field of PEC HER research. Still, the
potential-dependent interfacial charge transfer dynamics of such systems have yet to be
understood. In this context, the fabrication of bare Cu20, bare TiO., and TiO2/Cu.O
systems was carried out, and their structural properties were analyzed via surface- and
bulk-sensitive characterization methods. The PEC performances of all three systems were
tested under chopped light conditions through consecutive linear sweep voltammetry
(LSV) scans. The Cu20 optimization experiments showed that an hour-long
electrodeposition of the Cu2O layer results in larger grain sizes, higher crystallinity, and
a smaller number of defects compared to shorter durations. Therefore, an hour-long
electrodeposition duration was found to increase the PEC stability of photocathodes to a
great extent. Later, the interfacial charge carrier dynamics of bare Cu-O, bare TiO>, and
TiO2/Cu20 heterojunction systems were investigated through potential-dependent TPC
measurements performed at millisecond resolution. The potential-dependent TPC
responses of the bare Cu>O and heterojunction photocathodes revealed that the interfacial
hole trapping is more dominant below 0.3 V for CuO while the heterojunction system
mostly suffers from the electron trapping above 0.3 V. As a result of these findings, it
was determined that the heterojunction system was subjected to less Cu reduction below
0.3 V compared to bare Cu20, enabling the heterojunction system to have a more stable
PEC performance. More importantly, the periodic oscillations observed along the
photocurrent baseline are considered to stem from the side processes that occur in parallel
with the PEC OWS reactions. Such periodically occuring anodic and cathodic events are
expected to involve the consumption of trapped charge carrier populations and, therefore,
influence the working mechanisms of photocathodes. Yet, further in situ time-resolved
spectroscopic investigations are essentially required to resolve such concepts.

Overall, the thesis sheds light on the charge carrier dynamics of photocathodes during
their operation for PEC HER by combining time-resolved investigations with an elaborate
understanding of structure and performance. Eventually, a detailed picture of the
photocurrent generation mechanism in both CBO and Cu.O photocathodes is provided.



OZETCE

Fotoelektrokimyasal Hidrojen Evrim Reaksiyonu i¢in CuBi2O4 ve Cu20
Fotokatotlarin Yiik Tasiyic1 Dinamikleri Uzerine Zamana Bagh incelemeler
Emir Ardah
Kimya, Yuksek Lisans
5 Agustos 2024

Yesil hidrojenin gelecegin yakiti olmaya aday gosterilmesi ile birlikte giines
enerjisiyle hidrojen iiretim yoOntemleri iizerine arastirmalar da yayginlasmaktadir. Bu
yontemler arasinda fotoelektrokimyasal (PEC) biitiinlesik su ayrigtirmasi (OWS), 151k
sogurucu yari iletken malzemeler kullanarak giines 15181n1 elektrokimya ile birlestirmeyi
amaclayan kompakt bir teknoloji olarak 6ne ¢ikmaktadir. Yaygin bir PEC OWS sistemi,
su molekiillerini sirasiyla molekiiler oksijen ve hidrojene ayirmak i¢in gilines enerjisini
fotoakima doniistiirebilen bir fotoanot ve bir fotokatottan olusur. Oksijen evrim
reaksiyonu (OER) olarak bilinen fotoanot yiizeyindeki molekuler oksijen tretimi, PEC
OWS'nin ana simirlayicist olmasina ragmen, tamamen iglevsel bir hiicrenin elde edilmesi,
ayni zamanda fotokatot bolmesinde gerceklesen ve hidrojen evrim reaksiyonu (HER)
olarak da bilinen molekiiler hidrojen iiretiminin optimizasyonuna da esit derecede
baglidir. Dolayisiyla bu tez kapsaminda yapilan arastirmalar, fotoanot arastirmalarina
gbre sayica az olan fotokatot arastirmalarina odaklanmaktadir. Ozellikle, gelecek vaat
eden iki fotokatot aday1 olan CuBi>Os (CBO) ve Cu.0, iki farkli yaklasim ile ayrintili
olarak incelenmistir.

Bir fotoelektrodun PEC aktivitesi, sistem igindeki yiik tasiyicilarinin basarili
kullanimina bagli olan dnemli bir ozelliktir. Bu baglamda, aydinlatma sonrasinda
gerceklesen yiik tasiyict dinamiklerinin zamana bagl olarak arastiriimasit PEC OWS'nin
tiim potansiyelini ortaya ¢ikarmak icin fotoelektrotlarin anlagilmasi ve optimize edilmesi
icin yeni olanaklar agmaktadir. Fotoelektrotlarda fotoakim olusumu iizerinde etkili olan
bu tiir yiik tastyici olaylari, birkag femtosaniyeden nispeten daha uzun bir zaman dilimi
olan bir saniyeye kadar olan zaman 6lceklerinde meydana gelebilir. Tezin ilk bolimande,
kimyasal kompozisyon olarak manipiile edilmis CBO fotokatotlarin ultra hizli polaronik
yuk tuzaklama ve yeniden birlesim dinamikleri, ex situ ve in situ ultra hizli stireksiz
absorpsiyon spektroskopisi (TAS) kullanilarak taranmistir. ikinci bdliimde Cu20 bazli
tek veya heterobaglantili fotokatotlarinin arayiizey yiik tuzaklama, birikim ve kullanim
dinamikleri gegici fotoakim (TPC) deneyleri ile incelenmistir. Tez boyunca, yapisal
farkliliklarin ultra hizli yiik tasinimi ve araylizey yiik aktarimi dinamikleri {izerindeki
etkilerinin kapsamli bir sekilde anlasgilmasini saglamak i¢in zamana bagl arastirmalar,
gelismis yapisal karakterizasyon teknikleri ve tamamlayicit PEC performans testleri ile
birlestirilerek kullanilmistir.

Oziinde, CBO gibi p-tipi fotokatotlar, p-tipi davranislarini, dogal katki bélgesi
davranig1 gosteren ve kristal kafes yapisi i¢cinde bulunan katyon bosluklarindan alirlar.
Ancak bu tiir bosluk bolgeleri, degerlik bandinda (VB) bulunan elektron bosluklarini
polaronik olarak tuzaklama kapasitesine sahiptir. Bu durum da tuzaklanan bosluklarin
iletim bandinda (CB) bulunan elektronlarla yeniden birlesimi ile sonuglanir. CBO
kafesinde bulunabilen iki yaygin katyon agiklig: tiirii (Cu?* kusur agikhigr: Ve, ve Bi®*
kusur agikligi: Vi;) de polaronik tuzak bélgeleri olarak hareket edebilir ve ultra hizli yiik
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tasinimini engelleyebilir. Bu nedenle, polaronik yiik yakalama agisindan iki tip aciklik
alan1 arasindaki farklarin ¢oziilmesi biiylik nem tasimaktadir. Bu amagla iki farkl tipte
katyon eksikligi bulunduran CBO fotokatot Uretilmistir. Cu ve Bi eksikligi olan CBO
fotokatotlarin yapisal ve PEC ozellikleri, yiik taginimi siirecleri lizerindeki olast etkileri
anlamak amaciyla bu kapsamda analiz edilmistir. Daha sonra CBO fotokatotlarinin ultra
hizli yiik tagiyict dinamigi taramasi, ultra hizli TAS 6l¢iimleri yoluyla ex situ ve in situ
kosullar altinda gerceklestirilmistir. Bu tiir deneyler aracilifiyla, 460 nm ve 560 nm
civarinda gézlemlenen siireksiz sogurma (TA) spektral bulgular1 sirasiyla, baskin bosluk
absorpsiyonu (HA) ve bosluk polaronu absorpsiyonu (HPA) Kkarakteri ile
iliskilendirilmistir. Bu sayede Vpg; bolgelerinin VB bosluklarmi polaronik olarak
tuzaklamaya ve ultra hizli delik tasinimini geciktirmeye daha yatkin oldugu ve bu
durumun da yapisinda Bi eksikligi bulunduran CBO fotokatotlarda daha zayif fotoakim
uretimine neden oldugu tespit edilmistir.

Heterobaglantili fotoelektrotlar, gelismis arayiizey yiik aktarim dinamikleri elde
etmek i¢in 6ne ¢ikan ve bu sayede daha iyi PEC OWS verimliligine ulasilmasina olanak
tantyan cihazlardir. Bu nedenle bdyle bir konseptin en popiiler fotokatot adaylarindan biri
olan Cuz20'e uygulanmasi hali hazirda yapilmistir. Cu20 fotokatotlart ve bunlarin TiO2 ile
heterobaglantisinin yapilmasi, PEC HER arastirmalari alaninda genis ¢apta incelenen
konulardir. Buna ragmen, bu tiir sistemlerin potansiyele bagh arayiizey yiik transfer
dinamikleri henliz tam olarak anlasilamamistir. Bu kapsamda yalin Cu.0, yalin TiO> ve
TiO2/Cu20 sistemlerinin sentezi gergeklestirilmis olup, yiizey ve yigina duyarl
karakterizasyon yontemleriyle yapisal ozellikleri analiz edilmistir. Her ii¢ sistemin de
PEC performanslari, ardisik dogrusal tarama voltametrisi (LSV) 6lciimleri yoluyla kesikli
151k kosullart altinda test edilmistir. Cu.O optimizasyon deneyleri, Cu20O katmaninin bir
saat suren elektrokaplama sonucunda daha kisa siirelerle karsilastirildiginda daha biiyiik
tane boyutlarina, daha yiiksek kristallenme derecesine ve daha az sayida yapisal kusura
yol actigim1 gostermistir. Bu nedenle bir saat suren elektrokaplama suresinin
fotokatotlarin PEC stabilitesini biiyiik olglide arttirdigi gézlemlenmistir. Daha sonra,
yalin Cu20, yalin TiO> ve heterobaglantili TiO2/Cu20 sistemlerinin arayiizey yiik tasiyici
dinamikleri, milisaniyelik ¢oziintirliikte gergeklestirilen potansiyele bagli TPC odl¢timleri
araciliiyla incelenmistir. Yalin Cu20 ve heterobaglantili fotokatotlarin potansiyele bagli
TPC yanitlari, 0.3 V’un altinda Cu2QO'te arayuzeysel bosluk tuzaklanmasinin daha baskin
oldugunu, 6te yandan heterobaglantili sistemin ise 0.3 V’un istiinde baskin olarak
elektron tuzaklamasina maruz kaldigini ortaya ¢ikarmistir. Bu bulgular neticesinde yalin
Cuz20’e kiyasla heterobaglantili sistemin 0.3 V’un altinda daha az Cu indirgenmesine
maruz kaldigi ve bu durumun da heterobaglantili sistemin daha stabil bir PEC
performansina sahip olmasini sagladigi tespit edilmistir. Daha da énemli bir bulgu olarak
fotoakim egrisi boyunca gozlemlenen ilging periyodik salinimlarin, PEC OWS
reaksiyonlarina paralel olarak meydana gelen yan reaksiyonlardan kaynaklandigi
diisiiniilmektedir. Bu tiir periyodik olarak meydana gelen anodik ve katodik olaylarin
tuzaklanmis yiikk tasiyict popiilasyonlarmin tiiketimini igerdigi ve dolayisiyla
fotokatotlarin ¢alisma mekanizmasini etkiledigi sonucuna varilmaktadir. Bu tir ilging
konseptlerin yakin gelecekte ¢ozimlenebilmesi igin in situ zamana bagl spektroskopik
arastirmalara esasen ihtiya¢ duyulmaktadir.

Genel olarak bu tez ¢aligmasi, zamana bagli arastirmalari ayrintili yap1 ve performans
anlayisiyla birlestirerek, fotokatotlarin PEC HER sirasindaki yiik tasiyici dinamiklerine
1s1k tutmaktadir. Bu ¢alismalar sonucunda hem CBO hem de Cu20 bazl: fotokatotlardaki
fotoakim tiretim mekanizmasina dair ayrintili bir kavrayis gelistirilmistir.
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Chapter 1:
INTRODUCTION

1.1  Solar Hydrogen Production

Green hydrogen holds the potential to become the fuel of the future owing to its
environmentally friendly and sustainable as well as highly efficient nature. Compared to
non-renewable fossil fuels such as petrol and natural gas, hydrogen holds a gravimetric
heating value of 141.9 MJ.kg™, which is around three times larger than of petrol (47.5 MJ
kg™) and natural gas (55.5 MJ kg™)[1]. Yet, non-renewables still account for around 85%
of energy consumption around the Globe and are the most significant cause of carbon
emissions that lead to global warming and climate change[2]. Therefore, replacing fossil
fuels with hydrogen holds great importance in overcoming carbon emissions and their
effects. However, in today’s world, conventional hydrogen production is also based on
carbon-emitting, low efficiency black and gray methods[2], [3]. From this perspective,
solar-driven hydrogen production via photochemical (PC), photoelectrochemical (PEC),
and photovoltaic-electrochemical (PV-EC) overall water splitting (OWS) with several
other methods shown in Figure 1.1 is crucial for the green production of hydrogen[4].
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Figure 1.1: Solar hydrogen production methods[4].
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1.2  Overall Water Splitting

In OWS, water is split into molecular oxygen and hydrogen species through the
oxidation of water in the oxygen evolution reaction (OER) and the reduction of protons
in the hydrogen evolution reaction (HER)[5]. Nonetheless, the solar hydrogen production
methods differentiate from each other both energetically and mechanistically in
catalyzing water redox reactions[4]. Specifically, PEC OWS has stood out among these
techniques as a compact technology that combines light absorption and electrochemical
conversion in a single device, as shown in Figure 1.2 rather than combining two systems
as done in PV-EC OWS[6].

Photoanode Photocathode

Figure 1.2: Photoanode—photocathode tandem cell diagram for PEC OWS][7].

Additionally, unlike PC OWS, the PEC technology allows OER and HER to occur
on separate electrode surfaces and, therefore, prevents back reactions and gas
explosions[8]. However, although the technology has drawn attention for over five
decades, no wide commercial application of it does not seem possible without the use of
noble metal cocatalysts due to low solar-to-hydrogen (STH) conversion efficiencies in
self-biased PEC OWS trials with non-noble metal-based semiconductor systems[6], [9].
Hence, further research on non-noble metal-based semiconductor systems is immensely

needed to achieve true low-cost, real-life applications of PEC OWS.
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1.3  Hydrogen Evolution Reaction

The rate of PEC OWS (Eg. 1.3) is determined by the rate of OER (Eq. 1.1) since it
is kinetically the more challenging reaction occurring at +0.40 V vs. standard hydrogen
electrode (SHE) under alkaline conditions. On the other hand, HER (Eg. 1.2) is expected
to occur at —0.83 V vs. SHE with OWS reaction having a reversible cell potential of -1.23
V vs. SHE (Eq. 2)[7], [10], [11].

