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ABSTRACT

Fundamental Charge Transfer and Utilization Processes of
CdS Photoanodes for Photoelectrochemical Hydrogen

Production from H20 and H2S Splitting

Elif Oyki Alagoz
Master of Science in Chemistry
August 2023

Photoelectrochemical (PEC) green hydrogen production is one of the most
important clean energy technologies as an efficient, facile, and promising approach to
produce green hydrogen which is a carbon neutral, storable, and transportable
alternative to fossil fuels. There are different reactions which are utilized for hydrogen
production and the most important one is H>O splitting as a non-toxic and available
source. Another very important, yet less studied reaction is HaS splitting which is a
thermodynamically less hindered process than H>0. However, its applications remained
unconsidered due to experimental difficulties and its high toxicity. H2S is a very critical
subject for refinery industry, and it will be even more important as green hydrogen
production gains more attention. Over time, serious consequences of global warming
and the rising energy demand of the society have initiated extensive research on
semiconductor materials that can be utilized as photoelectrodes. Among all, CdS is
suitable as a photoanode for solar to hydrogen energy conversion because of its narrow
bandgap, suitable band-edge alignment for H.O and HS splitting half reactions, and
facile fabrication. However, it suffers from photocorrosion and instability due to surface
charge recombination. Extensive PEC characterization studies showed that improving
hole extraction and utilization on the CdS surface is crucial for efficient PEC
conversion. So far, the research on CdS was more focused on modifying it with
different materials to benefit from its superior qualities rather than understanding the
reasons behind activity loss.

In this dissertation, the fundamental charge carrier dynamics at
photoanode/electrolyte interface and possible pathways for light-induced deactivation of
pristine CdS were studied in detail by using transient photocurrent (TPC)
measurements. H20 and H2S were used as hydrogen sources. For the H>O splitting, we
showed that hexadecyltrimethylammonium bromide (CTAB) coordinated to surface
sulfur vacancies facilitates the charge separation and utilization by passivating the
electron trapping on the surface. Tuning the surface characteristics of the CdS
photoanodes with the CTAB diminished the surface hole accumulation and increased
the injection efficiency from 0.61 to 0.99 at 1 V by a surface passivation mechanism
where Br~ of CTAB occupies surface sulfur vacancies and acts like a hole-extracting
layer on the CdS surface, passivates the surface charge recombination, and improves
efficiency.



Secondly, atomic layer deposition (ALD) was used to deposit a thin layer of
TiO2 on CdS surface, which can be used to suppress electron trapping. Although
ultrathin passivation overlayers are well-known for their positive effect on PEC activity
of photoelectrodes, TiO2 on CdS is an inefficient way to passivate charge trapping
according to the findings of this study. In fact, it exhibited negative effect on PEC water
splitting activity especially with high overlayer thickness. We used X-ray photoelectron
spectroscopy (XPS) and energy dispersive X-ray spectroscopy (EDX) to monitor the
TiO2 overlayer growth and investigated the surface, optical and crystal structure
properties by UV-vis spectroscopy and X-ray diffraction (XRD) analysis.
Chronoamperometry (CA) measurements at different potentials were used to investigate
the change in TPC behavior with different TiO, overlayer thickness.

For the HS splitting, we tested bare and TiO> modified CdS photoanodes and
analyzed the stability and charge transfer processes by using surface sensitive and PEC
characterization methods such as the XPS, CA and TPC in HS feeded alkaline
electrolyte. The stability and PEC activity of CdS were rather promising in the presence
of Hz2S considering its poor stability in H20 splitting. After providing an electron
trapping mechanism for CdS where surface sulfur vacancies and light-induced S*-
dissolution play an important role in the deactivation process, H.S feeded electrolyte
was found to have a recovery effect for CdS photocorrosion. Furthermore, TiO>
overlayers showed a reversed effect in H>S splitting by increasing the photocurrent
density of bare CdS by 53% at 0.8 V.

This work might be an important contribution for further studies on CdS and
other photoelectrodes to enhance the understanding of charge utilization processes at
photoanode-electrolyte interfaces by providing a detailed and systematic analysis of the
charge carrier dynamics.



OZETCE

H20 ve H2S Ayristirmasi ile Fotoelektrokimyasal Hidrojen Uretimi icin CdS
Fotoanotlarin Temel Yiik Transferi ve Kullamim Siirecleri
Elif Oyku Alagoz
Kimya, Yuksek Lisans
Agustos 2023

Fotoelektrokimyasal (PEC) yesil hidrojen iiretimi, fosil yakitlara karbon nétr,
depolanabilir ve taginabilir bir alternatif olan yesil hidrojen iiretmek i¢in verimli, kolay
ve gelecek vaat eden bir yaklasim olarak en 6nemli temiz enerji teknolojilerinden
biridir. Hidrojen {iretimi i¢in kullanilan farkli reaksiyonlar vardir ve en 6nemlisi toksik
olmayan ve erisilebilir bir kaynak olarak su ayristirmasidir. Bir bagka ¢ok 6nemli, ancak
daha az caligilan reaksiyon, termodinamik olarak H>O’dan daha az zorlu bir reaksiyon
olan H2S aynistirmasidir. Ancak deneysel zorluklar ve ylksek toksisite nedeniyle
uygulamalar1 gereken ilgiyi gormemistir. HoS rafineri endistrisi i¢in ¢ok Kritik bir
konudur ve yesil hidrojen iiretimi daha fazla ilgi gordilkkce o da daha ¢ok Onem
kazanacaktir. Zamanla kiiresel 1sinmanin ciddi sonuglar1 ve ciddi sonuglar1 ve toplumun
artan enerji talebi, fotoelektrot olarak kullanilabilen yari-iletken malzemeler tzerinde
kapsamli aragtirmalar1 baglatti. Bunlarin arasinda CdS, dar bant araligi, H2O ve H2S
ayristirma yar1 reaksiyonlar1 i¢in uygun bant-kenar hizalanmasi ve kolay firetimi
nedeniyle giinesten hidrojene enerji doniisiimii icin bir fotoanot olarak uygundur.
Bununla birlikte yiizey yiik rekombinasyonu nedeniyle fotokorozyon ve istikrarsizliktan
miizdariptir. Simdiye kadar, CdS iizerine yapilan arastirmalar, aktivite kaybinin
arkasindaki nedenleri anlamaktan ¢ok, iistiin niteliklerinden faydalanmak i¢in onu farklh
malzemelerle modifiye etmeye odaklanmisti.

Bu tezde fotoanot/elektrolit arayiiziindeki temel yilik tasiyict dinamikleri ve
bozulmamig CdS’nin 151k kaynakli deaktivasyonu i¢in olas1 yollar, gecici fotoakim
(TPC) olgiimleri kullanilarak ayrintili olarak incelenmistir. Hidrojen kaynagi olarak
H2O ve H2S kullanilmistir. H2O ayristirmasi igin, yiizeydeki kiikiirt bosluklarina
koordine edilen hekzadesiltrimetilamonyum bromdiriin (CTAB), yuzeydeki electron
yakalamay1 pasiflestirerek yiik ayrilmasini ve kullanimini kolaylagtirdigimi gosterdik.
CdS fotoanotlarinin yiizey 6zelliklerinin CTAB ile ayarlanmasi, ylizeyde pozitif delik
birikimini azaltti ve CTAB’in Br™ bileseninin ylizey kiikiirt bosluklarin1 doldurdugu ve
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bir pozitif delik ¢ikarici katman gibi davrandigi bir yiizey pasivasyon mekanizmasi ile 1
V’de enjeksiyon verimliligini 0.61’den 0.99’a yiikseltti, yiizey yiik rekombinasyonunu
azaltt1 ve ylizeyi pasiflestirdi.

Ikinci olarak, electron yakalamay1 bastirmak i¢in kullanilabilecek baska bir hafif
ylzey isleme yontemi saglamak i¢in CdS ylizeyi iizerinde incre bir TiO2 tabakasi
biriktirmek i¢in atomik katman biriktirme (ALD) kullanildi. Ultra ince pasivasyon iist
katmanlari, PEC aktivitesi Uzerindeki olumlu etkileriyle bilinmesine ragmen, CdS
Uzerindeki TiO2’nin yiik yakalamayi pasiflestirmenin verimsiz bir yolu oldugu
kanitlanmistir. Aslinda, 6zellikle yiiksek {ist tabaka kalinligi ile PEC aktivitesi tizerinde
olumsuz bir etkiye sahiptir. TiO, Ust katman biylmesini izlemek icin XPS, raman
spektroskopisi ve enerji dagilimli X-1g1n1 spektroskopisi kullandik ve UV spektroskopisi
ve X-1sim1 kirinimi (XRD) ile optic, kristal yap1 ve yiizey Ozelliklerini Analiz ettik.
Farkli TiO; tist katman kalinlig1 ve TPC davranisindaki degisikligi arastirmak icin farkl
potansiyellerde kronoamperometri (CA) 6lgtimleri kullanildi.