OER: 20H" +2h" — H,0 + 30, (E'=+0.40 V vs. SHE) (Eq. 1.1)
HER: 2H,0 + 2¢” — H, + 20H" (E* =-0.83 V vs. SHE) (Eq. 1.2)
OWS: H,0 — H, + 50 (Egey =-1.23 V vs. SHE) (Eq. 1.3)

A standard PEC OWS setup consists of a tandem cell: a photoanode that is essentially
an n-type semiconductor that has the proper band alignment to drive OER while
eliminating HER and a photocathode that is usually a p-type semiconductor to favor HER
over OER[4]. In a photoanode, the OER occurs with the accumulation of photogenerated
holes at the photoanode/electrolyte interface while the photoexcited electrons are
transferred to the photocathode through the external circuit[12]. Meanwhile, the HER
occurs with the photoexcited electron accumulation at the photocathode/electrolyte
interface as the photogenerated holes are transferred to the photoanode through the
external circuit[12]. Therefore, processes that involve electrons and holes in both
photoanodes and photocathodes are of great importance in terms of catalytic
understanding of a PEC OWS system. However, in recent years, due to the abundance of
n-type materials as suitable photoanodes for PEC OER, the research on photoanodes has
surpassed the research on photocathodes[13], [14], [15]. Still, the enigmatic nature of
photocathodes requires further investigations to comprehend the reasons behind their

poor reduction performances.
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V vs. RHE (pH = 0)
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Figure 1.3: Band alignment of commonly studied p-type photocathode
candidates[16].

The most studied non-noble metal-based photocathodes and their band alignments
are depicted in Figure 1.3. Photocathode candidates can be grouped under five main
categories as metal oxide-based (i.e. Cu20, CuBi204, NiO, p-TiO.), metal chalcogenide-
based (i.e. ShoSes, Cu2BaSn(S,Se)s), metal phosphide-based (CoP, GaP, GalnP), silicon-
based (p-Si), and metal-free (g-C3Ns) photocathodes[17]. This thesis mainly focuses on

two of the most promising metal oxide-based photocathodes, CuBi>O4 and Cu20.

1.4  Photocathodes

141 CuBi204

Since its first proposal as a visible-light-responsive porous photoelectrode, tetragonal
CuBi204 (CBO) has drawn growing attention as an alternative for over a decade[18]. As
depicted in Figure 1.4, the tetragonal CBO crystal structure consists of square planar
[CuOg4] planes that are interconnected via Bi atoms, which form the [BiOs] octahedra[19].
To this day, CBO has been among the most significant photocathode materials for many
photoelectrochemical (PEC) conversion reactions such as hydrogen evolution reaction
(HER)[20], CO2 reduction reaction (CO.RR)[21], and oxygen reduction reaction
(ORR)[22].
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Figure 1.4: Crystal structure of CBO. Cu, Bi, and O atoms are depicted in orange,
purple, and red colors, respectively[19].

Despite having a small band gap of 1.5-1.8 eV and suitable band alignment to drive
the HER, the PEC performance of CBO under illumination at higher wavelengths of the
visible spectrum is known to be inefficient. Therefore, it has been understood that the
transitions requiring low excitation energy to populate the empty Cu 3d states in the
conduction band (CB) are insignificant compared to the transitions that occur at higher
energies populating Bi 6p states, which contribute to the photocurrent generation in CBO
at a larger extent[19], [23], [24]. Yet, the ultrafast hole dynamics of these p-type materials
have not been deeply investigated, and understanding the nature of the hole transport

dynamics remains an essential step toward a complete PEC performance improvement.

Lately, the performance and stability of tetragonal CBO photocathodes have been
constantly improving with the introduction of novel synthesis methods and
heterostructured systems[25], [26], [27]. The intrinsic nature of the CBO structure was
thoroughly investigated with the gradient self-doping method, which also improved the
charge separation efficiency[28]. The revealing of the influence of antisite cationic
intermixing on electronic conductivity has been an important milestone for understanding
distorted energetics and their effects on the electronic structure in CBO[29]. The
formation of Cu 3d hole-polaron states near the valence band (VB) edge and the hole-
polaron hopping mechanism resulting from the antisite Bicu (Bi replaces Cu) intermixing
was suggested as a reason for the retarded hole conduction in CBOs[29]. On the other
hand, the roles of hydrogen and oxygen defects in ultrafast charge carrier dynamics have
also been explored in CBO thin films with the use of transient transmission (TT) and
transient reflection (TR) spectroscopy[23]. In a more recent study, nanoporous CBOs
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were point-defect engineered with rapid thermal processing for enhanced PEC
activity[30]. These studies have shown that further advancements would certainly be
needed to understand the hole-trapping tendencies of p-type CBOs that can be explored
by the manipulation of their composition to induce cationic vacancies[23], [28], [31].

1.4.2 Cu0

As one of the most studied photocathodes, cuprous oxide (Cu20O) stands out with its
desirable band alignment to drive various PEC reactions, 2.0 eV band gap, and 18%
theoretical STH[32]. In recent years, Cu,O photocathodes have been under constant
improvement as a PEC HER catalyst along with PEC CO2RR research[33], [34].

Despite its advantages, Cu.O photocathodes suffer from photocorrosion-related
stability issues due to their redox potentials lying within the same potential range as
HER[35]. Although the EC redox of Cu>O photocathodes can simply be described by Eqg.
1.4 and 1.5, the elementary processes that lead to the photocorrosion in these materials

are rather complex and require further time-resolved PEC investigations to be completely

understood.
Cu,0 + H,O +2¢ & 2Cu + 20H (+0.47 V vs. SHE) (Eq. 1.4)
2CuO + H,0 + 2¢” & 2Cu,O +20H (+0.60 V vs. SHE) (Eq. 1.5)

Still, to overcome the photocorrosion of these p-type photocathodes, n-type
protective overlayers such as Al:ZnO and TiO2 have been introduced [35]. These kind of
protective over and underlayers are expected to form a heterojuction system with Cu.O
to extract the excess electrons that can accumulate at the photocathode/electrolyte

interface upon illumination as depicted in Figure 1.5[36].
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Tio, | Cu,0

Figure 1.5: Band diagram representation of double charge transfer processes in
TiO2/Cu20 heterojunction system[36].

If not prevented, such an excessive electron accumulation results in the photoreduction
of Cu20 to CuO and even Cu. Therefore, comprehension of the electron accumulation
and extraction mechanisms of a p-Cu20 and n-TiO»-based type-Il heterojunction system
is an essential step toward understanding the interfacial charge transfer and reaction

kinetics of photocathode materials.

1.5 Charge Carrier Dynamics in Photoelectrodes

1.5.1 Ultrafast Charge Transport Dynamics

As some of the most crucial processes in light-energy conversion, the ultrafast
dynamics that involve charge carriers in semiconductors are fundamental [37]. Ultrafast
charge carrier dynamics studies play an essential role in understanding the obstacles that
hinder the photocurrent generation mechanism of photoelectrode materials for PEC
reactions[38], [39]. The chain of events that takes place following photoexcitation, such
as charge separation, hot carrier cooling, self-localization, polaron formation, trapping,
and recombination, can be realized within ultrashort timescales, as depicted in Figure
1.6[13]. Hence, a comprehensive understanding of these processes in each system holds
great importance for the successful extraction and eventual reaction of free carriers[14].
In particular, phonon-assisted self-localization of charge carriers at intraband gap states,
also called polaron formation[40], [41], has been widely studied as a loss and/or transport
mechanism[42], [43], [44], [45] in photoelectrode materials[46], [47], [48], [49].
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Figure 1.6: Time ranges and corresponding energy losses of charge carrier dynamics
processes in photoelectrodes. 1ET is single electron transfer, and PCET is proton-coupled

electron transfer[13].

Upon photoexcitation, the photogenerated holes in the VB and electrons in the CB
get involved in ultrafast processes that cause the loss of these carrier populations prior to
utilization. At fs-ps time scales, hot electrons and holes first go through fast, non-radiative
relaxation events to reach thermal equilibrium with the lattice phonons, also called hot
carrier cooling. The hot carrier cooling process is followed by the previously described
polaron formation. Polarons in such a semiconductor system form under a ps via non-
radiative relaxation to intraband gap states and generally occur within the same time range
as the hot carrier cooling process[50]. The formation of polarons at the trap sites remarks
the start of the ps-ns charge carrier trapping process. Trapped electrons and holes later
radiatively recombine with VB holes and CB electrons, respectively. These trap-mediated
recombination processes occur at ns-ms timescales, resulting in the hindrance of the PEC
reaction rates. On the other hand, free carriers can also non-radiatively recombine at ps-

ns with their excitonic counterparts[13]. Throughout all these time ranges, transient
absorption spectroscopy (TAS) stands out as an effective tool for probing such ultrafast
events with high precision. While these processes dominate the bulk of the photoelectrode
materials, interfacial charge transfer dynamics occur at the photoelectrode/electrolyte

interface and influence the reaction kinetics of the photoelectrodes for the PEC OWS

reactions.
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1.5.2 Interfacial Charge Transfer Dynamics

The interfacial charge transfer dynamics play a crucial role in determining the
reactivity and stability of photoelectrode systems. As depicted in Figure 1.7,
photogenerated electrons and holes are in a kinetic competition to be transferred or
trapped at the surface states within the ms-s timescales[51], [52]. Such processes are
heavily influenced by intrinsic, extrinsic, or interstitial defects found in metal oxide
photoelectrode systems. Hence, a comprehensive understanding of surface and bulk
defects is detrimental to identifying such processes that cause loss of photogenerated
carrier populations[53]. These sorts of kinetic processes define the charge utilization
efficiencies in PEC OWS reactions along with photoreduction and photooxidation-related
photocorrosion of the photoelectrode materials[54], [55], [56]. Therefore, probing of fast
interfacial carrier dynamics is an essential step in understanding the processes that govern
the activity of photoelectrodes. Consequently, interfacial electron and hole trapping
processes can be realized with combined time-resolved experiments that can cover a wide

time range that spans from a few fs to a s[57].
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Figure 1.7: Excitation, charge transport, trapping, and recombination processes of
photogenerated charge carriers at a photoanode—electrolyte interface. SCR is the space
charge region, and ESI is the electrolyte—semiconductor interface[52].

The kinetics that lead to the utilization of 2h* and 2e” in OER and HER, respectively,
occur also at ms-s timescales[58], [59]. The elementary reaction steps of OER that release
4H* and 20 along with the single step 4H* reduction to form 2H> under acidic conditions,
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as well as the alkaline intermediates can be tracked with time-resolved and frequency-
resolved PEC methods such as ms transient photocurrent (TPC) measurements and
intensity-modulated photocurrent spectroscopy (IMPS) [60], [61]. Especially in the case
of the p-type/n-type heterojunction systems, both reaction kinetics might occur on the
electrode surface upon illumination, depending on the potential range of operation[62].
Therefore, addressing the surface and interface reaction kinetics of heterojunction
systems stands out as an experimentally challenging but important issue. Comprehension
of the mechanisms that cause the poor stability and activity of photoelectrode systems

can be made possible through such investigations.

1.6  The Aim of the Thesis

The thesis intends to study the charge carrier dynamics of photocathodes through a
combination of time-resolved investigations with structural characterization techniques
and PEC performance tests to understand the connections between the material structure,
charge carrier behavior, and performance. In the first part of the thesis (Chapter 3),
ultrafast charge carrier dynamics of compositionally manipulated CBO photocathodes
were screened via ex situ and in situ ultrafast TAS experiments. The effects of different
types of intrinsic cation vacancies on the ultrafast processes that govern the photocurrent
generation were studied through cation-deficient photocathodes. Overall, this chapter
aims to reveal how varying types of defects hinder the hole utilization dynamics in CBO
photocathodes and retard the PEC HER activity to different extents.

In the second part of the thesis (Chapter 4), interfacial charge carrier dynamics of
bare Cu20 and Cu.O-based heterojunction photocathodes were investigated at ms
resolution via potential-dependent TPC experiments together with surface- and bulk-
sensitive characterization methods and PEC performance measurements. Throughout this
chapter, the effects of the TiO2 underlayer on the interfacial charge transfer dynamics of
Cu0-based heterojunction photocathodes were studied. The research aims at unraveling
different interfacial charge trapping and accumulation tendencies of both single and
heterojunction systems. Alongside these goals, the influence of the electrodeposition
duration on the photoactivity of the Cu.O layer was also studied, and a correlation
between the photocathode stability and longer electrodeposition duration was sought due

to enhanced structural integrity of the Cu.O at longer electrodeposition durations.

10
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Chapter 2:
EXPERIMENTAL METHODS

2.1  Synthesis Techniques

2.1.1 Spin Coating

Spin coating is a simple and widely used technique in thin film fabrication. The
technique involves the dropping of a small amount of resin that gets spread with the
spinning of the substrate at high rates. As a result of the spinning motion, a thin layer of
film forms on the surface of the substrate. The film generally dries with the help of the
volatile solvents and can also be heat-treated to reach its final form. One of the most
significant advantages of this technique is the thickness control depending on the spinning

rate, resin concentration, and number of revolutions[63].

CBO photocathodes were synthesized via the spin coating method[64]. Ideally,
Cu(NOz3)2:2.5H,0 (Sigma—Aldrich, ACS, 98%) and Bi(NOz3)3-5H20 (Sigma—Aldrich,
>99.99%) were dissolved in 2-methoxyethanol (Sigma—Aldrich, >99.0%) separately to
achieve a concentration of 0.1 M per solution. The resulting precursor solutions were then
mixed at a 1:2 volume ratio to achieve a 1:2 Cu:Bi ratio. In this study, the synthesis of
cation vacancy-bearing Cu-deficient and Bi-deficient photocathodes was achieved by
changing the molarity of the precursor solutions by +10% while keeping the volume ratio
the same. The resulting precursor solution mixtures were then dropped onto precleaned
0.83 cm x 0.83 cm fluorine-doped tin oxide (FTO)-coated soda lime glass substrates
(Osilla TEC 8, 2.2 mm thick). The FTO substrates were cleaned in a sonicator bath at
room temperature by placing them in ethanol, acetone, and deionized water for 10 minutes
each. After that, the substrates were dried in a drying oven at 60 °C for an hour. Following
the dropping of the precursor solution mixture, the substrates were spun in a spin-coater
at 1200 rpm for 10 seconds with a 3-second acceleration duration for wet thin-film
formation on the FTO surface. The wet samples were later annealed in a muffle furnace
at 500 °C for 20 min after each spin-coating cycle and then subjected to a final annealing
process for 3-h after the last cycle. The whole synthesis process is summarized in Figure
2.1. The thickness and homogeneity of the photocathodes were optimized by changing

the number of spin-coating cycles.
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Figure 2.1: Synthesis scheme of thin-film CBO photocathodes.

2.1.2 Electrodeposition

Electrodeposition is a technique based on the use of electrochemical redox reactions
to deposit metallic or semiconductor thin films onto a conductive substrate. In such a
technique, the substrate is connected to the circuit as a cathode, which acts as the
negatively charged electrode, attracting the positively charged metal ions from the
electrolyte to reduce and deposit them on the surface electrochemically. In the meantime,
the anionic species within the electrolyte go through the oxidation process at the anode.
Eventually, the crystalline deposit of the desired material is obtained on the surface of the
cathode substrate[65].

The synthesis of Cu20 thin films is done using the cathodic electrodeposition
method. For this purpose, an alkaline electrolyte solution is prepared by first dissolving
0.4 M CuS0QO4.5H,0 (ISOLAB, >99.0%) and 12.1 M (S)-lactic acid (ISOLAB, about 90%)
in deionized water in the relevant volume amounts. This blue acidic solution is then
placed in a 40 °C water bath, and the pH value of the solution is fixed at 12.00 by adding
5 M NaOH (ISOLAB, >99.0%) solution dropwise. When the pH value is fixed at 12.00,
the color of the solution turns dark blue, and the solution is kept in the dark overnight to
reach pH stability. The next day, the pH value is stabilized at 12.00 by re-checking the
pH in a 40 °C water bath and adding a few more drops of the NaOH solution if necessary.
Once the pH is permanently set, the solution becomes ready to be used as an electrolyte

for the electrodeposition.

The FTO-coated glass substrates are prepared and cleaned using the same method
described in section 2.1.1. During the electrodeposition method, in order to transmit the
current applied to the substrate with the alligator mouth crocodile cable, the conductive

copper tape is attached to the side of the FTO-coated surface of the substrates that will
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not contact the electrolyte, and the connection of the conductive FTO layer to the
crocodile is made through this tape and immersed in the electrolyte in this way.
Afterward, the surfaces of the substrates are temporarily covered with adhesive Teflon
tape, leaving an area of approximately 1 cm? exposed for electrodeposition.

For the electrodeposition, the electrochemical cell is placed in a water bath, and a
certain amount of electrolyte is added. It is ensured that the electrolyte level is below the
water level of the surrounding bath to prevent the formation of a heat gradient in the
electrolyte volume. The electrolyte temperature equilibrates with the bath temperature at
40 °C. The electrodeposition setup with a three-electrode configuration is installed in the
electrochemical cell, and the connections of the BioLogic SP200 potentiostat and the
Ag/AgCI reference electrode, working electrode, and platinum counter electrode are
made using crocodile cables. Once the setup is ready, the open circuit potential (OCP) is
waited to come to steady-state. Following the stabilization of OCP, -0.421 mA of cathodic
current is applied to the cell for an hour with the chronopotentiometry technique. While
a continuous current is applied to the substrate during the electrodeposition process, the
potential change is monitored over time. In the end, the electrodeposited Cu.O samples

are washed with deionized water and dried under N2 flow.

2.1.3 Hydrothermal

Hydrothermal synthesis originates from the volcanic hydrothermal vents found in the
ocean ridges. Although this method has been under development for more than 150 years,
it is simply based on the controlled reaction of inorganic substances dissolved in water or
other solvents (also known as solvothermal) at high pressures and temperatures in a
Teflon-lined steel autoclave system. Along with these parameters, the pH, concentration,
and reaction time of the reactants play an essential role in achieving crystalline inorganic
solid products. At the end of a hydrothermal reaction, the products are washed out of

impurities, and the solvent is evaporated to obtain pure and dry crystalline products[66].

The synthesis of the reference pristine CBO powder was carried out using a
hydrothermal method[67]. For this purpose, Cu(NOz)2-2.5H>0 was dissolved in 25 mL
of ethanol (ISOLAB, >99.9%), and Bi(NOs3)3-5H20 was dissolved in 5 mL of acetic acid
(Sigma—Aldrich, >99%) to achieve 0.04 M and 0.4 M solutions, respectively. The
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obtained precursor solutions were mixed to obtain a 1:2 Cu:Bi ratio. The pH of the
reaction mixture was adjusted to 14 by the dropwise addition of 5 M NaOH (ISOLAB,
>99.0%). The resulting reaction mixture was then transferred into a 100 mL Teflon-lined
steel autoclave and kept in an oven at 120 °C for 12 hours. The product was first washed
with ethanol and then with water in a centrifuge three times each to remove any

impurities. Later, the washed product was dried in a vacuum oven at 80 °C for 12 hours.

2.2  Structural Characterization Techniques

2.2.1 Field Emission Scanning Electron Microscopy

Field emission scanning electron microscopy (FESEM) is a type of electron
microscope that uses a field emission gun to generate electrons. A field emission gun
generally generates a thousand times higher emission compared to a tungsten filament.
Generated electrons at the gun are focused and monochromatized with the use of metallic
apertures and magnetic lenses. This electron beam is targeted toward the sample. The
electrons that reach and interact with the sample are collected through different types of

detectors, and eventually, a highly magnified image of the material is generated[68].

In this study, FESEM measurements were taken with a Zeiss Ultra Plus Field
Emission Scanning Electron Microscope at an acceleration potential of 20 kV. Cross-
sectional FESEM images were used to estimate the film thicknesses of CBO and Cu20

thicknesses.

2.2.2 Energy-Dispersive X-Ray Spectroscopy

The ionization of a core electron as a result of the electron bombardment from the
field emission gun of an FESEM results in the decay of an upper shell electron to fill the
electron hole generated with the ionization. Following this, either an auger electron can
be produced, or fluorescent X-rays are emitted to reach an energy equilibrium within the
system. The probing of these characteristic fluorescent X-rays is called energy-dispersive
X-ray spectroscopy (EDX). EDX is an element-selective method and is very effective in

the chemical probing of the bulk of thin-film samples[69].
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In this study, EDX measurements were also taken with a Zeiss Ultra Plus Field
Emission Scanning Electron Microscope at an acceleration potential of 20 kV. EDX
measurements were used to probe the bulk chemical compositions of CBO photocathodes
to estimate their cationic deficiencies.

2.2.3 X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is a surface and element-sensitive
characterization technique based on the ionization of core electrons under X-ray
bombardment. Following this ionization, X-ray fluorescence and Auger decay processes
can also be observed, as described in Figure 2.2. In XPS, samples are probed with soft X-
rays that have photon energies lower than 6 keV. Once an X-ray photon interacts with a
core electron, its energy gets completely transferred to the electron. If this energy is
greater than the binding energy (BE) of the core electron, the remainder of the energy
equals the kinetic energy (KE) of the emitted electron plus the work function (®spec) of
the spectrometer, which is a constant value. This equality is given by Eq. 2.1.

hv =BE + KE + @, (2.1)

BE of the elements that are included in the analyzed samples can be determined
through Eqg. 2.1. Since the BE of an electron is a specific property of that material, the
information obtained from XPS becomes X-ray source independent and therefore makes

it a robust technique in understanding elemental and ionic properties of all kinds of

substances[70].

XPS XRF Auger KL
2':)3/2 ——0—0—0— —e o oo — _._._._/._ Ly
2p,,;, —eo—o— ————— —_— L,
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Figure 2.2: X-ray bombardment-related processes that occur at surfaces: (a) emission
of a photoelectron, (b) x-ray fluorescence, and (c) emission of an Auger electron[70].
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In this study, XPS data were collected via a Thermo Scientific K-Alpha X-ray
photoelectron spectrometer with Al K, radiation (hv=1486.7 ¢V). The obtained binding
energies were subsequently corrected according to the C 1 s binding energy of 284.5 eV.
All individual XPS spectra were normalized to the background with the lowest binding

energy. Spectral deconvolutions were carried out using CasaXPS software.

In the first part of the thesis, XPS measurements were used to characterize the cation-
deficient surfaces of CBO photocathodes. In the second part, oxidation state of the Cu
species on the Cu20O-based photocathodes surfaces were also identified using XPS.
Additionally, the possibility of the differences in terms of oxygen vacancy amounts in
bare Cu2O and heterojunction photocathodes were also discussed based on the XPS

results.

2.2.4 X-Ray Diffraction

Interaction of X-rays with matter can result in absorption, scattering, and diffraction
of X-ray photons. X-ray diffraction (XRD) analysis relies on the diffraction of X-rays
from the periodically ordered crystal lattices of materials. As described by Bragg in 1913,
periodically diffracted X-ray beams form constructive interference patterns that
eventually give rise to the XRD spectrum of a material. The technique is an effective tool
for understanding the crystal structure of solids as well as crystallite sizes and lattice strain
values through further analysis of lattice parameters obtained from XRD patterns[71].

XRD measurements of the photocathodes were performed using a Bruker D2 Phaser
diffractometer. During the measurements, a Cu K, radiation source was used at a 10 kV
beam voltage and 30 mA beam current. The qualitative evaluation of the XRD patterns
was performed via Bruker DIFFRAC.EVA software. Gaussian crystallite size and lattice
strain values were estimated from the analyses of the XRD profiles using the fundamental
parameters approach (FPA) through Bruker DIFFRAC.TOPAS software.

XRD was used extensively to understand and estimate the crystal properties of both
cation-deficient CBO photocathodes and Cu20-based photocathodes in terms of degree

of crystallinity, crystallite sizes, and lattice strain values.
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2.2.5 Doppler-Broadening Spectroscopy of Positron Annihilation

The annihilation of an electron with a positron results in the emission of two gamma-
ray photons with an energy of 511 keV due to a Doppler shift in the energy spectrum
caused by the momentum projection along the emission direction[72]. This Doppler
broadening spectrum of positron annihilation is measured via Doppler broadening
spectroscopy (DBS). The DB spectrum is divided into six regions. In the scope of our
work, two areas of the DB spectrum are significant: the center and the wing areas of the
511 keV annihilation peak. The parameters S (sharpness) and W (wing) are established
as the ratio of the areas of the center or the wings to the total peak area[72], [73]. The
positron annihilation at the vacancy defects causes an increase in the S-parameter and a
decrease in the W-parameter, corresponding to low and high momentum values of the
valence and core electrons, respectively. Although the S and W parameters are not
absolute, the central region width of the 511 keV annihilation peak is calibrated to 0.5 for
the S-parameter and 0.05 for the W-parameter using a Si crystal. DBS measurements in
this study were performed using a Canberra GC2519 HPGe detector and an ORTEC572A
amplifier with an ORTEC ASPEC-927 multichannel analyzer. Subsequently, the SP-SE
program was used to estimate the S- and W-parameters from the obtained DB spectra[74].
The incident positron energies were varied from 0.2 to 13 keV to achieve average probing
depths that cover the pronounced thicknesses of the CBO photocathodes. The
corresponding average positron penetration depth (z) values are calculated from Eq. 2.2:

2= “p—o E. 6 (2.2)

where p is the density of the film in g/cm?® and E- represents the incident positron energy
in keV[72], [75], [76]. During DBS measurements, surface effects are expected to occur
at low incident positron energies, specifically below 5 nm depth, due to electron pile-up
and backscattering events. Therefore, this discussion does not encompass delineating the
very front surface region. The rest of the incident positron energies cover a film thickness

of approximately 285 nm, and these data points are linearly fitted.

In the first part of the thesis, DBS plays a crucial role in characterizing the varying
amounts and types of vacancy defects (Vg, and Vg;) through the calculation and

comparison of S and W parameters.
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2.2.6  Raman Spectroscopy

Raman spectroscopy is an effective tool for understanding the structure of thin film
materials. It is based on the Raman scattering phenomenon, which occurs when the energy
of the scattered light becomes higher than the incoming light. This energy shift, also
called the Stokes-Raman shift, occurs through the interaction of light with the vibrational
modes of chemical bonds found within the material. At rough surfaces, this scattering
intensity can be amplified with the higher number of electrons oscillating perpendicular
to the surface, causing plasmon resonance. The plasmon resonance causes the Raman
scattering to occur at a higher intensity and, therefore, allows the detection limit to get
lower and signal intensity to get higher. The Raman spectroscopy that includes this kind
of enhancement in the signal is named surface-enhanced Raman spectroscopy (SERS).
SERS finds its applications in various fields, including thin film characterization and
catalysis[77], [78].

In this study, Raman spectra of the photocathodes were measured under a Renishaw
inVia Microscope at an excitation laser wavelength of 532 nm. The Raman spectrum was
calibrated to the signature peak of Si at 520.7 cm™ using a Si slab. Both parts of the thesis
include Raman spectroscopy to identify the changes in the bond symmetries of the

photocathodes regarding the structural changes that have been applied.

2.2.7 UV-Vis Reflectance/Absorbance Spectroscopy and Tauc Analysis

Ultraviolet-visible (UV-Vis) spectroscopy is a common and robust technique in
understanding the light-matter interactions within the UV-vis spectral range (UV: 200-
380 nm and vis: 380-750 nm). In this technique, reflected, transmitted, or absorbed light
intensity is measured as a function of incoming photon energy in wavelengths to obtain a
reflectance, transmittance, or absorbance spectrum. The interactions measured within the
scope of UV-vis spectroscopy are the VB electrons of subjected substances. Therefore,

this technique is also called “electronic spectroscopy”[79].

In Tauc analysis, the absorbance spectrum of the subjected system is converted to a
Tauc plot, (ahv)? vs. hv where o is the absorption coefficient calculated from the
absorbance values obtained during the UV-vis spectroscopy measurements, h is the

Planck’s constant, and v is the frequency of UV-vis photons. This plot is called the direct
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band gap Tauc plot, and it is used to determine the optical band gap of semiconductor

materials[80].

In this study, UV—vis spectra of the thin films were collected via a Shimadzu UV-
3600 UV—vis-NIR spectrophotometer in reflectance mode. The reflectance spectra were
later converted to absorbance using the Kubelka—Munk transformation theory. Tauc
analysis of the photocathodes was performed by considering the direct band gap transition
of CBO, Cu20 and TiO2. The UV-vis spectra was obtained from all three different
materials studied throughout this thesis to comprehend their ground state light absorption

characteristics and to estimate the optical band gap energies through Tauc analysis.