H2S ayristirmasi igin TiO2 ile modifiye edilmis CdS numunelerini test ettik,
CdS’nin H2S beslemeli alkalin alektrolit igindeki gelistirilmis stabilitesini analiz etmek
icin XPS ve kronoamperometri (CA) sonuglarini analiz ettik. CdS’nin istikrar1 ve PEC
aktivitesi, H2O ayrigtirmasindaki zayif istikrar1 dikkate alindiginda, H2S varliginda
oldukca umut vericiydi. Yizey kikirt bosluklarinin ve 1sikla indiiklenen S%
¢cozlinmesinin deaktivasyon siirecinde 6nemli bir rol oynadigi CdS ig¢in bir electron
yakalama mekanizmasi sagladiktan sonra, H>S ile beslenen elektrolitin CdS
fotokorozyonu i¢in bir geri kazanim etkisine sahip oldugu bulundu. Ayrica TiO2 Ust
katmanlari, bozulmamig CdS’nin fotoakim yogunlugunu 0.8 VRHE’de %53 arttirarak
H>S bélinmesinde ters bir etki gostermistir.

Bu calisma, yiik tasiyict dinamiklerinin ayrintili ve sistematik bir analizini
saglayarak fotoanot/elektrolit arayiizlerinde yiik kullanim siire¢lerinin anlasilmasini
gelistirmek icin CdS ve diger yari iletken fotoelektrotlar {izerine yapilacak daha ileri

calismalar i¢in 6nemli bir katk1 olabilir.
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Chapter 1:

Introduction

Through the years, the increase in anthropogenic CO- levels in the atmosphere
caused harmful effects on human health and environment, which prompted scientists to
investigate alternative solutions to provide a sustainable, accessible, green, and
affordable energy source to satisfy the ever-growing energy demand of the society.
Hydrogen is one of the most promising options as a carbon neutral, storable and
transportable energy source. There are various ways to produce hydrogen such as
thermal treatment of natural gas, catalytic decomposition of methanol, biomass
conversion, hydrocarbon reforming, and electrolysis of H,O'. Among all hydrogen
production technologies, light-driven photoelectrochemical (PEC) water splitting using
semiconductor materials has superior qualities such as low cost, facile construction, and
high efficiency?. Moreover, it is more appealing than other methods mentioned above
because it utilizes sunlight which is the most available energy source. There is no doubt
that this technology will gain even more attention in near future as a more sustainable

energy source than fossil fuels.

1.1  Fundamentals of Photoelectrochemical H-O Splitting

The idea of splitting water into H> and O2 by using PEC hydrogen production
through semiconductor materials goes back to 1972 when Fujishima and Honda used
TiO2 photoanode in an electrochemical cell®*. Their discovery has initiated extensive
research on various materials that can be utilized for PEC water electrolysis. There are
three main processes taking place in PEC water splitting. Photo-induced excitation of
charge carriers (electron-hole pairs), separation of these charge carriers and their
injection to the electrolyte for water splitting half reactions. Depending on the type of
abundant defect or dopant, a semiconductor material can be classified as either n-type or
p-type.

For the n-type semiconductors, there should be a dopant which acts like an
electron donor since the majority charge carriers of n-type semiconductors are electrons.
Meanwhile p-type semiconductors have positively charged holes as the majority charge
carriers. Semiconductor materials can take n or p-type characteristics not only from

different dopants or impurities but also from their native defects. For example, oxygen
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vacancies are intrinsic defects which give n-type character to the metal oxide
semiconductor materials such as BiVOa, TiO,, Fe,03, and WO3°. These defects or
dopants determine the energy band positions of the semiconductor materials which are
shown in Figure 1.1 where Evs, Ecs, and Er are the energy levels of valance band (VB),

conduction band (CB), and Fermi level, respectively.

Intrinsic n-type p-type
Ecp Ecp Ecp
------------------ E;
------------------ Ep
------------------ Ep
Evg Eyg Evg

Figure 1.1 Energy band diagram of intrinsic, n-type, and p-type semiconductors.

In an intrinsic semiconductor, also known as pure semiconductor without any doping,
the density of electrons is equal to the density of positively charged holes. Fermi level is
defined as the highest energy level an electron can occupy at O K and it is expected to
locate in the middle of Eve and Ecs of an intrinsic semiconductor which are equivalent
to highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO). In the case of an n-type semiconductor where the relative density of charge
carriers is disturbed by a dopant or impurity which contributes to the electron density,
Fermi level shows an upward shift towards the CB and vice versa for p-type
semiconductors®. This band alignment is very important to understand the fundamental

principles behind PEC water splitting mechanism.

1.1.1 The Concept of Band Bending and Space Charge Layer

One of the most important phenomena for PEC water splitting is the concept of
band bending. As explained before, n-type and p-type semiconductors show differences
in their energy band diagram due to their different majority charge carriers. This
difference also affects the behavior of Evs and Ecs when the semiconductor

photoelectrode is in contact with an electrolyte.
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Figure 1.2 Band bending in n and p-type semiconductors before and after electrolyte contact’.

When the photoelectrode is in contact with the electrolyte, there is an ionic interaction
at the interface where they try to align their Fermi levels and form band bending
structure. In Figure 1.2, the band bending of n and p-type semiconductors are shown
with the energy levels where Eve, Ecs, Evac, Er, Er redox, and Erequil are the energies of
VB, CB, vacuum level, Fermi level of the semiconductor itself, and the equilibrium
Fermi level. At the photoelectrode/electrolyte interface, there is a flow of electrons from
the photoelectrode to the electrolyte or vice versa depending on the n/p type
characteristics. As a result of this electron flow, a space charge layer (SCL) forms at the
photoelectrode/electrolyte interface. Since the majority charge carriers are electrons in
n-type semiconductors, the direction of this flow is from the photoelectrode to the
electrolyte, which results in upward band bending and vice versa for the p-type
semiconductors. This ionic interaction explains the utilization of electrons and holes in
their respective water splitting half reactions which are hydrogen evolution reaction
(HER), and oxygen evolution reaction (OER) where reduction and oxidation reactions
take place. Therefore, semiconductor materials that are going to be used in HER and
OER should be chosen from p-type and n-type materials, respectively. These half
reactions follow different paths depending on the pH of the medium. See the HER and

OER reaction in alkaline and acidic electrolytes below?:



Alkaline Water Splitting

4H,0 + 4¢” = H, + 4OH"  (HER) EX;=-0.83 V (vs RHE)
40H +4h* 2 2H,0 + O, (OER) ES, =—0.4 V (vs RHE)
Acidic Water Splitting

4H* + 4e” — 2H; (HER) E%,; =0V (vs RHE)

2H,0 + 4h* — O2 + 4H* (OER) E% =-1.23V (vs RHE)

The thermodynamically required potential of overall water splitting potential is 1.23 V
which is rather higher than self-driven built-in potentials of the semiconductor
materials. This can be tuned by applying a bias to have enhanced band bending and
charge separation.

The semiconductor photoelectrodes used in HER and OER are named photocathode and
photoanode, respectively. These reactions simultaneously take place in a PEC cell.

A PEC cell can be constructed by using either single semiconductor material as
photoanode/photocathode or one n-type material as photoanode and one p-type material
as photocathode, which is called as tandem cell. In the first version, a metal counter
electrode, usually Pt, is the cathode or anode depending on the n/p characteristics of
semiconductor photoelectrode. For example, if an n-type photoanode is used in the cell,
the metal counter electrode serves as the cathode and vice versa for p-type
photocathode. The role of counter electrode in PEC cell is to have a complete circuit for
charge flow. If we consider an n-type photoanode, while photogenerated holes are
migrating to surface with upwards band bending, electrons are transferred to the counter
electrode. In the second version, 2 semiconductor materials, one n-type one p-type, are
utilized as photoanode and photocathode instead of using a metal electrode, which is
considered to be more efficient. This type of configuration is called tandem cell which
will be discussed later in section 1.3.3.

In the following subsection, important parameters about the electronic and
optical structure of the semiconductor photoanode/photocathode materials will be

discussed.



1.1.2 Properties of Semiconductor Photoelectrode Materials

Valance and conduction band positions of the semiconductor materials are very
important when choosing a photoanode or photocathode. In Figure 1.2, the energy
difference between the VB and CB is shown as Eg which stands for the band-gap
energy, a very important property for the PEC activity. It is defined as the energy
needed to excite an electron from the VB to the CB by leaving positively charged holes
at VB®. In Figure 1.3, band-energy diagrams of well-known semiconductor materials
are shown with the water splitting half reaction potentials.
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Figure 1.3 Band-energy diagrams of most frequently used semiconductor materials®,

For a material to be considered as an efficient semiconductor for PEC water splitting, it
should have a narrow band gap energy, which is generally between 2 and 2.5 eV, to
have a high absorption of visible light't. Moreover, for an ideal semiconductor, the VB
must be located at a more positive potential than OER and CB must be located at a more
negative potential than HER potential.