2.3  Photoelectrochemical Tests

2.3.1 The PEC Setup

All PEC tests were conducted with a three-electrode configuration inside a quartz
cell. The synthesized CBO and Cu20 photocathodes were used as working electrodes
alongside the graphite counter and Ag/AgCl (sat. KCI) reference electrode (Pine
Research). All measurements for CBO photocathodes were performed in an alkaline 0.1
M NaOH (ISOLAB, >99.0%) electrolyte at pH 13 purged with Oz as an electron
scavenger. Oz purging was continuously applied during almost all PEC tests. On the other
hand, Cu20 photocathodes were measured in neutral 0.1 M NaxSO4 (ISOLAB, >99.5%)
electrolyte at pH 7 without an electron scavenger. A Newport Corp. - Oriel Instruments
solar simulator with a 100 W Xe lamp was used to obtain 1.0 sun, 1.5G AM output. The
PEC cell was positioned at a 22 cm distance to achieve an illumination intensity of 100
mW/cm? at the working electrode surface. During all PEC tests for CBO, the front side
of the photocathodes was illuminated. In Cu2O studies, due to the existence of TiO>
underlayer back illumination, measurements were also carried out. A BioLogic VSP-300
potentiostat was used during all PEC tests. The conversion of the measured potential
values from V vs. Ag/AgCl to V vs. RHE (reversible hydrogen electrode) was performed

using the Nernst equation (Eqg. 2.3):

Erne = Eagiager +0.059 % pH + Ejgaqci (2.3)
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In the equation, Eryg is the applied potential versus RHE, Eag/aqci IS the applied
potential versus Ag/AgCl reference electrode, and EoAg/AgCl Is the standard electrode

potential of Ag/AgCI (sat. KCI) reference electrode used during the experiments (0.199
V vs. RHE)

2.3.2 Linear Sweep Voltammetry

In linear sweep voltammetry (LSV), the current response of an electrochemical
system is measured as a function of potential. A potential range is swept with potential
steps, and the corresponding current is recorded over time. The potential scanning rates
can differ from 10 mV/s to about 1000 V/s[81].

LSV measurements in this study were performed under chopped light conditions. A
homemade chopper with 3-second chopping intervals was used. The potential scanning
rate was set to 10 mV/s. The current response was recorded as a function of the applied
potential (¢) and later converted to the current density (j) by dividing the current (i) by
the photocathode geometrical surface area. Chopped LSV measurements were also
repeated with front and back illumination in 30 min of N2-purged electrolyte under
constant purging conditions to investigate the charge accumulation on the surface of the

photocathodes.

Throughout the thesis, chopped LSV scans play one of the most vital roles in
assessing the PEC activity and stability of both photocathodes. Additionally, the anodic
and cathodic charge accumulation spikes that occur at the light switch-ons and cut-offs
are observed carefully to understand the potential-dependent charge trapping tendencies
of the CBO and Cu.0-based photocathodes.

2.3.3 Open Circuit Potential

Open circuit potential (OCP) is the built-in potential that exists between the working
electrode and the reference electrode of an electrochemical system at steady-state[81]. In
PEC systems, the change of OCP (AOCP) under illumination with respect to dark
conditions can be measured with chronopotentiometry (CP) to understand the

photovoltage response of the system.
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In this study, OCP was measured via CP under dark and front illumination
conditions. AOCP values were then calculated by subtracting the OCP values measured

under dark conditions from the OCP values obtained under front illumination.

In the first part of the thesis, OCP measurements are used to estimate the differences
between the Cu- and Bi-deficient CBO photocathodes in terms of photovoltage charging
and discharging behaviors that might stem from the different amounts and types of cation

vacancies.

2.3.4 Photoelectrochemical Impedance Spectroscopy

Sinusoidal alteration of applied potential on a PEC system results in an alternating
current response that carries valuable information through its amplitude and phase angle.
The term impedance can express this alternating potential-current relation. Impedance
consists of a combination of specific resistance and specific resistance depending on the
circuit model applied. Therefore, scanning of a potential modulation frequency range that
can span from 100 uHz to 1 MHz gives a frequency-resolved impedance spectrum. PEC
impedance spectroscopy (PEIS) stands out as an effective tool for probing essential
properties of a PEC system, such as charge transfer resistance, interfacial capacitance,

mass transfer limitations, and reaction Kinetics with high precision[81].

In this thesis, PEIS measurements were taken under dark and front-illuminated
conditions at a potential amplitude of 10 mV and between 100 kHz and 100 mHz. The
obtained data were plotted as Nyquist plots and then Z-fitted with a Randle’s circuit
equivalent circuit model. The Z-fitting results were later used to estimate the solution
resistance (Rs), charge transfer resistance (Rct), and capacitance (C or Q depending on
the circuit element used) properties of Cu- and Bi-deficient CBO photocathodes. Such

properties are correlated with the defective nature of the CBO photocathodes.

2.3.5 Mott-Schottky Analysis

Mott-Schottky (MS) analysis is a valuable technique for the characterization of
photocathode/electrolyte interfaces in terms of flatband potential () and acceptor
density (Na). In MS analysis of p-type materials, the potential-current relation is again

monitored just like in PEIS but with a staircase potential sweep throughout the defined

21



Experimental Methods 22

potential and frequency ranges. The resulting Cs? vs. E curves plotted at specific
frequencies include the o¢f and Na properties at the x-axis intercept and slope,

respectively[81].

MS analyses in this study were also performed under dark and front-illuminated
conditions at 1.075 kHz to compare the ¢f and acceptor density Na values of the
photocathodes. Both values are obtained from the linear fitting of the negative slope of
the MS data via the MS equation (Eq. 2.4).

é B (srsoAzzeNA) ((P ) (be ) ]%T) (24)

where é is the reciprocal of the squared capacitance, ¢, is the relative permittivity of

CuBi20s (80 at 298 K)[20], &, is the vacuum permittivity (8.85 x 1072 F/m), A is the
surface area of the photocathode, e is the electron charge (1.6 x 107%° C), Na is the
acceptor density in a p-type photocathode, ¢ is the applied potential, g, is the flat band
potential, and kg is the Boltzmann constant (1.38 x 102 m2kg/(s®. K), and T is the

temperature in K.

In the first part of the thesis, Mott-Schottky analysis is primarily used to estimate the
©g, and Na properties of Cu- and Bi-deficient CBO photocathodes. However, the
capacitive differences that form upon illumination are also well-investigated and
discussed through measurements conducted under dark and illuminated conditions for
both CBO photocathodes.

2.3.6 Incident Photon-to-Current Efficiency

Incident photon-to-current efficiency (IPCE) is a performance parameter in PEC
systems that describes the wavelength dependence of quantum efficiency[15]. Such a
parameter is essential in expressing the performance limitations of a photoelectrode that

stem from photon energies under illumination.

IPCE measurements in this study were performed by placing the three-electrode
quartz cell in front of the Newport Corp. - Oriel Instruments 300 W Xe lamp-coupled
monochromator system. The experiments were conducted in an alkaline 0.1 M NaOH

(ISOLAB, >99.0%) electrolyte at pH 13 purged with O as an electron scavenger. Only
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in these measurements, O2 purging was not continuously applied for experimental

reasons. Later, IPCE values were calculated with Eq. 2.5:

1240 (V.nm) x j, (mA/cm?)

IPCE= A (nm) x I (mW/cm?)

x 100 (2.5)

where j, is the photocurrent density observed under illumination and I, is the optical

intensity of the monochromatized light at wavelength A. The optical power spectrum of
the monochromator output is characterized by a Newport Corp. - Oriel Instruments UV-

enhanced Si detector.

In the first part of the thesis, potential-dependent IPCE measurements are employed
to calculate the photocurrent generation efficiencies of cation-deficient CBO
photocathodes. In addition to that, the wavelength dependence of the IPCE curves were

also discussed within the context of charge trapping tendencies of cation vacancies.

2.4  Time-Resolved Methods

2.4.1 Transient Absorption Spectroscopy

Transient absorption spectroscopy (TAS) is an ultrafast pump-probe-based technique
that allows the screening of charge carrier dynamics of photoelectrode materials within
the fs-ns timescales. In TAS, the photoelectrode material is excited by a periodically
chopped pump pulse. Following the periodic pump excitation and relaxation instances, a
weaker continuum pulse interacts with the same spatially overlapping area on the sample
with a time delay, as shown in Figure 2.3. This allows the calculation of the differential
absorption spectrum of the photoelectrode material with respect to its ground-state
absorption. As the time delay between the pump pulse and the probe pulse is changed and
differential absorption spectra are recorded at different delay times, the transient behavior
of the photogenerated charge carriers can be observed[82]. As a three-dimensional
measurement, a TAS measurement includes wavelength, delay time, and differential
absorption components. A transient change in one of these parameters as a function of
the other two carries information about crucial ultrafast processes that influence the

performance of photoelectrode materials. Therefore, in situ, TAS experiments hold
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especially great importance in understanding the ultrafast charge carrier dynamics of PEC

800 nm Femtosecond Ti:
Sapphire laser system

Transient spectrometer

systems.

A 800 nm

Delay line )

e
—— i —————————————

7
{ >I White light continuum
etector
CaF, Crystal /
N o o o o o o = e - — 7/

Figure 2.3: Scheme of a typical ultrafast TAS setup[83].

In this study, TAS measurements were conducted with a regeneratively amplified
femtosecond Ti%*:Sapphire laser (MKS Spectra-Physics Spitfire Ace), operating at a
repetition frequency of 1 kHz and outputting 120-fs pulses at 800 nm. The output of the
amplifier is split into two beams, one of which is used to excite an optical parametric
amplifier (Light Conversion TOPAS) and generate the pump at 320 nm. The other beam
is used to create a white light continuum (WLC) in a CaF crystal, spanning the 380-800
nm range. The CaF. crystal is constantly moved on an automated stage throughout the

measurements to prevent overheating of the slab.

The incident pump beam on the thin film photocathode sample was modulated
periodically with a chopper operating at 500 Hz. This enables the measurement of the

unpumped  (Aynpumped) and pumped (Apumpeq) Values of the photocathode sample

absorbance. The resulting difference in absorbance (AA) is determined from Eqg. 2.6 given

below:

AA = Apumptad - Aunpurnped (26)
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Incident pump fluences were controlled throughout the TA experiments with the use

of a natural density (ND) filter and were also calculated via Eq. 2.7:

P
Fluence = ——= 2.7
Tep X T

Here, Pyyerage 1S the average optical power of the incident pump at 320 nm, f, is the

repetition rate (1 kHz), and w is the pump spot size (550 um). w value is measured using

the knife edge method.

The TA spectra and kinetic measurements were conducted inside the commercial
pump-probe spectrometer system (Ultrafast Systems HELIOS). The probe beam is split
into two parts with an ND filter as the “reference” and “signal”, which are sent to separate
fiber-coupled detectors of a multichannel spectrometer. The spectral resolution of the
spectrometer within the WLC range was 1.5 nm. Pump-probe delays were created by an
automated mechanical delay stage. Chirp correction, time zero (t0) adjustment, and
kinetic fitting of the data were conducted in Ultrafast Systems Surface Xplorer software.
Two exponential decay parameters (t1 and 12) were chosen to fit the TA kinetics within
the fs-ps time range. The kinetic fitting function used by the software to fit a kinetic trace
of a desired wavelength with a sum of convoluted exponentials is given in Eq. 2.8:

T—T(

S(t) = e_( P ) X ZiAie_(T:O),

. = IRF
P 2In2

(2.8)

where 1o is time zero, tp IS pulse width, Ai are amplitudes, t; are decay time constants,

and IRF is the instrument response function (FWHM).

In situ TAS measurements were conducted with a three-electrode system inside a 1
cm x 1 cm quartz UV cuvette filled with 30 min of O2-purged 0.1 M NaOH electrolyte at
pH 13, as shown in Figure 2.4c. The three-electrode system included the CBO
photocathode as the working electrode, a small Ag/AgCI reference electrode that fit the
entrance of the quartz cuvette, and a Pt coil wrapped around a Cu wire as the counter
electrode. A Pt counter was chosen due to the experimental complications caused by the
small entrance of the quartz cuvette. The miniature cell was placed inside the transient

absorption spectrometer and connected to a BioLogic SP-200 potentiostat. The whole in
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situ TAS setup is shown in Figure 2.4a, and a close-up image of the setup is provided in
Figure 2.4b.

Figure 2.4: (a) In situ TAS setup, (b) close-up image of the setup, and (c) a three-
electrode miniature cell inside the spectrometer.

Ultrafast TAS experiments form the core of the first part of the thesis by allowing
the screening of the charge carrier dynamics of Cu- and Bi-deficient photocathodes. Such
measurements give access to the three-dimensional “images” of the charge carriers within
the CBO system with visible wavelength, ultrafast time, and AA forming the three
dimensions. Moreover, in situ potential-dependent and pump fluence-dependent TAS
measurements provide an extra variable that can be used to understand the charge carrier
behavior observed in cation deficient CBO photocathodes. Lastly, exponential fitting of
the two-dimensional TA decay kinetics is used to provide a numerical understanding for
the effects of cation vacancies on the polaronic charge trapping, recombination, and

transport dynamics.

2.4.2 Transient Photocurrent

Transient photocurrent (TPC) is an effective method to probe the transient current
response that is generated following the interaction of a PEC system with a short light
pulse. The resulting transient photocurrent response contains information about
interfacial trapping, accumulation, recombination, de-trapping, and the reaction of

photogenerated charge carriers[15], [60].

In this study, TPC measurements were carried out in chronoamperometry (CA) mode
with the PEC setup described for the Cu,O photocathodes. As a pulsed light source,
instead of a solar simulator, a 60 W white LED light was used. During the experiments,

the LED light was programmed to produce a 200 ms pulse per 10 s. Data collection time
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steps during the measurements were chosen as 0.4 ms. Potential-dependent TPC
measurements for the Cu2O photocathodes were done cathodically from 0.5 V to 0.0 V
with 0.1 V potential intervals that last 10 s. This way, the LED light’s pulse generation
frequency was matched with the potential application duration. 10 s intervals were
explicitly chosen as the required time for the system to return to a steady state after the
interaction with a light pulse. The TPC data were later shifted on the time axis to match

and compare the systems’ response to the light pulses at different applied potential values.

In the second part of the thesis, ms resolution potential-dependent TPC
measurements are extensively utilized to understand the interfacial charge trapping,
accumulation, utilization, de-trapping, and dissipation events that occur at the interfaces
of Cu.O-based photocathodes. The periodic photocurrent oscillations also named as
“wiggles” are also observed within the TPC data collected from the bare Cu20 and

TiO2/Cu20 heterojunction systems.
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Chapter 3:
ULTRAFAST CHARGE TRANSPORT DYNAMICS OF CuBi:04
PHOTOCATHODES

3.1 Introduction

In recent years, due to the abundance of n-type materials as suitable photoanodes,
which are also the main bottleneck of solar water splitting, research on the ultrafast
dynamics of these materials has surpassed research on p-type photocathodes[4], [14],
[15], [84], [85]. Nevertheless, the enigmatic nature of photocathodes requires further
ultrafast spectroscopic investigations to determine the reasons behind their poor reduction
performance[86], [87], [88]. To date, among the most promising candidates for a
photocathode in solar water splitting has been Cu-based metal oxides, with Cu20 being
the most studied one[12]. Nonetheless, since its first proposal as a visible-light-responsive
porous photoelectrode, tetragonal CBO has attracted increasing amounts of attention for

more than a decade as a more stable alternative[18].

Herein, we investigate the ultrafast transport dynamics of holes in CBO thin films by
manipulating their p-type character by tuning cation vacancies and address the
mechanisms that are related to the cation vacancies which cause the loss of carrier
populations prior to charge extraction. The use of in situ potential-dependent ultrafast
transient absorption spectroscopy (TAS) enables the direct assignment of the spectral
features of the CBO system in the visible region to hole absorption (HA) and hole polaron
absorption (HPA)[89], [90] . Additionally, pump fluence-dependent TAS investigations
revealed the HA and HPA saturation tendencies of the VB hole populations. The
experimental results also demonstrate that different amounts and types of defects, such as
Cu?* and Bi®* vacancies (V¢, and Vg;), influence the polaronic trapping tendencies of the
VB holes, which leads to a significant difference in the PEC HER performances of CBO

films.

3.2  Experimental Methods

Synthesis details of CBO have been described in sections 2.1.1 and 2.1.2. Structural
characterization experiments carried out on CBO photocathodes include FESEM, EDX,
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XPS, XRD, DBS, Raman, and UV-vis spectroscopy. The experimental details of
structural characterization techniques used in this chapter are described under section 2.2.
The PEC performance tests carried out on CBO photocathodes consist of LSV, IPCE,
OCP, MS analysis, and PEIS. These PEC experiments are described under section 2.3.

Lastly, ex situ and in situ TAS experimental details are given in section 2.4.1.

3.3  Results & Discussion

The formation of tetragonal CBOs with similar thicknesses, homogeneities, and light
absorption characteristics are all crucial for comparing the impacts of cationic vacancies
and associated PEC performances. Therefore, a wide range of structural characterization
techniques were utilized to understand and confirm the structural properties of CBOs with

cationic vacancies.

The Cu:Bi atomic ratio estimated from the EDX measurements (Table 7.1) and
Figure 7.1a corroborate the compositional differences between the two cation-deficient
CBOs. Compared to the reference pristine CBO powder that was synthesized via the
hydrothermal method, the Cu:Bi ratio in the thin-film CBOs deviates from that of the
pristine CBO. The Cu:Bi ratio in CBO powder is approximately 0.54, while it is 0.46 and
0.67 in Cu-deficient and Bi-deficient CBOs, respectively. The cross-sectional FESEM
images in Figure 7.1b and 7.1c verify that both CBOs have almost identical thicknesses,
with Cu-deficient CBOs being 286 nm and Bi-deficient CBOs being 288 nm thick. A
larger compositional divergence of Bi-deficient CBO results in a greater number of
vacancy defects than in Cu-deficient CBO. This is further confirmed by DBS of positron
annihilation, which is sensitive to the total number of defects and defect types in the
photocathode[28], [73].

The crystal structure and phase purity of the tetragonal CBO (kusachiite — PDF 00-
026-0502) films with varied compositions were confirmed by XRD analyses (Figure
7.2a). The main reflections from the (200), (211), (220), (002), (130), (112), (330), (132),
(141), (420), (123), (332), (521), and (413) planes of CBO were observed at 20.99°,
28.13°, 29.81°, 30.83°, 33.42°, 34.37°, 45.30°, 46.21°, 46.85°, 47.91°, 53.15°, 55.89°,
60.84°, and 66.02°, respectively. Since CBO films are thin enough to allow TAS

measurements in the transmission geometry, reflections attributed to FTO are also
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observed. The peak at around 29.30° can be assigned to the (008) plane of Bi>O3; (PDF
03-065-3319), which is an expected minor side phase observed in both CBOs. Crystallite
sizes and strain values were calculated from the analysis of the XRD data. The estimated
values are tabulated in Table 7.2. Bi-deficient CBO has a crystallite size of 120.9 nm,
while the Cu-deficient CBO has a larger crystallite size of 139.6 nm. Moreover, the

estimated strain values support the pronounced defective nature of Bi-deficient CBO.

The observation of the four main Ayq features in the Raman spectra (Figure 7.2b)
further confirms the crystal structure of tetragonal CBO for both photocathodes[23], [91].
It was also found that the Bi-deficient CBO has a slightly larger peak width and higher
peak intensity than the Cu-deficient CBO, which is consistent with its more defective
nature. The UV—vis spectra in Figure 7.2c demonstrate similar absorption characteristics
for both CBOs in the UV-vis wavelength range, with the Cu-deficient CBO being more
redshifted. Therefore, the Bi-deficient CBO is expected to be a slightly better absorber in
the UV range. Still, the Cu-deficient CBO with a smaller band gap (Tauc analysis, inset
of Figure 7.2c) could absorb a larger portion of the visible region[28]. Yet, the PEC
performances depend on the charge-trapping nature of the states following the UV-vis

absorption.

Although the conventional structural characterization results provide indirect
information about the potential formation of vacancies in CBOs, a more direct assessment
could be performed with the utilization of DBS. According to the DBS results in Figure
7.3a, the estimated S-parameter values (a measure of the low momentum valence electron
contribution that is proportional to the number of vacancy defects) of the Bi-deficient
CBO are much greater than that of Cu-deficient CBO, with some minor fluctuations
throughout both films that give almost parallel linear fitting results. Different amounts
and types of cation vacancies play a role in these differences in the S-parameters.
Positrons are more likely to localize and annihilate with low-momentum electrons at

trivalent Vi, sites than at divalent V¢, sites. Therefore, Bi-deficient CBO corresponds to

higher S-parameters and has a greater number of Vy; vacancy defects, which is in good
agreement with the EDX analysis results. In Figure 7.3b, the S-parameter values are
drawn with respect to the W-parameter (a measure of the high momentum core electron

contribution). The S—W linear fit lines essentially represent whether there are any
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different types of defects in the system. Here, it can be clearly observed that both lines
are well separated and almost parallel to each other. However, while all S-parameter
values of the Bi-deficient CBO are much greater, the W-parameter average of the Cu-
deficient CBO corresponds to a higher value than that of the Bi-deficient CBO. This is an
expected outcome of the Vj; in Bi-deficient CBO reducing the W-parameter since the
Bi** cations are much bulkier than Cu?*, and the removal of the Bi** cations from the
CBO lattice decreases the W-parameter much more effectively. These findings further

confirm the V- and Vg;-dominant nature of the Cu- and Bi-deficient CBOs.

The decrease in intensities of the Cu 2pz2 and 2p12 XPS peaks at 953.4 eV and 933.7
eV, respectively, and their satellite peaks confirm the Cu-deficient nature of the Cu-
deficient CBO surface (Figure 7.4a). Additionally, the surface Cu*/Cu?* ratio of the Bi-
deficient CBO is estimated to be higher. This is an important finding due to the hole
trapping capability of the Cu™ species. When the Cu LMM Auger spectra are compared
in Figure 7.4b, a similar intensity relationship that justifies the near-surface compositional
differences can be seen. The Bi 4f peak areas for both CBOs in Figure 7.4c are also
consistent with the assumed compositional differences. For the Cu-deficient CBO, the Bi
4f binding energies are slightly greater due to the charge imbalance induced by the
Vi, sites. The O 1 s spectra in Figure 7.4d do not indicate significant areal differences in
terms of lattice O%. However, the extensively defective nature of the Bi-deficient CBO
allows the adsorption of more OH" species on the surface, and therefore, a larger amount
of adsorbed hydroxide (OHag) was observed in Bi-deficient CBO. Overall, the
compositional differences show that CBOs differ from each other to a much greater extent
in terms of the amount of Bi. Therefore, the surface and bulk of the Bi-deficient CBO are

presumed to be dominated by Vy; sites, while the Cu-deficient CBO contains primarily

Vi, Sites.

Prior to the ultrafast investigations, the influence of cation vacancies on the
photocurrent generation mechanism in CBO photocathodes was examined via various
PEC experiments. Figure 3.1a shows the linear sweep voltammetry (LSV) curves
obtained for both CBOs under Oz purging conditions. The Cu-deficient CBO shows a
better photocurrent density at all potentials beyond the onset. Additionally, the dark

current behavior is slightly lower below 0.6 V. In Figure 3.1b, the charge trapping range
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is determined from the intensity of the observed cathodic and anodic spikes that occur
when the light is turned on and off during the chopped light experiment under N purging
conditions. While the cathodic spikes originate from excess electron accumulation on the
surface of CBO, the anodic spikes are the result of a hole accumulation process. Both
cathodic and anodic spikes are observed at higher intensities for the Bi-deficient CBO

due to more dominant charge accumulation behavior below 1.05 V.

The LSV findings are supported by incident photon-to-current conversion efficiency
(IPCE) measurements conducted at 0.9, 0.7, and 0.4 V. An efficiency jump between 0.9
and 0.7 V is expected. In contrast, a smaller increase in the IPCE was obtained at 0.4 V
for the Bi-deficient CBO, as shown in Figure 3.1c. It is essential to emphasize 0.8 V as
the possible onset potential for hole extraction from the trap states. Beyond this energy
barrier, free carriers can be transferred more freely in the lattice, resulting in a higher
photocurrent performance. Accordingly, the main reason behind these performance
differences between the Cu-deficient and Bi-deficient CBOs is the different trapping

tendencies following UV excitation, as further investigated with TAS.
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Figure 3.1: (a) Front-illuminated chopped LSV scans while (a) Oz purging and (b)
N2 purging. (c) Potential-dependent IPCE. (d) OCP (AOCP = 0.239 V for Cu-deficient
CBO and AOCP = 0.230 V for Bi-deficient CBO), (e) Mott—Schottky plots obtained in
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the dark (o =1.14 V, Na = 96.36 x 108 cm™ for Cu-deficient CBO and @ = 1.19 V, Na
= 61.92 x 10 cm for Bi-deficient CBO) and under light (m = 1.15 V, Na = 121.7 X
108 cm? for Cu-deficient CBO and ¢m = 1.18 V, Na = 66.28 x 10'® cm for Bi-deficient
CBO) conditions. (f) Nyquist plots of potential-dependent PEIS measurements.

The open circuit potential (OCP) measurements in Figure 3.1d reveal that the two
CBOs have almost identical AOCP values that differ by 9 mV from each other. Both
CBOs have similar OCPs under illumination. In the dark, the values for Cu- and Bi-
deficient CBOs are 0.851 and 0.858 V, respectively. Additionally, discharging after
switching off the light occurs at different rates for the two CBOs. The Bi-deficient CBO
discharges its light-induced built-in potential faster due to a higher rate of hole trapping-
related recombination at Vg; defects, while the better-performing Cu-deficient CBO

discharges slower and tends to sustain the built-in potential slightly longer.

In Figure 3.1e, the analysis of Mott-Schottky (MS) measurements performed under
dark and illuminated conditions is presented. In the dark, the flat band potential (¢f) and
acceptor density (Na) of the Bi-deficient CBO were estimated to be 1.19 V and 61.92 x
108 cm3, respectively. Compared to the Cu-deficient CBO (¢ = 1.14 V and Na = 96.36
x 10 cm?®), the Bi-deficient CBO with more positive ¢ and a smaller Na experiences
a larger band bending and Fermi level shift toward the VB edge[28]. Under illumination,
o of Bi-deficient CBO decreases to 1.18 V, and its Na increases to 66.28 x 108 cm™,
However, the effect of illumination is greater for the Cu-deficient CBO, especially in
terms of the Na. When the ¢ of Cu-deficient CBO increases to 1.15 V, its Na increases
to 121.7 x 10'® cm™. Hence, the Bi-deficient CBO shows greater band bending and a
lower Fermi level, which is an indication of trapped holes in V; defects. The MS analysis
results also reveal the difference between the two CBOs in terms of capacitance under
dark and illuminated conditions. The difference between the MS curves of both samples
represents the magnitude of the light response in terms of capacitance. Throughout the
potential range of 1.05 to 0.45 V, the increase in the light-dependent capacitance could
be attributed to the photoinitiated trapping of holes in the CBOs. Since the Bi-deficient
CBO is expected to trap a greater number of holes, its light response in terms of

capacitance is lessened.

In Figure 3.1f, the PEC potentiostatic electrochemical impedance spectroscopy

(PEIS) results are represented as Nyquist plots obtained under illumination. The
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corresponding charge transfer resistance (Rct/surf) Values for the Cu-deficient CBO are
smaller at 0.9 and 0.7 V (see also Table 7.3). In this potential region, the kinetics are
limited by the charge transfer, and the traps mediate the activities of the CBOs.
Consequently, the Cu-deficient CBO seems to perform better due to less hole trapping.
Nevertheless, this behavior was only different at 0.4 V, with the Bi-deficient CBO
corresponding to a smaller Rcrsurf Value. However, in this cathodic potential range,
multiple de-trapping and charge transfer channels could be accessible for the photoexcited
holes.

The electron-trapping process occurring at various atomic sites within the bulk CBO
lattice has been discussed in recent years. As an electron-trapping mechanism, Cu?* + e
— Cu" reduction is proposed to occur at the surface of CBOs[19]. Interestingly, electron-
trapping processes have been emphasized, although the holes make up the majority of the
carriers in p-type CBOs. Herein, the V¢, + h* — V¢, and Vg; + h* — Vg, (HPF1 and
HPF in Figure 3.2a) mechanisms are considered prominent paths for the localization of
holes in the Bi-deficient and Cu-deficient bulk CBO lattices. While the polaronic trapping
of electrons occurs energetically near the CB edge, the holes become polaronically
trapped close to the VB edge. Therefore, the photogenerated holes are expected to
populate the mid-gap Vg; and V¢, states that lie close to the VB hybrid orbitals of Cu
3d/Bi 6sp/O 2p and Cu 3d/O 2p, respectively[19]. The mechanistic pathways of the hole
polaron formation processes are investigated via ex situ and in situ ultrafast TAS studies
on Cu- and Bi-deficient CBOs.