Another important property to mention about band gap is the direct or indirect

characteristics which is explained by E(k) diagram in Figure 1.4.

phonon

(a)

Figure 1.4 E(k) diagram of direct (left side) and indirect (right side) band gap transition?2.
In a direct band gap semiconductor material, the maximum energy level of VB and the
minimum energy level of CB align within the same k-vector. On the other side, there is

no such alignment for an indirect band gap semiconductor. Therefore, excitement of an



electron from VB to CB of a direct band-gap semiconductor is possible by a photon
with an energy which is equal to the band-gap energy. However, such transition requires
an intermediate momentum transfer to occur in indirect semiconductors, which is why
direct band gap semiconductors are considered to be more efficient in terms of photon
absorption ability 2. However, the intermediate momentum transfer in indirect band-

gap semiconductors makes them more appealing in terms of charge separation.

1.1.3 Charge Carrier Dynamics of Photoanodes

To understand the complex reactions at photoanode/electrolyte interface, it is
important to know the benchmarks in charge carrier dynamics. Being the primary
interest in semiconductor materials, metal oxides are the most frequently studied
photoanodes for the investigation of reaction kinetics in PEC water splitting. In Figure

1.5, fundamental charge carrier dynamics processes are demonstrated.
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Figure 1.5 Lifetime scale of electron-hole pairs within different processes of charge carrier dynamics®* .

The figure shows the time scale of fundamental processes that take place in PEC
water splitting, such as charge separation and extraction. As it is shown in the figure the
charge carriers lose their energy from separation to extraction. This deactivation is
caused by the difference in time scales of these 2 processes and charge trapping. It is
often observed in metal oxide photoanodes due to their strong ionic character which
leads to interaction of photogenerated carriers with the lattice structure to form
polorons. These polorons can trigger electron trapping by localization and cause charge
recombination. Especially for metal oxide semiconductors with low carrier mobility,
trapping puts a kinetic barrier on charge extraction, and it can be tuned by applying
overpotential to boost band bending. In this study, we provided a trapping-induced
activity loss mechanism for CdS, which is a much less studied concept compared to

metal oxide photoanodes, by performing transient photocurrent (TPC) measurements at



different time scales. We believe that this can be an important contribution to promote
research on charge carrier dynamics of metal sulfide photoanodes.

1.2 Fundamentals of Photoelectrochemical H2S Splitting

H>S is a very harmful and toxic by-product which is produced mainly by refineries and
biogas production plants. Moreover, it is found in oceans and underground waters
resulting from acid rains caused by SOx emissions. So far, different methods have been
evaluated to get rid of H.S such as chemical filters, thermal treatment, and chemical
decomposition 1527, In refineries, H2S is formed in the hydrodesulfurization units where
the sulfur in crude oil is removed by using gray hydrogen and the exhausted H»S is
partially oxidized to form elemental sulfur and H20 via “Claus Process” which is shown
below 18
2H,S + 302 — 2S0; + 2H.0
SOz + 2H2S — 3S + 2H20

This process has been widely used in refineries over the years and has a sulfur recovery
efficiency of 98%. However, it can produce other toxic tail gas which is not
environmentally friendly and H.S is not utilized as a potential green hydrogen source in
this method. This process has been improved by using a catalytic material which
consists of iron and chromium oxides on alpha-alumina support. It is called Superclaus
process because it provides highly selective oxidation of H.S to produce bulk sulfur by
99% efficiency without oxidizing other gases *°.

Although Ha production via H2O splitting is still one of the most extensively
researched topics in the literature, H>S remains as an unconsidered area because it is
extremely corrosive, toxic, and difficult to work with since it is in gas phase at room
temperature and atmospheric pressure. It must be noted that H>S has the potential to be
even a more promising candidate for green hydrogen production than H>O considering
that these reactions have theoretical similarities, which means that the already existing
technologies for Hz production from H>O can be utilized for H>S as well. The reason
why H»S can be more appealing than H>O is that the thermodynamic potential of overall
H>S splitting reaction is 0.27 V which is significantly lower than that of H>O. Therefore,

more Hz can be produced with less energy in H2S splitting®.



Similar to H>O splitting, H> production from H>S by solar PEC energy
conversion is expected to have different reaction routes in acidic and alkaline
electrolyte. Even though H.S splitting and H2O splitting are very similar in theory, H>S
splitting has a much more complex reaction model than that of H.O splitting because of

the pH and potential dependent transformation between sulfide species which is shown

in Figure 1.6.
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Figure 1.6 Pourbaix diagram of sulfide ions at different pH values and potentials?'.
It is important to consider the pH and potential dependence of these ions while choosing
an electrolyte to investigate the reaction mechanism. These ions can affect the oxidation
products and the stability of the catalyst. One of the most important studies on this topic
has been reported by Zong et.al. in Angewandte Chemie where they performed PEC
H,S splitting in both alkaline and acidic conditions with an n-type photoanode??. Both
alkaline and acidic H.S splitting have their own advantages and disadvantages with
different requirements. A simple schematic representation of the reactions is shown in

Figure 1.7.

Alkaline

Acidic

lsz-.-—u,s
1 l

H,S —» 5+ 2H,0
§*+2h* + H,0 —» % (%) + H*(¥)
2H +2e- —» H,

H,S + Fe* —» H'ri+ Fe24 51y
Fe*24 2h* —»Fe*?
2H* +2e- —» H,

Figure 1.7 PEC H,S splitting reaction under acidic and alkaline conditions.
Different from H.O, there are multiple reactants and products that can be included in the

oxidation and reduction reactions of H»S splitting. According to the Pourbaix diagram



of sulfide species, dissolved H>S can be found in HS™ at moderate pH values. The
H>S:HS™ ratio increases as the electrolyte becomes more acidic. The complexity of HS
splitting and the variety of sulfide ions can bring additional requirements such as using
an H-cell configuration with a proton selective membrane instead of a single cell, so
that the sulfide ions do not interfere with the reduction reaction on the cathode surface.
One of the advantages of acidic H»S splitting is that the H* ions in the electrolyte
can promote the Hz production at the cathode chamber. However, it requires utilization
of a redox couple to maintain a chemical loop between H* and H2. Most frequently used
redox couples are Fe*?/Fe*® and 17/I5". Although these redox couples are necessary to
drive H.S splitting reaction under acidic conditions, they are not very suitable for PEC
applications since they have very intense colors which can block the light absorption of
the photoelectrode, but they can be easily utilized for electrochemical H,S splitting.
Therefore, depending on the stability of the photoelectrode, alkaline electrolytes can be
preferred for PEC H>S splitting. Another disadvantage of these redox couples is that
they can penetrate through the proton selective membrane, which causes interference
between anodic and cathodic reactions and reduce the overall reaction efficiency. Ma
et.al. have reported this problem and suggested the utilization of phosphomolybdic acid
which has a larger size than other redox couples and it does not cause crossover
between oxidation and reduction reactions by passing through the proton selective

membrane 2.

1.3  Literature Review on CdS Photoanodes for Photoelectrochemical Ho
Production: Synthesis Methods, Strategies to Enhance PEC Activity and Reasons of
Activity Loss

1.3.1 Synthesis Methods and General Properties

Among all semiconductor photoanode candidates CdS is a very strong option
because of its narrow band-gap energy (2.4 eV), efficient visible light absorption, and
suitable band-edge alignment for H2O splitting half reactions. However, because of its
high toxicity and light-caused stability problems, it is not as widely researched as other
semiconductors. It is an n-type direct band gap semiconductor material with a
tetrahedron chemical bonding structure which can be found in 2 different crystal

structures namely cubic zinc blende and hexagonal wurtzite 2.



Figure 1.8 Hexagonal wurtzite crystal structure of CdS.

It has been reported that the hexagonal wurtzite structure, shown in Figure 1.8, is
thermodynamically more stable than cubic zinc blende at high temperatures 2°.
Depending on the synthesis method, post-synthesis heat treatment etc. CdS can be
synthesized in both crystal structures. In the literature, various synthesis methods have
been reported for CdS thin films such as electrodeposition®®, chemical bath deposition
2128 gpin coating 2°, and hydrothermal deposition 303, Among all methods,
hydrothermal deposition is one of the most suitable methods as an easy and cheap way
to deposit CdS on different substrates. The procedure details will be explained later in
section 3.2.2.