The photoexcitation and decay events that are observed during the ex situ TAS
experiments are shown in Figure 3.2a. Photoexcitation (P in Figure 3.2a) at 320 nm
primarily involves the excitation of electrons from VB states with Cu 3d/Bi 6sp/O 2p and
Cu 3d/O 2p character to the Bi 6p/O 2p CB states, resulting in the formation of
photogenerated holes in the VB. The photoexcitation event is followed by the fast non-
radiative relaxation of hot electrons and holes to reach a thermal equilibrium with the
CBO lattice in the sub-ps time scales, also called hot electron and hot hole cooling (HEC
and HHC in Figure 3.23)[50]. Below the Fermi level, visible probe photons are
subsequently absorbed by photogenerated holes at the VB edge (HA in Figure 3.2a). The
HA event, populating deep VB orbitals of mixed Cu 3d/Bi 6sp/O 2p character, occurs in
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exchange with the intra-valence band absorption (IVBA) of the deep VB electrons, as is
commonly discussed in other p-type semiconductor systems[92]. Due to the p-type
character of CBO, all positive transient absorption (TA) signals within the visible range
are attributed to the absorption of photogenerated holes[90]. The features observed in the

ex situ 3D TA surfaces in Figure 3.2b are correlated with this phenomenon.
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Figure 3.2: (a) Interfacial band diagram of CBO (ex situ). P is pump absorption at
320 nm. The Kkinetic processes considered are HEC: hot electron cooling, HHC: hot hole
cooling, HA: hole absorption, HPF1: V¢, hole polaron formation, HPF2: Vi, hole polaron
formation, HPA1: V¢, hole polaron absorption, HPA: Vi; hole polaron absorption, R:
recombination of VB holes with CB electrons, R1: recombination of V¢, hole polarons
with CB electrons, Rz: recombination of Vy; hole polarons with CB electrons. VB mid-

gap states of Vi, and V; character are shown in red and blue colors. (b) 3D TA surfaces
and (c) TA decay kinetics of Cu-deficient and Bi-deficient CBOs compared at 460 nm
and 560 nm (t1=587.8 + 240 fs, 12 = 3.950 £ 4.0 ps at 460 nm and 11 =242.5 + 34 fs, 12
=2.204 £ 0.400 ps at 560 nm for Cu-deficient CBO and 11=400.1 = 160 fs, 1o = 4.494 +
2.7 ps at 460 nm and 11 = 243.0 + 32 fs, 12 = 3.387 £ 0.830 ps at 560 nm for Bi-deficient
CBO).

Along with the HA event, photogenerated holes at the VB edge also start to localize
in the sub-ps time range by short-range non-radiative relaxation (HPF1 and HPF; in Figure
3.2a) to the near VB mid-gap states of V¢, and Vg, character, respectively. In this case,
Vi polarons are expected to lie deeper within the band gap due to the trivalent nature of
the Vi tightly binding the localized hole compared to the V, polarons that originate

from divalent Vi, sites. The localized holes are then excited by the visible probe photons
to the deep VB (HPA: and HPA; in Figure 3.2a) as an additional HA signal to the
absorption of the holes located at the VB edge. Holes at the VB edge and localized holes

at the V¢, and Vg; sites later recombine with CB electrons through VB hole-CB electron
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and V,-CB electron or V;-CB electron recombination channels (R, Ry, and Rz in Figure

3.2a, respectively) within the ps-ns time range.

Predominantly, the HA character throughout the TA spectral range is considered to
originate either from the excitation of the VB holes or the holes localized at the mid-gap
states. The HPA character is observed more dominantly at shorter wavelengths, as
depicted in Figure 2b, for both Cu- and Bi-deficient CBOs. It is important to note that the
plateau behavior observed at shorter wavelengths is another indication of the polaronic
processes (HPF and HPA) being more dominant than the HHC and recombination (R

and R2) processes, while it is vice versa at longer wavelengths.

Analysis of the ex situ decay Kkinetics at 460 and 560 nm demonstrated in Figure 3.2¢
reveals a significant difference in the time evolution of the HPF and HHC processes (11),
which lasts less than a ps[90]. This difference is attributed to the higher number of holes
localized at the Vi; mid-gap states of the Bi-deficient CBO compared to the Cu-deficient
CBO. Consequently, it is observed that the Cu-deficient CBO has shorter hole lifetimes
within the HPA: time range (t2), which lasts a few ps[48]. These ex situ findings are
correlated with the prolonged hole lifetimes in Bi-deficient CBO. Therefore, it can be
presumed that the stronger HPA; character in the Bi-deficient photocathode has a direct
negative influence on the PEC activity. Hence, applied potential-dependent in situ TAS
investigations provide a deeper understanding of the ultrafast charge carrier dynamics of
photogenerated holes and electrons[47], [51], [57], [93], [94].
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Figure 3.3: (a) Interfacial band diagram of CBO (in situ). The straight-line arrows
indicate the photoexcitation and decay processes that occur during all TAS experiments,
while the dotted-line arrows show the processes that occur only under in situ conditions.
HT: hole transfer to the FTO/CBO interface, ET: electron transfer to the CBO/electrolyte
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interface. (b) Potential-dependent TA decay kinetics of Bi-deficient CBOs at 460 nm and
560 nmat 0.9V, 0.7 V,and 0.4 V. (c) TA decay kinetics of Cu-deficient and Bi-deficient
CBOs at 460 nm and 560 nm at 0.4 V.

Applied potential gives rise to changes in charge carrier dynamics depicted in Figure
3.3a. The in situ decay kinetics presented in Figure 3.3b reveal a decrease in hole polaron
(HPA) lifetimes as the potential was applied in the cathodic direction first from 0.9 to 0.7
V and then to 0.4 V. Thus, the cathodic potential-induced current density enhancement in
the CBO leads to enhanced trap-assisted electron-hole recombination (R1 and Ry)
processes, resulting in shorter hole polaron lifetime. However, the influence of the
application of a cathodic potential appears to be different for the decay kinetics at 460
and 560 nm. The 460 nm region is more susceptible to the application of a cathodic
potential, while the kinetics at 560 nm show a lesser decrease in lifetime. The polaron
(HPA?) lifetime of the Bi-deficient CBO at 560 nm decreases by 12% (from 2.81 to 2.47
ps) when the applied potential changes from 0.9 to 0.4 V. Meanwhile, at 460 nm, the
lifetime decreases by 26%. This confirms the susceptibility of hole polaron populations
above the VB edge to the applied potential, revealing the enhanced recombination
mechanisms of holes localized at V¢, and Vg, sites (suppression of HPF; and HPF;
through the enhancement of HT). Thus, the kinetics of both decay channels at 560 nm is
less susceptible to the applied potential due to the less HPA character observed at longer

wavelengths.

A comparison of the decay kinetics of both Cu- and Bi-deficient CBOs at 0.4 V
(Figure 3.3c) highlights the enhanced recombination tendency of the holes localized at
the Vg; and V¢, sites. The influence of the applied potential in preventing the localization
of holes and enhancing the hole transfer process in Bi-deficient CBO is minor. The results
in Figure 3.3c support our hypothesis on the dominant recombination mechanism of hole

localization at trivalent V; sites (HPF) rather than at Vi, sites (HPF1).

37



Ultrafast Charge Transport Dynamics of CuBi204 Photocathodes 38

(a) 1.0F, —— 460 nm 147 pJicm? (b)1.0 - ——460 nm 147 pJicm?
0.9 F ----- 560 nm o 211 yJ/cm? ookl T 560nm o 211 yJ/cm?
B\ ® 337 pJicm? \ ® 337 pJicm?
0.8F 0.8F t“\
< 0.7} <07} %
< <
- 0.6} 5 0.6 |
g S 8
= 05F = 0.5F
© 2 gy d T o i -
E04H VTl | Eo4f
() o
Z03F Z03F
0.2k 0.2}
0.1 0.1
o.o , b 'l L L b b O.OF 'l L b L L Il
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
Delay Time (ps) Delay Time (ps)

Figure 3.4: Pump fluence-dependent temporal TA kinetics for (a) Cu-deficient and
(b) Bi-deficient CBOs.

Polaron formation tendencies of the hole populations in the presence of Vi; and Vg,
sites are further investigated via pump fluence-dependent TAS measurements. The results
in Figure 3.4a and 4b can be explained based on the difference in the HA and HPA
saturation behavior of the 460 and 560 nm kinetics for both Vg; and V¢, sites. In
particular, data suggest that the HA saturation of the Cu-deficient CBO is stronger,
leading to a decrease in the overall absorption with increasing pump fluence. As a result,
the hole population at the V¢, sites is reduced, leading to faster recombination and shorter
T2 lifetimes at both wavelengths. In contrast, for the Bi-deficient CBO, kinetics at 460 and
560 nm are subject to different levels of saturation. As such, at 460 nm, HA saturation is
weak. Therefore hole population in the V; states increases with increasing pump fluence,
giving a retarded recombination rate and prolonged lifetime. However, at 560 nm, the
hole population remains nearly the same with increasing pump fluence, hinting at a

saturation equilibrium that requires further investigation.

Overall, the pump fluence-dependent TAS results are also consistent with the less
and more vacancy-bearing natures of the Cu- and Bi-deficient CBOs. While the in situ
potential-dependent TAS results reveal the dominant HPA character present at the shorter
wavelengths of the visible TA spectra, polaron lifetime and saturation dependence of the
VB holes in the presence of V¢, and Vg; sites is also confirmed through ex situ and in

situ TAS experiments on compositionally manipulated Cu- and Bi-deficient CBOs. The
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results contribute to the understanding of the relationship between the VB holes and mid-

gap hole polaron states at ultrafast timescales.

3.4  Conclusion

In conclusion, the effects of polaronic hole trapping on the PEC HER performance
are investigated through the compositional manipulation of CBOs in which cation
vacancies act as hole localization sites. The hole polaron formation at V; sites plays a
more significant role in limiting the charge utilization and, therefore, hinders the
photocurrent generation in CBOs to a greater extent compared to V¢, sites. The localized
holes later recombine with CB electrons and cause a decrease in the free-carrier
populations that are crucial for driving the PEC HER. Still, the probable existence of a
hole polaron state lying close to the VB edge needs further investigation with VB-
sensitive methods and element-specific domains. Direct observation of the phonon-
assisted ultrafast localization of a hole state in a p-type photocathode material remains a
difficult but intriguing experimental challenge. Such findings pave the way for a
comprehensive understanding of the photocurrent generation mechanism in
photocathodes and, therefore, can lead to the development of more efficient systems with
shorter polaron lifetimes and better charge transfer capabilities to achieve higher PEC

activities.
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Chapter 4:
INTERFACIAL CHARGE TRANSFER DYNAMICS OF Cu.0
PHOTOCATHODES

4.1 Introduction

The application of heterojunction systems to solve performance and stability issues
of photoelectrodes has been a widespread approach[95]. As a band gap engineering
method, heterojunctions make use of band edge alignment to allow the charge transfer to
occur at faster rates in photoelectrodes[96]. Therefore, understanding the charge carrier
dynamics of such photoelectrode systems is an essential aspect of heterojunction
research[97]. The processes that involve the photogenerated charge carriers in
heterojunctions span from a few fs to a s[98]. However, due to the formation of multiple
interfaces between the layers of the heterojunction photoelectrodes as well as the
electrolyte, charge carrier dynamics at the photoelectrode/electrolyte interface play the
most crucial role in determining the PEC limitations of photoelectrodes within the time
range of ps to s[99]. In this time regime, the photogenerated charge carriers can
accumulate at interfaces, recombine with other trapped carriers, take part in side reactions
that cause photocorrosion, go through de-trapping, and dissipate with the remaining
carriers[100]. There are several time- and frequency-resolved methods that are used to
track these charge carrier-related events, such as TPC and IMPS[60], [61].

In recent years, electron extraction and protection layers have been widely used to
stabilize and increase the activity of the Cu20 layer of Cu.0O-based photocathodes[101].
Several examples of such solutions include n-TiO2, Al:ZnO (AZO), metal-organic
framework (MOF), and carbon overlayers[102]. As a type-ll heterojunction,
FTO/Cu2O/TiOz is an extensively studied system in OWS research[103]. Due to a
suitable band alignment, the TiO layer acts as an electron extraction layer, preventing
the electron trapping-related self-reduction of the Cu.O layer[104]. Additionally, the
FTO/Cu.O/TiO2 may also work as a Z-scheme heterojunction and boost the interfacial
electron-hole recombination to prevent excess electron accumulation at the Cu20
surface[36]. Alongside these possibilities, a TiO2 underlayer has never been explored as
an electron extractor from the bulk of the Cu20 with an FTO/TiO2/Cu20 hierarchy.
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In this study, we utilize TPC to decipher the charge carrier dynamics of Cu,O-based
single and heterojunction photocathodes within the ms time resolution. Although the
Cux0O-based photocathodes have been studied quite extensively in recent years, the
understanding behind their charge trapping behavior upon illumination remains relatively
poor[105], [106]. Therefore, this chapter explores the FTO/TiO2/Cu20 hierarchy as a
type-11 heterojunction candidate and later provides a deeper comprehension of the charge
trapping tendencies of both the FTO/Cu.0 and FTO/TiO2/Cu20 systems through a series
of TPC experiments coupled with chopped LSV measurements and comprehensive
structural characterization results. The study also discusses the connections between the
structural properties of the Cu.O layer and the electrodeposition times regarding the

crystallinity, grain size, and amount of defects within the photocathode system.

4.2  Experimental Methods

Synthesis details of Cu20 and TiO> layers have been described in sections 2.1.1 and
2.1.3. Structural characterization experiments carried out on Cu,O photocathodes include
FESEM, EDX, XPS, XRD, Raman, and UV-vis spectroscopy. The experimental details
of structural characterization techniques used in this chapter are described in section 2.2,
The PEC performance tests carried out on Cu2O photocathodes consist of LSV. LSV
experiments are defined under section 2.3.1 and 2.3.2. Time-resolved TPC investigations

are described under section 2.4.2.

4.3 Results & Discussion

The Cu.O photocathode layer is optimized through different electrodeposition
durations. Varying grain sizes and film thicknesses dependent on the electrodepositon
time were imaged via top-view FESEM and cross-sectional FESEM imaging, shown in
Figure 4.1 and Figure 4.2. The top-view FESEM images explain the color change
observed at different deposition times. The color of the Cu20 shifts toward red due to the
larger grain formation compared to the yellow and orange colors observed at 15 and 30
min depositions (Figure 4.1a and Figure 4.1b).
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Figure 4.1: Top-view FESEM images of Cu.O photocathodes with varying
electrodeposition times: (a) 15 min, (b) 30 min, and (c) 60 min.

Additionally, the film thicknesses also increase with the deposition time, as shown
in Figure 4.2. In Figure 4.2a, the film thickness is estimated as 586 nm for the 15 min
deposited Cu20 thin film. As the deposition time doubles, the estimated film thickness
becomes 1225 nm for the 30 min deposited photocathode in Figure 4.2b. Lastly, at 60
min, the thickness reaches 2811 nm, as depicted in Figure 4.2c. Consequently, the grain

sizes, grain boundaries, and film thicknesses are expected to influence the charge trapping

properties of the Cu,O photocathode layers which eventually determines their PEC
activity and stability[107].

Figure 4.2: Cross-sectional FESEM images of Cu.O photocathodes with varying
electrodeposition times: (a) 15 min, (b) 30 min, and (c) 60 min.

The successful synthesis of bare FTO/Cu.O and FTO/TiO2 hierarchies was
confirmed through cross-sectional EDX mapping, as depicted in Figure 4.3. In Figure
4.3a, the distribution of the Sn L-edge and Cu K-edge signals in EDX mapping images
confirms the formation of a clear FTO/Cu20 junction. On the other hand, in Figure 4.3b,
a bare FTO/TiO; junction is successfully mapped with Sn L-edge and Ti K-edge signals.
The image clearly shows the TiOz sitting on top of the FTO layer.
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Figure 4.3: Cu K-edge, Sn L-edge, and Ti K-edge EDX mapping images of (a)
FTO/Cu.0 and (b) FTO/TiO2 junctions.

Cubic Cu20 crystal phase formation (cuprite — ICDD PDF: 01-074-1230) was
confirmed for all deposition times through XRD measurements. The XRD patterns shown
in Figure 4.4a confirm a dominant growth of Cu20 along the (111) plane direction with
the increased deposition time. Also, in the inset of Figure 4.4a, a shift toward smaller 20
values is observed with an increase in the deposition time. The angle of the (111) plane
of 15 min deposited Cu20 (36.58°) shifts to 36.56° for the 30 min deposited Cu20
photocathode. At 60 min deposition, the angle yet again shifts down to 36.54°. Due to the
inverse relationship between the 26 angle and interplanar lattice spacing (d-spacing), such
a shift toward smaller angles is interpreted as an increase in d-spacing and a decrease in
compressive lattice strain[108]. Therefore, it can be concluded that longer deposition
times result in less defective and highly crystalline cubic Cu20 structure. Along with the
dominant (111) plane, the existence of other facets of the cubic Cu0 structure, such as
(110) at 29.71°, (200) at 42.47°, (220) at 61.62°, (221) at 65.65°, and (311) at 73.69° are

also confirmed for the 60 min photocathode.

The reflections that belong to the FTO (SnOo, cassiterite — ICDD PDF: 01-070-4175)
substrate are also observed at 26 values of 26.59°, 33.80°, 37.83°, 51.61°, and 54.65° that
are attributed to the (110), (101), (200), (211), (220), (310), and (301) planes respectively.
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Figure 4.4: (a) XRD, (b) Raman spectra, and (c¢) UV-vis absorbance spectra of Cu0
photocathodes with varying electrodeposition times. Inset of (c): Tauc analysis to
determine the band gap values (Eq = 1.94 eV).

Raman spectra collected from the Cu.O layers with varying electrodeposition times
are also in parallel with the XRD results. In Figure 4.4b, the Raman peaks that stem from
the stretching of the Cu—O bonds in the cubic CuO lattice are observed at 110 cm™, 146
cm?, 220 cm™, 310 cm?, 412 cm?, 520 cm™, and 625 cm™* with Ey, T1y, Eu, T1u, Au, T2g,
and T1, symmetries, respectively[109], [110]. Overall, an increase in the 220 cm™ peak
intensity was observed with the increased deposition time. On the other hand, the
background intensity increase is attributed to the thinner films providing a stronger

background signal from the FTO substrate.

The UV-vis spectra of the electrodeposited Cu20 thin films in Figure 4.4c indicate
that the deposition time does not affect the absorption characteristics of the
photocathodes. Therefore, the Tauc analyses in the inset of Figure 4.4c yield almost

identical band gap values for all Cu.O photocathodes at 1.94 eV.

Figure 4.5: Top-view FESEM images of (a) FTO/Cu.0O, (b) FTO/TIO,, and (c)
FTO/TiO2/Cu20 hierarchies.

Top-view FESEM images given in Figure 4.5 show the morphological differences
between the bare Cu,0O, bare TiO2, and heterojunction hierarchies. In Figure 4.5a, a usual

Cu.0 crystal phase growth is observed while the bare TiO2 phase in Figure 4.5b has an
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amorphous look due to the previously discussed synthesis technique. When the top-view
of the heterojunction system in Figure 4.5c is compared to the bare CuO layer in Figure
4.5a, a difference in the grain sizes is observed. While the bare Cu.O layer has sharper
edges, the heterojunction consists of grains that have more rounded edges. Therefore, the
crystallinity of the FTO/Cu20O hierarchy is observed as higher than the FTO/TiO2/Cu.O.
This observation is considered to stem from the electrochemical growth of Cu.O on
amorphous TiO> resulting in a less crystalline phase due to a higher lattice mismatch than
the growth on a highly crystalline FTO substrate.

The FTO/TiO2/Cu20 heterojunction photocathode is also mapped cross-sectionally
with EDX. In Figure 4.6, the distribution of the Sn L-edge, Ti K-edge, and Cu K-edge
signals again confirms the hierarchy. The intensification of the Ti K-edge signal within
the FTO/Cu.0 interface clearly indicates the formation of a TiO2 underlayer to form the
FTO/TiO2/Cu20 order.

65 mm

04V WO: 6.5 e

Figure 4.6: Sn L-edge, Ti K-edge, and Cu K-edge EDX mapping images of (a)
FTO, (b) TiO2, and (c) Cu.0 layers of an FTO/TiO2/Cu20 heterojunction.

XRD findings on the three different hierarchies are in line with the EDX mapping
results. In Figure 4.7a, the cubic Cu2O formation is again extensively observed along the
(111) plane for both the FTO/Cu20 and FTO/TiO2/Cu20 photocathodes. However, due
to the compact-mesoporous morphology of the TiO2 layer, no XRD peaks related to the
TiO> phase were observed for both the FTO/TiO2 and FTO/TiO2/Cu20 systems. Higher
crystallinity was observed in terms of XRD peak intensities due to the shift of the (111)
plane to lower 20 degrees for the bare FTO/Cu.O system compared to the
FTO/TiO2/Cu20 heterojunction (Inset of Figure 4.7a). XRD peaks related to the FTO
layer were observed for all three systems, as expected.

The Raman spectra of the bare FTO/Cu20 and FTO/TiO2/Cu20 systems appear
almost identical, as it is shown in Figure 4.7b. Yet, a Raman peak broadening is observed

for the structurally sensitive T1, peaks of the FTO/TiO2/Cu20 heterojunction system due
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to the prolonged Raman lifetimes[109]. Additionally, Raman spectra in the inset of Figure
4.7b reveal that the compact-mesoporous TiO> layer consists of the anatase phase. The
four main Raman peaks of the anatase phase (Eg, B1g, A1g, and Eg) are observed at 145
cm™, 400 cm™, 550 cm™, and 635 cm™[111].
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Figure 4.7: (a) XRD, (b) Raman spectra, (c) UV—vis absorbance spectra, and (d)
direct band gap Tauc analyses of FTO/Cu20 (Eq = 1.97 eV), FTO/TIO; (Eg = 3.32 eV),
and FTO/TiO2/Cu20 (Eg = 1.95 V) hierarchies. Inset of (¢) and (d): UV—vis absorbance
spectra and direct band gap Tauc analysis of FTO/TiO2 junction, respectively.

The UV-vis spectra and direct band gap Tauc analyses given in Figure 4.7c and
Figure 4.7d show that the FTO/Cu.O and FTO/TiO./Cu2O systems do not differ
drastically in terms of absorption characteristics and band gap values. The direct band

gap value of the bare FTO/Cu>O system is estimated as 1.97 eV, while the
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FTO/TiO2/Cu20 heterojunction has a direct band gap of 1.95 eV. This similarity is an
expected outcome due to the thick layer of Cu20 blocking the light absorption of the TiO>
underlayer. Nevertheless, the absorption spectrum and band gap values of the bare
FTO/TiO2 system are given in the insets of Figure 4.7c and Figure 4.7d, respectively.
Accordingly, the direct band gap of the FTO/TiO; is estimated as 3.32 eV.

The XPS results given in Figure 4.8a support the previously discussed structural
characterization findings and confirm that the surfaces of both FTO/Cu.O and
FTO/TiO2/Cu20 systems are dominated by the Cu™ species. Yet, a broadening is observed
for both the Cu 2py2 (951.9 eV) and Cu 2psr (932.0 eV) peaks of the heterojunction
system. This finding supports the previous discussions about the lower crystallinity of the
Cu20 surface within the FTO/TiO2/Cu.O system with respect to the bare FTO/Cu20
junction. Additionally, the broadening could be the indication of an oxygen-deficient
structure due to a broader Cu oxidation state distribution resulting from the oxygen
defects within the lattice. Similar inferences can also be made from the Cu LMM Auger

spectra depicted in Figure 4.8b.
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Figure 4.8: (a) Cu 2p, (b) Cu LM2 Auger, (c) Ti 2p, and (d) O 1 s XPS spectra of
FTO/Cuz0, FTO/TiO2, and FTO/TiO2/Cu20 hierarchies.

On the other hand, the Ti 2p spectra given in Figure 4.8c confirm that the surface of
the bare FTO/TiO, system consists of Ti* species. The Ti 2pa2 and Ti 2pz2 peaks at 464.3
eV and 458.5 eV correspond to a 4+ oxidation state for the Ti atoms on the surface. Such
peaks are not observed for the FTO/TiO2/Cu»0 system due to the thickness of the Cu.O

on the top, as expected.

Lastly, the O 1s spectra for all three systems in Figure 4.8d indicate the existence of
lattice oxygen species (O%) for both the Cu.0 and TiO layers at 530.2 eV and 529.8 eV,
respectively. Furthermore, surface-adsorbed hydroxyl species of OHaq give a shoulder at
531.7 eV and 531.2 eV for the FTO/Cu20 and FTO/TiO2/Cu.O systems, respectively.
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Meanwhile, the FTO/TiO, system also has its OHaq peak at 531.7 eV. The 0.5 eV low
binding energy shift of the OHa peak for the heterojunction system hints at a more
negative average oxidation state for these oxygen species compared to the FTO/Cu.0 and
FTO/TiO systems. This finding is again in parallel with the discussions made previously
on the less crystalline and oxygen-deficient nature of the FTO/TiO2/Cu,0 system. Such
a system would be expected to have a more positively charged surface due to the oxygen

vacancies and, therefore, lower the OHaqg binding energies[112].

PEC activity and stability of Cu.O layers with varying deposition times were scanned
through five consecutive chopped LSV scans between 0.5 V and 0.0 V vs. RHE under
front and back illumination conditions. In Figure 4.9a, the poor PEC stability of the 15
min electrodeposited photocathode can be observed right after the first front illuminated
chopped LSV scan. The photocurrent density produced at 0.1 V drops by 66% during the
second LSV measurement and keeps falling until the fifth scan. Following the front-
illuminated measurements, the poor photocurrent response under back illumination is also

depicted in the inset of Figure 4.9a.
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Figure 4.9: Five consecutive front-illuminated chopped LSV scans of (a) 15 min, (b)

30 min, and (c) 60 min electrodeposited Cu20O photocathodes and (d) comparison of the
fifth front-illuminated chopped LSV scans. Insets (a), (b), and (c) include five consecutive
back-illuminated chopped LSV scans of photocathodes, and inset (d) consists of a
comparison of the fifth back-illuminated chopped LSV scans.

The photocurrent performance and stability of the 30 min electrodeposited Cu20
photocathode under front illumination in Figure 4.9b and under back illumination in the
inset of Figure 4.9b is greater than the 15 min photocathode. Yet, the best PEC activity
and stability under both front and back illumination is obtained with the 60 min

electrodeposited Cu,O photocathode, as can be seen in Figure 4.9¢ and its inset.

Finally, the comparison of the fifth front and back-illuminated LSV scans of each

photocathode is given in Figure 4.9d and its inset. This comparison clearly shows that the

50



Interfacial Charge Transfer Dynamics of Cu20 Photocathodes 51

60 min electrodeposited Cu20 photocathode has superior PEC activity and stability due
to the previously discussed structural properties such as larger grain size, less defective,

and highly crystalline cubic Cu2O structure.
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Figure 4.10: Potential-dependent TPC measurements taken from 60 min
electrodeposited Cu.O photocathode under (a) front and (b) back illumination conditions
with their stacked representations for 0.3-0.0 V in (c) and (d), respectively. Roman
numerals in (a) indicate the photoinitiated charge carrier processes. I: cathodic electron
accumulation due to the photoexcitation with the LED pulse, Il: recombination of the
photogenerated electrons with the surface trapped holes, Ill: photoreduction of the
photocathode surface, 1V: periodic oscillation of the photocurrent response named as
“wiggles”, V: anodic hole accumulation due to the surface trapped holes exceeding the
number of electrons following the end of the interaction with the LED pulse, VI:
recombination of the trapped holes with the remaining electrons. Insets of (c) and (d)
provide a close-up view of the wiggles.
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Charge carrier-related events that occur at the photocathode interfaces within the ms
timescale are investigated via potential-dependent TPC experiments. Accordingly, these
charge carrier processes are shown in Figure 4.10a with Roman numerals. Although these
processes are mutually observed under back illumination conditions in Figure 4.10b, the
assignment of the charge carrier events is done with the front-illuminated results due to

the achieved higher current resolution.

Following the interaction with an LED pulse, the first event that is observed is the
cathodic electron accumulation spike, denoted as | in Figure 4.10a. This feature stems
from the formation of photogenerated electrons at the CuO surface. It dissipates fast due
to the recombination of these electrons with the surface trapped holes at the Cu* or V¢,

sites denoted as Il.
Cu,0 + H,O +2¢ & 2Cu + 20H (+0.47 V vs. SHE) (Eq. 4.1)
2Cu0 + H,0 + 2¢” < 2Cu,0 +20H (+0.60 V vs. SHE) (Eq. 4.2)

As the recombination of the excess carriers ends, remainder of the photoexcited
electrons give rise to a photoreduction peak (denoted as I11) below 0.3 V that occurs either
from the reduction of Cu*to Cu® (Eq. 4.1) or Cu?* to Cu* (Eq. 4.2). Regarding the
reduction potentials of these processes, previously discussed XPS results, and the
potential-dependent observations in Figure 4.10a, this photoreduction peak is assigned to

the reduction of Cu*to CuC.