It is a simple method where Cd and S precursors, which are typically cadmium
nitrate and thiourea, are dissolved in H2O and heated in an autoclave reactor to give a
reaction above ambient pressure. High temperature and pressure of hydrothermal
deposition method allows synthesis of high crystallinity materials within a one-step
process **. The advantage of this method is that both powder synthesis and thin film
deposition can be done simultaneously by adding a substrate material to the autoclave.
The same method can be performed by using an organic solvent instead, which is
referred as solvothermal synthesis *. In the hydrothermal and solvothermal synthesis,
there are different reaction parameters such as temperature, reaction time and molar
ratio of the precursors which can be tuned to manipulate the structural properties and
PEC performance of CdS. For example, a sulfur vacancy rich CdS photoanode can be
synthesized by decreasing the S: Cd precursor ratio. Moreover, changing the reaction

10



temperature or time can significantly affect the morphology of the final product, which

plays a critical role in charge carrier dynamics 367,

1.3.2 Possible Reasons for Activity Loss

Although CdS is still one of the most promising photoanodes, its potential and
superior qualities are not fully utilized. The reason behind this problem is the light-
induced activity loss of CdS. One of the reasons that differentiates CdS from metal
oxide semiconductors is that its photo-corrosion mechanism includes sulfur species with
different oxidation states which are electrochemically active and very unstable. The
details and the pH dependence of these species are discussed more in detail in section
1.2. It has been reported that in alkaline electrolytes, CdS can dissolve in the electrolyte,
forming Cd?* and S?" ions, when the photoanode is irradiated to produce charge carriers.
The interaction of photogenerated holes is mostly through S?- since it can be oxidized to
S0%, S0%", S°, or polysulfides. These oxidation products can block the active sites or
limit the light absorption ability 34, In Chapter 3, the effect of sulfide oxidation is
investigated by using PEC characterization methods.

Another reason for activity loss of CdS is the recombination of photogenerated
electrons and holes at the photoanode surface. As explained in section 1.1.1, band
bending is the key process for the charge separation to utilize electrons and holes in
their respective water splitting reaction. If the charge separation is not good enough, the
charge carriers give recombination at the surface instead of going to OER or HER. One
of the important parameters that contribute to charge recombination is the surface states
that can act like electron trap centers. For CdS, sulfur vacancies are the possible trap
centers since they are electron poor and can trap photogenerated electrons .

In this study, the effect of surface sulfur vacancies is analyzed to investigate the

trapping mechanisms on CdS surface and the possible activity loss paths.

1.3.3 Strategies to Enhance the PEC Activity

Despite the drawbacks mentioned earlier, CdS is a very promising photoanode
candidate because of its relatively high activity and strong visible light absorption.
Therefore, the research on CdS photoanodes was mostly focused on combining CdS
with different materials to benefit from its superior qualities rather than understanding
the fundamentals of its charge carrier transfer and utilization properties. Although
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utilization of CdS to achieve high efficiencies is very important, analysis of the charge
carrier dynamics is an important insight to provide a better understanding about the
processes that might trigger photo-corrosion and contribute to the research on different
semiconductor photoanode materials.

Heterojunctions

One of the most widely used applications of CdS is theheterojunction fabrication
by using different semiconductor materials with suitable band-edge alignment.
Depending on the material type, heterojunction structures can be classified as n-n, p-p,
or n-p type. The main goal of heterojunctions is to have enhanced charge separation and
utilization which is difficult to obtain with a single semiconductor *2. WQ3/CdS
heterojunctions are extensively studied as a type Il heterojunction where Ecg and Evg of
WOs3 are lower than those of CdS to facilitate the transfer of photogenerated electrons
from CdS to WOs “%. Additionally, BiVOs, TiO2, and Fe;Os was also utilized as
relatively more stable semiconductor materials to benefit from the strong light
absorption of CdS 4448,

Surface Modification & Bulk Doping

Another method is to modify CdS with OER co-catalysts such as noble metals,
metal hydroxides and carbon-based materials. The idea of co-catalysts is to promote
hole utilization for OER so the light-induced activity loss can be suppressed *’.
Similarly, using a hole scavenger in the electrolyte can also diminish photocorrosion by
preventing the interaction of photogenerated holes with the photoanode itself %8, In the
literature, CdS was modified with NiOOH, CoPi, Pt and MoS; 33464951 Utilization of a
co-catalyst on the photoanode surface can enhance the activity and stability significantly
by introducing active OER sites on the surface and enhance the charge injection
efficiency, which means that more holes can be included in water oxidation reaction
without giving recombination at the surface or oxidizing photoanode material itself.

CdS does not have poor light absorption or short diffusion length problem so
generally surface modifications are more suitable for it rather than tuning bulk
properties. However, there are such examples in literature. Bulk modifications can be
performed by different strategies such as controlling the morphology of the material,
introducing defects, or doping. Fang et.al. reported synthesis of CdS with different
morphologies and investigated the effect of morphology on the activity . PEC
performance of a photoanode can be tuned by enhancing light absorption or charge

carrier mobility through different morphologies. Secondly, defects are also crucial for
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the PEC activity which is widely studied for metal oxide semiconductors because of
their tunable oxygen vacancies. The abundant defect of CdS is sulfur vacancies and they
affect many important parameters such as donor density (Ng), electron mobility and
more importantly, they are possible electron trap sites. He et.al. demonstrated synthesis
of sulfur vacancy rich CdS and they proved that sulfur vacancy triggers the formation of
spin polarization electric field which provides enhanced charge separation 2. As
mentioned before, the n-p type characteristics come from the defects or dopants. Similar
to defect engineering, doping is also used to control PEC performance. For example,
Pareek et.al. used Zn-doped CdS photoanode by integrating zinc sulphate in chemical
bath deposition solution and their electrochemical impedance spectroscopy (EIS)
studies demonstrated less charge recombination and boosted charge separation 52,
Utilization of Tandem Cells

In addition to the strategies which are used to modify CdS itself, PEC
configuration can also be modified for higher efficiency. Construction of tandem cells is
one of the most crucial approaches to obtain a self-driven water splitting system. The
two main types of tandem cells are PEC/PEC cells which consist of an n-type
photoanode and a p-type photocathode, and PEC/PV cell where a photovoltaic (PV)
device is used to drive the reaction. PEC/PEC type tandem cell allows absorption of a
wide range of photons to increase the overall efficiency of the system. On the other
hand, PEC/PV tandem cell is an alternative way as an unassisted PEC system with the

integration of a photovoltaic device for the potential bias >+,

1.3.4 Superiority of CdS Among Semiconductor Photoanodes

There are many photoanode materials which have been studied more in detail
than CdS. On the other side, CdS was utilized with different materials very often
because it has a long charge carrier diffusion path which is critical for extraction of
photogenerated charge carriers from bulk phase, and its strong visible light absorption
to produce more electron-hole pairs. The reason why fundamental charge carrier
dynamics of other semiconductor photoanodes, especially metal oxides, has been more
prevailing than CdS was not their exclusive properties but the downsides of CdS itself.
However, when the overall performance is considered, CdS can be more worthy to work
on. For example, TiO2 and Fe;O3 are known for their stability, but TiO2 has a larger

band-gap energy than most of the semiconductor photoanodes (3.2 eV) which makes it
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less appealing due to poor visible light absorption and Fe O3 suffers from poor hole
mobility °5°’. BiVOa has a poor electron diffusion ability which limits its utilization foe
OER 8% What makes CdS superior to other photoanodes is that the problems
mentioned above require more complex solutions such as building heterojunctions to
facilitate charge carrier extraction or bulk doping. Meanwhile the activity of CdS can be
tuned even by a post-synthesis surface modification as we present in Chapter 3.

1.4 Aim and Summary of This Study

Although CdS has the ability to reach significantly high efficiencies, PEC water
splitting is a complicated process with different charge transfer and utilization
mechanisms taking place simultaneously. Therefore, understanding the fundamental
charge carrier dynamics is as important as searching for different methods to provide
insight for further research and different semiconductor materials.

In this study, fundamental charge carrier dynamics of CdS was investigated by
using structural and PEC characterization techniques. Different mild surface
modification methods were applied to improve the charge separation and injection
properties of CdS. TPC behavior of the samples is extensively studied, and different
charge utilization mechanisms are proposed.

In Chapter 3, CdS surface was modified with a cationic surfactant
cetyltrimethylammonium bromide (CTAB) overlayer which showed an enhancement in
PEC activity and hole extraction. The role of surface sulfur vacancies on the activity
loss of CdS has been investigated via TPC measurements and XPS analysis.

In Chapter 4, the effect of ultrathin TiO2 overlayer on CdS was investigated as
another mild surface modification method. Inspired by the findings from Chapter 3, we
analyzed the effect of relative band-edge alignment of TiO2 and CdS.

In Chapter 5 we investigated the potential of CdS for H.S splitting and tried
TiO2 overlayer to enhance the activity of CdS for H»S splitting. The effect of H.S on the
stability of CdS was analyzed by using XPS and CA measurements.
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Chapter 2:
Methodology

2.1  PEC Characterization Experiments

2.1.1 Voltamperometric Methods

Voltamperometric methods are widely used in electrochemistry to investigate the
response of photoelectrodes to applied potential. The most frequently used

voltamperometric methods are summarized below.

Linear Sweep Voltammetry (LSV)

LSV, also known as linear polarization, is one of the most important performance
testing experiments used in PEC water splitting. It is performed by increasing or
decreasing the applied potential, which are called anodic sweep and cathodic sweep
respectively. After the measurement, the data is plotted as current versus applied
potential. It can be done at dark, front illumination, and back illumination. Another
version of LSV which has an important place in PEC water splitting research is chopped
illumination LSV where TPC behavior is analyzed. It provides important information
about charge transfer and utilization processes and how they change with respect to
applied potential.

Injection Efficiency Measurement (#inj)

Injection efficiency is a measure of how effectively photogenerated holes are being
utilized in OER. It is affected by many factors such as applied bias or surface

modifications. It can be calculated by using the formula below:

n..= INaOH (2.1)

M jNa0H/Nay$O3

Where jyaom 1S the photocurrent density in the scavenger free electrolyte and
JNaoH/Na,s04 1S the photocurrent density in hole scavenger containing electrolyte which
are 0.1M NaOH and 0.1M NaOH/ 0.25M Na»SOz3 in this study.

Cyclic Voltammetry (CV)

CV is also a very commonly used electrochemical method like LSV. Differently, the
applied potential is not only in one direction. A potential window is scanned in both
anodic and cathodic direction. It is used to investigate oxidation and reduction processes
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taking place in an electrochemical system. Progress of these processes can be analyzed
by increasing the number of CV scans °°.

Moreover, CV at different scan rates can be used to investigate electrochemical surface
area (ECSA) which is a measure of double layer capacitance . It is calculated by
taking CV at different scan rates and taking half of the difference between anodic
current density and cathodic current density at the same potential which should be in the
non-faradaic region.

Open Circuit Potential (OCP)

OCP is defined as the potential difference between the working and reference electrode
when there is no current flowing through the cell. It is also called the self-driven
potential of the system. It is measured under dark or illuminated conditions and the
change in OCP from dark to illuminated condition is defined as photovoltage . Similar
to LSV, it can be measured by chopped illumination as well. In this study, we used OCP

measurement with chopped illumination to see how photovoltage changes.

Chronoamperometry (CA)

CA is performed by applying a constant potential to analyze the stability of a
photoelectrode. It is also used to perform electrodeposition experiments to drive the
deposition reaction. In addition to stability measurements at constant illumination, it can
be done under chopped illumination to get TPC data which can be very informative
about the charge carrier dynamics at photoelectrode/electrolyte interface. TPC analysis
by chopped illumination LSV and CA has an important part in this study, which will be

shown in chapter 3, 4, and 5.

Incident Photon-to-Current Efficiency (IPCE)

IPCE is an expression of how efficiently the incident photons at a certain wavelength
are converted to photocurrent density per electron transfer. It is calculated by the
formula given below:

li,-iq| 1240

IPCE= AXP

(2.2)%2

Where jp is the photocurrent under illumination, jq is the dark current, A is the
wavelength of the incident light and Pin is the power of the incident light. IPCE is
defined by the efficiency of photon absorption, e /h* pair generation, charge separation
and transfer. Therefore, it can provide information about all these important processes
83, The effectiveness of the strategies which are explained in section 1.3.3 can be tested
by using IPCE. For example, if the photon absorption behavior of a sample does not
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change after a modification but IPCE is improved, the activity increase can be
associated with enhancement of charge separation or charge transfer. In addition to
charge carrier dynamics, IPCE can be used to interpret changes in the band-gap energy
53.

Electrochemical Surface Area Measurement (ECSA)

ECSA is used to estimate the double layer capacitance and compare the performance of
electrocatalysts. CV at different scan rates within a non-faradaic potential window
where there is no significant current. For photoelectrodes, it should be performed at
dark, between 2 potentials where there is no significant current so the non-faradaic
charging-discharging can be measured .

In ECSA analysis, the difference between the anodic and cathodic scan current at one
potential is taken and divided by 2 which is shown in the formula below.

janodic 'jcathodic (2 3)
—2 .

In this study, ECSA analysis was conducted using this method. The double layer

capacitance is found by using linear fitting for (janodic-jcathodic)/2 Versus scan rate plot.

2.1.2 Impedance Spectroscopy

Electrochemical Impedance Spectroscopy (EIS)

EIS is one of the most important techniques in electrochemistry where electrical circuit
elements such as resistors, capacitors, and inductors are used to make a model of the
PEC system. In this technique alternating current (AC) is used as the input and the
interruptions in the current flow is measured by changing the frequency of applied AC
65, EIS provides valuable information about the charge carrier dynamics, such as the
charge transfer resistance and capacitive behavior at the electrode/electrolyte interface.
Depending on the electrode structure, EIS data can be modeled by different electrical
circuits 557, One of the most frequently used circuits is Randles circuit which consists

of 2 resistors and a capacitor shown below.

— 77 _/

/[

Figure 2.1 Randles model circuit with constant phase element.
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In Figure 2.1, Rs represents the resistance of the electrolyte and the circuit elements
such as connections, cables etc., Rct is the charge transfer resistance at the
electrode/electrolyte interface, and CPE is called constant phase element which is an
“imperfect capacitor”. It is used instead of a regular capacitor when the photoelectrode
surface has roughness, pin holes, or imperfections like colloid particles ®8. Depending
on the number of overlayers, surface modifications or the electronic structure of the
photoelectrode, the equivalent electrical circuit might change.

EIS analysis of a photoelectrode can be performed in dark and under illumination at
different potentials. One way of analyzing EIS data is Nyquist plot which is the
outcome of EIS measurements where the negative imaginary part of the impedance (-
Zim) is plotted with respect to real part of the impedance (Z:.) at different frequencies. It
is used for the interpretation of capacitance and interfacial resistance. For example, the
first and second x-intercept of a Nyquist plot fitted by Randles model represents the
resistance coming from the electrolyte and interfacial charge transfer resistance.
Moreover, capacitance over modulated frequencies can be interpreted from the plateau

of Cre (real component of the capacitance) versus frequency plot .

Mott Schottky Analysis (MS)

MS is an impedance-based technique which is used to measure the flat band potential
(V) and donor/acceptor density (Nda). The theoretical explanation of this technique is
given in section 1.1.1 where the process of band bending and SCL formation is
explained in detail. It measures the capacitive behavior through SCL by varying the
applied bias and plotting the reciprocal of the square capacitance versus potential by the

MS equation shown below.

1 2 oy, ket
C2 EEOAzeNd/a (V Vfb e ) (2'4)

Where C is the capacitance at the photoelectrode/electrolyte interface, € is the dielectric
constant of the photoelectrode, €, is the vacuum permittivity constant, A is the area of
the photoelectrode, e is the elementary charge and N is the donor or acceptor density,
V is the applied bias, Vi is the flat-band potential, ks is the Boltzman constant, and T is
the temperature. Since Nqa is inversely proportional to the slope of the MS plot, positive
slope and negative slope are interpreted as n and p type characteristics, respectively. On
the other hand, Vs can be determined from the x-intercept of the MS plot. It is a
measure of potential required to make depleted bands go back to the flat band edge

position 7°.
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2.2 Structural Characterization Experiments

2.2.1 Spectroscopic Methods

X-ray Photoelectron Spectroscopy (XPS)

XPS is a surface sensitive technique which is used for the investigation of the elements
present on the surface of a sample, their binding states, and their percentage. It has a
probe depth of 3-10 nm which makes it suitable for the thickness determination of thin
film samples. The working principle behind XPS is the photoelectric effect where a
metal surface is bombarded by an X-ray beam and electrons which have binding
energies lower than that of X-ray beam are ejected from the surface. It measures the
kinetic energy and the number of electrons ejected. Since the energy of the X-ray beam
is already known from the source, the binding energy can be calculated. It does not only
give information about the elemental composition and oxidation states but also the
electron environment that can affect the binding energy of the emitted electron and
cause peak shifts. Depending on the orbital where electron is located, the XPS peaks
can be either singlet or doublet which is determined by the degeneracy of the electrons.
For example, p and d orbitals give doublets coupling whereas s orbital electrons are
singlets due to lack of spin-orbit coupling "%:72. XPS analysis takes an important part in
this study to investigate the elemental composition of photoanode surface after different
treatments. Since the surface modifications in this study are mild treatments, XPS is the

most informative characterization tool to analyze the surface composition.

Photoluminescence Spectroscopy (PL)

PL spectroscopy is a very commonly used method to investigate the charge carrier
recombination and lifetime which are very important for a photoelectrode and
photocatalyst. In PL spectroscopy, the sample is irradiated by a light source and the
electrons are excited to a higher energy state. After the photoexcitation, the electrons are
turning back to the ground state, releasing photons in the visible light region. The
intensity and wavelength of the emission provides information about the charge carrier
recombination of the photocatalysts 374, In this study, PL spectroscopy was used in
Chapter 3 with an in-situ configuration to show the potential dependence of electron-

hole recombination at CdS surface.
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X-ray Diffraction Spectroscopy (XRD)
XRD is one of the most important characterization tools in material science to analyze
the crystal structure and atomic spacing of materials. In Figure 2.2, a schematic

representation of XRD instrumentation is shown.

detector

Goniometer

N\-ray tube

Analyzing crystal

Figure 2.2 XRD instrumentation scheme 7.