The photoreduction peak is followed by a rather strange but intriguing feature, which
is the periodic oscillation of the photocurrent signal. This event is denoted as 1V in Figure
4.10a and is called the wiggle behavior[56]. The periodic oscillations that are observed
along the photocurrent baseline include continuously revolving anodic and cathodic
events, as can be seen clearly in Figure 4.10c and its inset. However, the intensity of these
wiggles falls almost under the noise limits under back illumination conditions (Figure
4.10d) due to the lower current resolution. Yet, the wiggles are not considered to result
from the HER processes that occur at the photocathode/electrolyte interface but from the
side processes that involve the consumption of photogenerated charge carriers. Still, the

origin of these wiggles remains an interesting topic that requires further investigation.
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As the interaction between the LED pulse and the photocathode system comes to an
end, most of the photogenerated electrons at the surface quickly dissipate. This gives rise
to an excess hole population that was previously occupying the surface trap sites of Cu*
or Vg, origin. Due to this excess hole population at the surface, an anodic response is
observed, denoted as V. Following the positive charge build-up at the photocathode
surface due to hole trapping, these trapped holes recombine with the remaining minority

electrons until the system reaches a steady state (denoted as VI).

When these six processes are considered in relation to each other, it is observed that
there is a direct correlation between the intensity of I and I11. Therefore, it can be claimed
that the amount of electron accumulation at the photocathode surface intensifies the
photoreduction peak. Additionally, the intensity of the wiggles in IV was also observed
to increase with the intensity of I, therefore indicating the accumulated charge carrier-
related origin of such wiggles. Lastly, the intensity of V is observed as inversely
proportional to the intensities of I, I11, and IV. This is clearly due to the smaller number
of holes sitting at the trap sites of Cu* or V, origin at lower potentials. All six events are,
therefore, associated with the intensity of the applied potential and induction of higher
photocurrent.
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Figure 4.11: Five consecutive cathodic chopped LSV scans of bare TiO2 under (a)
front and (b) back illumination conditions. Potential-dependent TPC measurements were
taken from bare TiO2 under (c) front and (d) back illumination conditions.

The PEC activity and the stability of the bare TiO2 layer, as well as its TPC response,
were also tested to develop an understanding of the possible effects of the TiO2 as an
underlayer. According to the cathodic front-illuminated chopped LSV results in Figure
4.11a, TiO2 shows a minor photocurrent response that decays steadily from 0.5 V to 0.0
V. On the other hand, under back-illuminated conditions, the photocurrent is mostly lost

under 0.1 V, as can be seen in Figure 4.11b.

In terms of TPC response, no significant signal was detected due to the LED
spectrum being mostly limited to the visible region. Since the direct band gap of TiO2

was also estimated as 3.32 eV from the Tauc analysis, the LED’s visible light was not

54



Interfacial Charge Transfer Dynamics of Cu20 Photocathodes 55

expected to excite the system. Still, a few pA/cm?’s of photocurrent density was observed
both under front and back LED illumination which can be seen in Figure 4.11c and Figure
4.11d.

Once the PEC activity and stability of bare Cu20O and TiO: layers are understood
along with their TPC response, the FTO/TiO2/Cu.O heterojunction was further
investigated under the same methods and conditions. Figure 4.12a and its inset include
the five consecutive chopped LSV scans of the heterojunction system under front and
back illumination conditions. According to these results, the overall PEC activity of the
heterojunction system was found to be less than the FTO/Cu.0O system. However, an
increase in stability was also noticed. This stability could also be linked to the low
cathodic photocurrent performance, causing the photocathode to go through less self-
reduction. However, the anodic photocurrent performance above 0.3 V under back
illumination in the inset of Figure 4.12a indicates the successful synthesis of the
FTO/TiO2/Cu20 hierarchy. From this perspective, the anodic photocurrent exceeds the
anodic photocurrent of the FTO/TiO; system by more than ten times under the same
conditions. Therefore, it is clear that there is a collective photoabsorption occurring inside
the heterojunction system, which includes both absorption cross-sections of the TiO2 and
Cu20 layers when the system is illuminated from the back. Such a joint absorption is also
beneficial in terms of providing a platform to study both the anodic and cathodic charge

carrier processes within the same system in a potential range as narrow as 0.5-0.0 V.

Front-illuminated potential-dependent TPC results given in Figure 4.12b are found
to be similar to the previously discussed FTO/Cu.0 results except for the photoreduction
peak (I11) and the wiggles (V). Accordingly, the potential dependence of almost all
charge carrier processes is once again observed. Yet, the intensity of these events was
higher compared to the FTO/Cu.O system due to the collective absorption effects.
Mainly, processes | and V, which heavily rely on the population of the trapped carriers at
the photocathode surface, occur at higher intensities. Therefore, this can be claimed as
another indication of the heterojunction between the Cu.O and TiO> causing the transfer

and accumulation of the excess charge carriers at the photocathode surface.
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Figure 4.12: (a) Five consecutive front-illuminated chopped LSV scans of the
FTO/TiO2/Cu20 heterojunction. Potential-dependent TPC measurements taken from the
FTO/TiO2/Cu20 heterojunction under (b) front and (c) back illumination conditions. (d)
Stacked representation of the potential-dependent TPC measurements taken from the
FTO/TiO2/Cu20 heterojunction under back illumination conditions for 0.5-0.3 V. Inset
of (a) includes five consecutive back-illuminated chopped LSV scans of the
FTO/TiO2/Cu20 heterojunction.

In particular, the back-illuminated potential-dependent TPC measurements in Figure
4.12c show the most exciting results. While an anodic photocurrent behavior is observed
for the 0.5-0.3 V interval, the photocurrent switches to cathodic behavior below 0.3 V.
This is important due to the heterojunction system being able to drive both OER and HER
within a narrow potential range. Hence, the carrier dynamics of the whole system are

observed to switch in direction at around 0.3 V.
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When looked at in detail, the broad anodic hole accumulation peak at 0.5 V is
followed by intense wiggles with no negative cathodic offshoot at the light cut-off. This
means that the trapping of the charge carriers does not occur at this potential, and the
system is highly efficient at driving PEC OER. It is also vital to notice that the OER
photocurrent once again exceeds the bare FTO/TiO2 photocurrent even under LED
illumination due to the collective absorption with the Cu2O layer. Therefore, it is evident
that the photogenerated holes at the TiO2/Cu20 interface play an essential role in driving
the OER at the Cu.O/electrolyte interface.

As the potential is lowered in the cathodic direction, the hole trapping process
intensifies as it can be seen from the positive offshoot appearing at the light cut-off at 0.3
V. Due to the enhanced hole trapping, electron accumulation at the light switch-off also
intensifies. The accumulated electrons at the photocathode surface later recombine with
the trapped holes as it was previously described in the FTO/Cu20 system. Still, the
electron trapping is expected to be seriously hindered with the introduction of the TiO;

underlayer.

The intensity of the wiggles reaches its peak at 0.5 V for the heterojunction system,
as depicted in Figure 4.12d. Meanwhile, the bare Cu,O shows its most intense wiggle
behavior at 0.0 V. Regarding these outcomes, the origins of the wiggles can be assigned
to the trapped charge carrier species in each system under a certain applied potential.
Coherently, the surface electron trapping is thought to be the main cause of the wiggles
at 0.5 V for the FTO/TiO2/Cu.0 system, while the wiggles at 0.0 V for the FTO/Cu.0
system originate from the side processes that involve surface trapped holes. These
assignments are also in parallel with the previously pronounced structural characteristics
of both systems. The oxygen-defected nature of the FTO/TiO2/Cu20 system is prone to

electron trapping, while the FTO/Cu,O bears possible hole trap sites such as Cu® or

intrinsic Ve,
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Figure 4.13: Comparison of the potential-dependent TPC measurements taken from
the FTO/Cu20, FTO/TiO, and FTO/TiO2/Cu20 systems under front illumination at (a)
0.5V, (b) 0.3V, (c) 0.0 V and back illumination at (a) 0.5V, (b) 0.3V, (c) 0.0 V.

Comparison of the potential-dependent TPC responses of the bare Cu20, bare TiOg,
and heterojunction systems at the critical potential values of 0.5, 0.3, and 0.0 V are shown
in Figure 4.13. Accordingly, the front illumination works the same way for all three
hierarchies in terms of potential response. Due to a thick layer of Cu2O on top of the
heterojunction system, most of the TPC response emerges from the charge carrier
dynamics in this layer. It is important to notice that none of the systems are able to produce
photocurrent at 0.5 V, as can be seen in Figure 4.13a. Still, because of the heterojunction
effect, the FTO/TiO2/Cu20 system gives the highest TPC response in terms of charge
accumulation, recombination, stabilized photocurrent, and anodic offshoot intensities at

0.3 and 0.5V, as represented in Figure 4.13b and Figure 4.13c.

On the other hand, under back illumination conditions at 0.5 V (Figure 4.13d), the
heterojunction system produces its highest anodic photocurrent response, while the bare
Cu20 and TiOz systems give almost zero photoactivity. Moreover, what happens at the
photocurrent behavior switch of the heterojunction system at 0.3 V is clearly visible in
Figure 4.13e. The system traps high numbers of electrons before producing an anodic

photocurrent, while the FTO/Cu20 system begins to show a cathodic photocurrent
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response at the same potential. This is also confirmed by the negative offshoot occurring
at the light switch-off, followed by the dissipation of the trapped electrons with holes.
Eventually, in Figure 4.13f, both the FTO/Cu.0 and FTO/TiO2/Cu20 systems start to
behave similarly cathodic at 0.0 V.

Supported by the structural characterization results and PEC performance tests, the
TPC findings shed light on the complex charge carrier dynamics of the FTO/TiO2/Cu,0

heterojunction photocathode system, as well as bare Cu.O as a photocathode.

4.4  Conclusion

In conclusion, light-induced charge carrier events such as electron and hole trapping
are investigated on both the FTO/Cu.O and FTO/TiO2/Cu,O systems via potential-
dependent TPC experiments combined with chopped LSV experiments under front and
back illumination conditions and various structural characterization techniques. The
results clearly show that the FTO/Cu20 system suffers from hole trapping, and the
introduction of the TiO2 changes this behavior more towards electron trapping, resulting
in enhanced hole utilization dynamics as well as improved stability. Although these
results hint at the possible origins of the periodic oscillations observed along the
photocurrent response, these wiggles remain a mysterious finding that might contain a lot
more information about the side processes that occur in parallel with the PEC OER and
HER on the photocathode surface. The effect of electrodeposition times on the structural
properties and PEC performances of Cu,O photocathodes was also investigated. The
findings show that longer deposition times result in highly crystalline photocathodes with
larger grain sizes and less number of defects. Overall, the study makes connections
between the structural integrity and photoactivity of single and heterojunction Cu,O
photocathodes by providing deep insights into the charge carrier mechanisms that hinder
the PEC HER activities.
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Chapter 5:
SUMMARY & OUTLOOK

In summary, this thesis aims to draw attention to the importance of understanding
the charge carrier dynamics in PEC HER research by utilizing time-resolved methods on
intriguing photocathode structures. The effects of vacancy defects, as well as
heterostructures are investigated from the perspective of ultrafast charge transport and

relatively slower interfacial charge transfer dynamics.

In the first part of the thesis, ultrafast charge transport dynamics of CBO
photocathodes are investigated. The study aims to fabricate intrinsically p-type, Cu- and
Bi-deficient CBO photocathodes to characterize and investigate the effects of cation
vacancies on the ultrafast charge transport dynamics in the scope of PEC HER. As a
combinational investigation, the study comprises advanced characterization techniques,
comprehensive PEC performance tests, and ex situ/in situ TAS experiments to unravel
the different polaron formation tendencies which affect the PEC HER performances of
Cu- and Bi-deficient CBO photocathodes. Accordingly, Bi vacancies possess a greater
tendency to polaronically trap photogenerated holes and therefore hinder the photocurrent
generation in Bi-deficient CBO to a larger extent. Yet, the hole polaron concept needs
further comprehension both in CBO and all other photocathodes through element-specific

and time-resolved spectroscopic methods.

In the second part, interfacial charge transfer dynamics of Cu>O-based single and
heterojunction photocathodes are investigated. Heterojunction systems play a crucial role
in enhancing interfacial charge transfer dynamics. In this context, photocathodes with
FTO/Cu20 and FTO/TiO2/Cu20 hierarchies were fabricated and characterized using
various bulk- and surface-sensitive characterization methods. Their PEC activity and
stability were examined through consecutive LSV scans and TPC measurements under
long- and short-pulsed light conditions, respectively. The experimental findings suggest
that the bare Cu.O photocathode suffers from surface hole trapping while the
heterojunction photocathode exhibits electron trapping due to its anodic character. In
addition, the observation of the periodic photocurrent oscillations, which hint at the

existence of side processes that go in parallel with the PEC HER, is an attractive finding.
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Nonetheless, the roles of surface-trapped charge carriers in these side processes require

further in situ time-resolved investigations to unravel their mysteries.
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Chapter 7:
APPENDIX

7.1  Supporting Information for Chapter 3

Table 7.1: (a) Cu:Bi ratio of Cu-deficient and Bi-deficient CBO thin-film
photocathodes and pristine CBO powder.

Cu:Bi Ratio
CBO powder 0.54
Cu-deficient 0.46
Bi-deficient 0.67
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Figure 7.1: (a) EDX spectra of CBO powder (Cu:Bi = 0.54), Cu-deficient (Cu:Bi =
0.46), and Bi-deficient (Cu:Bi = 0.67) CBO. Cross-sectional SEM images of (b) Cu-
deficient and (c) Bi-deficient CBO photocathodes.
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Figure 7.2: (a) XRD, (b) Raman spectra, and (c) UV-vis absorbance spectra of Cu-
deficient (Eg = 1.63 eV) and Bi-deficient (Eg = 1.71 eV) CBOs. Inset of (c): Tauc
analysis to determine the band gap values. The (a) reflections at 26.59° (110), 33.82°
(101), 37.79° (200), 51.63° (211), 54.58° (220), 61.65° (310), and 65.62° (301) belong
to the FTO (SnO, cassiterite — PDF 01-070-4175) layer.
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Table 7.2: The crystallite size and strain of the CBO photocathode were estimated
from the analysis of the XRD data.

CBO Crystallite Size (nm) | CBO Strain
Cu-deficient 139.6 0.354
Bi-deficient 120.9 0.763
Positron Penetration Depth (nm)
(@) 0 14 43 83 131 187 251 (D)
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Figure 7.3: DBS of positron annihilation (a) S-parameter vs. incident positron
energy (positron penetration depth) and (b) S-parameter vs. W-parameter graphs. The fit
lines are shown as dashed lines.
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(a)
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measurements.
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Figure 7.4: (a) Cu 2p, (b) Cu LMM Auger, (c) Bi 4f, and (d) O 1 s XPS spectra of
Cu-deficient and Bi-Deficient CBOs.

Table 7.3: Z-fitting results of Nyquist plots obtained from potential-dependent PEIS
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