Here, the analyzing crystal is bombarded by x-rays which are produced by a cathode ray
and filtered through a monochromator. The incident beam is scattered from the crystal
lattice with angle 6. If the path difference and the order of diffraction satisfies the
Bragg’s Law, constructive interference and X-ray diffraction take place. The Bragg’s

equation is shown below:

nA = 2dsinf (2.5)
Where n is the order of diffraction, A is the wavelength of the incident radiation, d is the
interplanar distance, and 0 is the angle of diffraction. XRD measurement is conducted
by scanning a range of 20 and rotating the sample which is controlled by the
goniometer. The XRD spectrum of intensity of the diffracted rays versus 260 is a
fingerprint of a crystal structure, showing the peaks of the crystal planes present in the

lattice structure.

UV-Vis Spectroscopy

UV-Vis spectroscopy is used to investigate the photon absorption characteristics of a
sample from UV to visible light range, which is very important for photocatalysts and
photoelectrocatalysts. It is based on the Beer’s law which is used to explain the ratio of
the light passed through the sample with respect to the wavelength of the incident light.
UV-Vis data is used to calculate the band-gap energy of a photoelectrode by using the

Tauc equation shown below:
(ahv)"=B(hv-E, ) (2.6)
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Where a is the absorption coefficient, h is the Planck’s constant, v is the frequency of
the incident photon, n is the number of allowed transitions, B is the proportionality
constant and Eg is the band-gap energy. For direct semiconductors and indirect
semiconductors, n is taken as 2 and % respectively ®. In this study, UV-Vis
spectroscopy was used to measure the reflectance of thin film samples to measure their
band-gap energy. The reflectance versus wavelength data was converted to absorbance
to use in Tauc equation. The Kubelka Munk calculation is shown below.
K _ (1-R)?

FRo) =g =32 (2.7)

Rsample

Where R is , K is the absorption coefficient and S is the scattering coefficient

standard
77

Raman Spectroscopy

Raman spectroscopy is a qualitative and quantitative characterization tool which is used
to investigate the chemical structure and molecular interactions based on the vibrational
modes of molecules. This technique uses a laser beam to illuminate the sample and
analyzes the light scattered from the sample. When the light scattered from the sample it
can be either elastic or inelastic which are referred to as Rayleigh and Raman scattering,
respectively. In the first one, the scattered light has the same energy as the incoming
beam whereas in Raman scattering it is scattered with a different energy and frequency.
Raman spectroscopy is used to identify the vibrational movements within a molecule
which all have their own frequency like a fingerprint. When the energy of the incoming
beam is matched with the vibration energy of a bond in the molecule, some of the light
is used for vibration and rest is scattered and used to create a spectrum. It is used to
investigate the bonds and the molecules present in the sample by the frequency of the

peaks in the spectrum 78,

Fourier Transform Infrared Spectroscopy (FTIR)

FTIR is a common spectroscopy technique which is used to identify the vibration or
rotations of chemical bonds and it is very informative about the different functional
group present in the molecule. In this method, IR radiation is sent to a sample, some of
it is absorbed by the sample and some of it passes through it. When the energy of the IR

radiation matches with the energy of vibrational or rotational mode and a characteristic
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signal is created. FTIR is an advanced version of classical IR with Michelson

interferometer which allows much faster measurement ’°.

2.2.2 Imaging Microscopy Techniques

Field Emission Scanning Electron Microscopy (FESEM) &

FESEM-Energy Dispersive X-Ray Spectroscopy (FESEM-EDX)

FESEM utilizes a focused electron beam produced by the electrons produced from a
field emitter gun which makes it differ from the regular scanning electron microscope.
The beam scans the surface of the sample, and an image is formed by the detection of
electrons and photons emitted from the surface from the interaction between the sample
and electron beam. FESEM provides many advantages such as imaging of the very
small (up to 1 nm) structures with 3 to 6 times better resolution and 500000x
magnification by using a brighter and focused electron beam &°.

EDX is a technique which is applied within FESEM by detecting the energy of the
emitted X-rays from the sample. Since the X-rays form in a depth around 2 um, EDX is
not considered as a surface sensitive characterization. However, depending on the
energy and intensity of the emitted X-rays can be useful to investigate the elemental

composition of the sample 8.

High Resolution Transmission Electron Microscopy (HRTEM)

HRTEM is a high magnification version of TEM which allows to see the direct images
of the atomic structure with a magnification up to 1,500,000x. Different from SEM,
HRTEM is based on detection of electrons transmitted through the sample. The high
contrast image is formed by bombarding the sample with an electron beam first.
Electrons which are transmitted and scattered give bright and dark images, respectively.
It is a useful tool to identify defect sites such as vacancies, crystal lattice distances, and

chemical composition 828,
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Chapter 3:

Efficient Photogenerated Hole Utilization on

CdS Photoanode Surface via CTAB Overlayer

3.1 Introduction

PEC energy conversion by splitting water using semiconductor materials is one of
the most promising clean energy technologies as a facile and effective strategy for
converting solar energy into green hydrogen. Among all semiconductor photoanodes,
CdS is an excellent choice owing to its superior qualities, such as appropriate band
positioning, narrow band-gap energy, and efficient visible light absorption
characteristics 8. Despite the advantages, its widespread utilization is still limited by
poor charge separation and instability issues due to surface charge recombination,
which results in photocorrosion & .There have been several attempts to enhance the OER
activity and photo-stability of CdS, such as building heterojunction structures with other
semiconductors to improve hole extraction “*%°  using OER co-catalysts for better
charge utilization at the photoanode-electrolyte interface 8-%, and modification of the
photoanode surface with passivation overlayers to prevent photocorrosion 909,
Although such surface engineering strategies can increase the photocurrent values and
boost the oxygen evolution kinetics, the photostability issues, and the fundamental
understanding of the charge transfer and utilization mechanisms remain a matter of
debate.

In addition to these possible solutions, it has been reported that tuning the

morphology and particle growth of semiconductors with the help of surface-active
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reagents can also have an impact on its photocatalytic and PEC activities %. It is known
that surfactants such as polyethylene glycol , sodium dodecyl sulfide, thioglycerol, and
hexadecyltrimethylammonium bromide (CTAB) are used as stabilizing reagents in order
to control the direction and the extent of the particle growth and to manipulate the
optical and structural characteristics of the nanomaterials ®*. In comparison to other
surfactants, CTAB is less toxic and a cheaper alternative as a capping agent which is
significantly utilized for the synthesis of CdS colloidal particles. It is cationic consisting
of a hydrophobic tail and a positively charged ammonium (NHs) head group with
bromide anion (Br) %. Although it shows promising results for the synthesis of
photocatalysts and extensively studied in the literature as a simple option to manipulate
photocatalytic behavior, its potential as an overlayer is not promoted enough. Li et al.®’
used CTAB on Fe»O3 photoanode by a hydrothermal deposition method followed by a
post-annealing. They reported impressive results for photocurrent density increase and
enhanced charge separation. They proposed a working mechanism where Br- of CTAB
acts like a redox mediator at the photoanode-electrolyte interface via attaching to the
surface through a hydrogen bonding interaction formed on the Fe,Os surface. They
supported this hypothesis by TPC and EIS where photocurrent density of pristine Fe>Os
showed a significant increase and a lower charge transfer resistance. A different
approach was reported by Sun et al.*® where they designed a 2D WSez p-n junction by
electron doping with CTAB. They conducted computational studies on both Wse, and
WS, to study the adsorption behavior of CTAB on transition metal dichalcogenides.
Their calculations showed that the carrier density of CTAB treated WS> was higher than
that of pristine one and they attributed this result to the sulfur vacancy (Sv) sites
occupied by Br- which acted like an electron dopant to give p-type characteristic to the

junction structure.

Inspired by these studies, we report a simple synthesis route of bare CdS and
CTAB treated CdS photoanodes using hydrothermal deposition and dip-coating
methods to enhance the OER activity of CdS. We aim to discuss the potential-
dependent charge transfer and utilization properties of the photoanodes by probing the
transient behavior with LSV under chopped illumination. Results demonstrate that
CTAB has a positive effect on inhibiting hole accumulation by acting like a hole-
collecting layer on the surface. Several PEC and structural characterization techniques

were applied to propose an adsorption mechanism for CTAB. We synthesized 2
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different CdS/CTAB photoanodes to investigate the effect of the CTAB overlayer
amount by changing the dip-coating time. We studied the surface reaction kinetics of
CdS by in situ photoluminescence, EIS, and TPC measurements to provide a detailed
analysis on the reactions taking place at the photoanode/electrolyte interface and how

these reactions affect the OER efficiency.

3.2  Experimental

3.2.1 Materials and Chemicals

Cd(NOs3)2.4H20 (>98%) , NH2CSNH2 (>99.0%) , C16H3sN(CH3)3Br (=98%), NaOH,
Na>SO3z, and H20 ( 34.5-36.5%) were purchased from Sigma-Aldrich. Fluorine doped
tin oxide (FTO)-coated glass substrates were purchased from Ossila. All electrolytes
and solutions used in the synthesis and characterization experiments were prepared with
deionized (DI) water.

3.2.2 Synthesis of CdS Photoanodes

Fabrication of FTO/CdS Photoanodes

The CdS photoanodes were prepared using a surfactant-free hydrothermal deposition
method inspired by the procedures reported elsewhere %1%, 0.8543 Cd(NO3)2.4H20
(1.2 mmol) and 0.3875 g thiourea (2.4 mmol) were dissolved in 40 ml DI water and
stirred for 20 min. until the mixture became homogeneous. The FTO substrate was
cleaned by sonication in acetone, ethanol, and DI water for 10 min. each. The cleaned
FTO substrate was placed on its conductive side facing down in a Teflon sealed
stainless-steel autoclave. The reaction solution was transferred to the autoclave and kept
at 200 °C for 8 h. Subsequently, the resulting sample was washed with DI water
multiple times and annealed at 400 °C for 1 h at a heating rate of 5 °C.min"* under
continuous nitrogen flow in a tubular furnace.

Fabrication of FTO/CdS/CTAB Photoanodes

As prepared CdS photoanodes were coated with CTAB by using a facile dip-coating
method!®. 0.03 M CTAB solution was prepared by dissolving 0.34 g CTAB in 30 ml
DI water. The mixture was stirred until it was completely homogeneous. The
hydrothermally deposited CdS photoanodes were placed vertically in the CTAB
solution during continuous stirring to prevent the precipitation of CTAB. The amount of
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CTAB overlayer was controlled by increasing the dip coating time. After the dip-
coating, the photoanodes were dried at 60 °C for 8 h.

Fabrication of CTAB Treated Powder CdS for TEM

CdS nanorod powder samples were prepared using the same hydrothermal synthesis
procedure. After the synthesis, CdS dispersed in DI water was collected from the
bottom of the autoclave. The mixture was washed and centrifuged with ethanol and DI
water to remove impurities or unreacted precursors. Subsequently, the powder was dried
in the oven at 60 °C for 8 h. The resulting product was annealed at 400 °C for 1 h with a
heating rate of 5 °C.min™ under continuous nitrogen flow. 65 mg CdS powder was
weighed and kept in 1.5 ml 0.03 M CTAB solution stirring continuously at 90 rpm for 6
h. After CTAB treatment, the CTAB/CdS powder was collected and dried in the oven at
60 °C for 8 h.

Creating Sys on CdS Photoanode Surface

To confirm the proposed adsorption behavior of CTAB on CdS surface, a simple
method %2 was used to create Sy on the CdS surface. As prepared bare CdS photoanodes
were dipped in 5 M H20: solution for 60 s and left air drying overnight.

3.2.3 Photoelectrochemical Characterization

All PEC experiments were performed using a Biologic VSP300 potentiostat and a 3-
electrode configuration where Ag/AgCI is the reference electrode, Pt is the counter
electrode, and CdS is the working electrode in a quartz cell purchased from Pine
Research. 0.1 M NaOH (pH = 12.87) was used as electrolyte in all experiments. All
potentials in the graphs were converted to the reversible hydrogen electrode (RHE)
scale using the Nernst Equation . ECSA of the photoanodes were determined by
double layer capacitance measurements. CV scans were recorded in dark using different
potential scan rates between 25 and 400 mV/s. Current density differences in cathodic
and anodic cycles were plotted against the potential scan rates and the slope of this plot
was used to compare the ESCA .An Oriel LCS-100 solar simulator with a 1.0 Sun AM
1.5G filter and a 100 W Xe lamp was used as the light source for LSV, EIS, and OCP
experiments. IPCE measurements were performed by using a 300 W Xe lamp with a

Newport monochromator as the light source.

26



3.2.4 Structural and Surface Characterization

Bruker D2 Phaser X-Ray Diffractometer was used to identify crystal phase purity of the
photoanodes via XRD. Surface electronic structure of the photoanodes were analyzed
by using a Thermo K-alpha XPS instrument with a Al Ka light source. FTIR
measurements were done by using a Thermo Scientific iS10 FT-IR instrument. A
Shimadzu UV-3600-UV-Vis-NIR Spectrophotometer was used to measure the
reflectance of the photoanodes. The reflectance values were transformed to absorbance
by using Kubelka-Munk calculation %4, The absorbance data was used to determine the
band-gap energy of the photoanodes. In-situ PL emission experiments were performed
by using a FLS1000 spectrometer from Edinburgh Instruments. A Zeiss Evo LS15 field
emission scanning electron microscope and energy dispersive EDX was used to analyze
morphology of the photoanodes and their elemental composition. HRTEM images and
HRTEM-EDX spectroscopy were performed for elemental mappings by using a Hitachi
HF5000 200kV high resolution transmission electron microscope.

3.3  Results & Discussion

Surfactant-free hydrothermal synthesis of CdS photoanodes and modification of the
CdS surface with CTAB after the synthesis by dip-coating method was successfully
performed. Dip-coating time of CdS/FTO photoanodes was set as 2 and 6 h to see how
the amount of CTAB overlayer changes with dip-coating time. The successful
deposition of CdS and CTAB was investigated by XPS, FTIR analysis and HRTEM

imaging, which is shown in Figure 3.1.

The control over the CTAB overlayer growth is verified by the Br 3d spectrum in
Figure 3.1a where the intensity of Br 3d peak located at 68.3 eV % increases with
longer dip-coating time. The atomic percent of Br was calculated as 10.5% after 2 h,
and 22.4% after 6 h of dip-coating. The photoanode with lower and higher atomic
percentage of Br will be denoted as CdS/CTABL and CdS/CTAB?2, respectively. Figure
3A.la and 3A.1b demonstrates Cd 3d and S 2p XPS spectra of bare CdS after
hydrothermal deposition and the effect of CTAB adsorption on their intensities. The
spin-orbit split Cd 3d peaks at 411.8 eV (Cd 3ds2) and 405.3 eV (Cd 3ds;2) and S 2p
peaks at 162.6 eV (S 2ps3r) and 161.4 eV (S 2pi2) confirm the stoichiometric CdS
formation. In addition to the evolution of Br 3d peaks, the gradual decrease in Cd 3d
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and S 2p peak intensities also shows the presence of CTAB overlayer on the CdS
surfacel®. Notice that the Br 3d peak intensity difference between CdS/CTAB1 and
CdS/CTAB?2 is higher than that of S 2p and Cd 3d. This might be the case if CTAB

molecules are not covering the surface as a well distributed monolayer.
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Figure 3.1 XPS of (a) Br 3d, and (b) FTIR spectrum of bare CdS, CdS/CTABL, and CdS/CTAB2. (c)
HRTEM image of CdS/CTAB2 powder sample, (d) EDX elemental mapping of Br, Cd, and S, and (e) Br
K.; elemental mapping.

The increase in C 1s peak intensity presented in Figure 3A.1c and the appearance of
symmetric and asymmetric C-H stretching bands at 2616.2 and 2849.3 cm™ in Figure
3.1b show the presence of the hydrophobic tail of CTABY. It can be anticipated that
CTAB is adsorbed on the CdS surface together with Br~ and hydrophobic tail. It is
known that CdS is sensitive to surface oxidation even if it is kept in the dark. The peak
located at 168.4 eV in S 2p spectrum must be considered to investigate the effect of
CTAB on surface oxidation of CdS. This peak is attributed to SO which is an
oxidation product of S~ on the surface 1. Note that SO peak intensity is the highest

in bare CdS and lowest in CdS/CTAB2. This is an indication that CTAB decreases
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surface oxidation of CdS. The disappearance of CO3™ peak at 288.5 eV 1% after CTAB

treatment also confirms suppressed surface oxidation.

The homogeneity of surface coverage by CTAB is further confirmed by HRTEM
and elemental mapping done by EDX. A CTAB treated powder CdS was prepared for
HRTEM analysis. HRTEM image, the elemental mapping, and Br K. mapping are
shown in Figure 3.1. Elemental mapping results showed the homogeneous distribution
of Br on the CdS surface.

The phase purity of the photoanodes was determined by XRD (Figure 3A.2). All
photoanodes showed the characteristic peaks of the hexagonal wurtzite crystal structure
of CdS with a preferential growth in the (002) plane direction!® which is consistent
with the FESEM images presented in Figure 3A.3 where vertical growth of CdS
nanorods on the FTO surface is shown. CTAB dip coating did not change the
morphology of the photoanodes, but it made the surface rougher and granular. The
change in overall surface texture can be attributed to homogeneous surface coverage by
CTAB. FESEM-EDX analysis was performed for the CTAB treated photoanode. The
EDX spectra of CdS/CTAB1 and CdS/CTAB2 are in strong agreement with the
elemental mapping analysis. However, the difference of Br peak intensities is not as
prominent as in XPS due to the longer probing depth of FESEM-EDX.

PEC activities of the photoanodes were determined by chopped-light illumination
LSV in 0.1 M NaOH electrolyte with a 10 mV.s? scan rate where a mechanical chopper
was used to cut the light with 5 second on/5 second off intervals. The reason why a hole
scavenger-free electrolyte was preferred is that sacrificial agents can mask the important
information in PEC characterization experiments since the reaction with photogenerated
holes and scavenger species is more dominant than other charge utilization processes.
Na>SOs/NazS is the widely accepted electrolyte couple for CdS photoanodes to benefit
from the corrosion recovery effect of Na.S on CdS and effective carrier extraction with
Na2SO; as a hole scavenger %12 Although this electrolyte suppresses the photo-
corrosion by preventing the reaction of holes with CdS, monitoring the accumulation of
charge carriers or charge-trapping processes at the photoanode-electrolyte interface can
be challenging.
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As can be seen in Figure 3.2a, adsorption of CTAB on CdS the surface leads to a
gradual increase in the photocurrent. This improvement might have different origins, i.e.
increased surface activities in terms of charge utilization and improved light absorption
properties upon CTAB absorption. For this reason, UV-Vis Spectroscopy was first
performed to investigate the effect of CTAB on the light absorption characteristics of
CdS. Band-gap energies of the photoanodes were calculated by using Tauc analysis
which was explained in Chapter 2. Tauc plots of the photoanodes are given in Figure
3A.4a with their band-gap energies. Results show that CTAB modification does not
have a significant effect on the band gap energy. It is calculated as 2.42 for the bare CdS
which is consistent with the literature 113, IPCE of all photoanodes were measured at 1.2
V, within the same wavelength range as UV-Vis spectroscopy (Figure 3A.4b). We note
that IPCE can be defined as a function of photon absorption efficiency (nass), charge
carrier transport efficiency (ng), and interfacial charge injection efficiency (ninj) %.
Since CTAB does not create a significant change in the band-gap energy of bare CdS,
IPCE drop shows similar wavelength dependence suggesting that CTAB adsorption had
no effect on mans. A relatively small increase in IPCE for CdS/CTABL1 and CdS/CTAB2
above the absorption edge could then be associated with ny and minj. In order to
investigate how double layer capacitance changes with CTAB treatment, ECSA was
measured by CV measurements at different scan rates and CTAB adsorption appears to
reduce ECSA of the photoanodes, which can be attributed to the occupation of the

surface sites (Figure 3A.5).

In Figure 3.2a, the hole transfer, accumulation, and extraction behavior of the
photoanodes can be monitored from the transient behavior of photocurrent density.
Starting from 0.2 V, there is an anodic spike every time the photoanode is illuminated,
and these spikes are followed by a decay in photocurrent density. The anodic spikes are
continuously increasing as more holes are being utilized with the anodic potential sweep
and the photocurrent reaches to 2.47 mA.cm~2 at 1.1 V which is rather promising for
bare CdS photoanodes in a scavenger-free alkaline electrolyte. Results demonstrate that
as the CTAB amount increases, the photocurrent density at anodic spikes also increases.
In the reported TPC experiments, these anodic jumps and the subsequent decay is
associated with the formation of photogenerated charge carriers and accumulation of
holes at the photoanode-electrolyte interface, respectively 4. After the positively

charged holes are produced by CdS, they start to migrate to the surface with the band
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bending effect *°. However, especially in photoanodes with strong light absorption
properties like CdS, charge carrier formation goes to a high extent which can result in
surface charge recombination. Depending on the surface states, this type of behavior
can be attributed to an electron trap center on the photoanode surface. This will be
discussed later in the text. In Figure 3.2b, the hole accumulation Kkinetics was
investigated by estimating the photocurrent decay rates after each anodic jump. For the
bare CdS, the photocurrent decay rate increases up to 0.77 V and then it becomes slower
as the potential increases. The potential where the decay rate starts to decrease shows a
cathodic shift for the CTAB treated photoanodes indicating the enhanced OER Kkinetics.
At potentials below 0.66 V, the decay rate of CdS/CTABL and CdS/CTAB?2 are close to
each other. Whereas above 0.66 V, the decay rate of CdS/CTAB?2 is the lowest at all
potentials with higher applied bias. In the proposed adsorption mechanism of CTAB
which is shown in Figure 3.2d, Br— occupies the surface sulfur vacancies as mentioned
before. Therefore, the decreased decay rate with CTAB shows that sulfur vacancies has

an important role for the activity loss of CdS.
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Figure 3.2 (a) Chopped-light illumination LSV, (b) decay rates of the photocurrent after the anodic spike,
(c) #inj of are CdS, CdS/CTABL, and CdS/CTAB2. (d) The schematic representation of the adsorption
model of CTAB on CdS after dip coating.

Generally, photocurrent density is expected to reach a steady state after this decay
when the production of charge carriers and the injection of holes to the electrolyte are in

equilibrium. However, starting from 0.2 V, another anodic increase after the initial
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photocurrent decay is observed. This pattern, photocurrent density going through a dip,
repeats itself between 0.2 V to 1.2 V which means that there is a change either on the
photoanode surface or the ionic species at photoanode/electrolyte interface. This type of
behavior has been reported for different photoanodes before 617 but very little
information regarding its potential dependence is available. It is known that CdS is
sensitive to chemical and light-induced corrosion during PEC experiments. Especially
in electrolytes without a hole scavenger, it can dissolve to the electrolyte as Cd?* and
S% 518 S2- are electrochemically unstable ions, and they can easily undergo oxidation
under applied anodic bias. Caliari et al. *°reported that electrochemical oxidation of S*~
to SOF~ takes place at potentials between 0.475 V and 1 V during anodic potential
sweep which is consistent with Figure 3.2a where the anodic increase after the decay
starts from 0.7 V Since the oxidation peak after the photocurrent decay is in the same
potential window, we attribute this behavior to the oxidation of sulfide which is

dissolved from the CdS due to photocorrosion.

In addition to this anodic behavior after photocurrent dipping under illumination,
there is a cathodic spiking between 0.2 and 0.7 V when light is turned off (inset of
Figure 3.1a). This overshoot can be explained by the recombination of holes and
electrons at the surface when photoexcitation is interrupted. It starts from 0.2 V in bare
CdS and shows a gradual decrease until it disappears completely at 0.7 V. There is a
correlation between these cathodic cathodic spikes and S*~ oxidation peaks because as
mentioned above, lesser overpotential required for S*>~ oxidation so holes can be
consumed more rapidly to react with dissolved S*~ in the electrolyte It means there is no
unreacted holes remaining on the surface to give a cathodic spike when light is off. and
Another factor that contributes to suppressed cathodic spikes is the enhanced charge
separation at higher potentials which facilitates water oxidation. However, the cathodic
spikes disappear as the sulfide oxidation peaks start to form. This can be an indication
that sulfide S* oxidation contributes to this trend of cathodic spikes when light is off.
The intensity of cathodic spikes decreases significantly in CdS/CTABL and they almost
disappear in CdS/CTAB2. It shows the improvement in surface charge recombination
with CTAB overlayer corresponding to boosted charge separation and utilization. This
effect of CTAB on cathodic overshoots can be associated with less surface charge

recombination as well.

32



In addition to chopped-light LSV measurements, photoanodes were tested under
continuous illumination in the presence and absence of Na>SO3 hole scavenger (Figure
3A.6a and 3A.6b) to investigate potential dependent evolution of ninj. In Figure 3.2c,
more efficient utilization of photogenerated holes in the presence of CTAB is evident.
CTAB acts like a hole extracting layer on the surface, suppressing the accumulation of
holes at the photoanode/electrolyte interface, however, this role appears to be valid up
to 0.7 V. The possible reason for steady ninj at higher potentials could be provided by

EIS investigations.

EIS was performed to investigate the change in charge transfer resistance at the
photoanode/electrolyte interface (Rct) with the anodic and cathodic spikes through the
anodic sweep. The details of the measurements and fittings of the Nyquist plots are
given in Figure 3A.7. In Figure 3.3a, it is shown Rct of bare CdS decreases with CTAB
treatment and CdS/CTAB2 has the lowest Rcrt, which is consistent with the LSV
measurements. However, the potential dependent behavior of Rct of the photoanodes

shows a surprising trend.
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Figure 3.3 (a) Nyquist plots recorded at 0.8 V and (b) the potential dependent Rcr plots of bare CdS,
CdS/CTAB1, and CdS/CTAB2. (c) LSV and In-situ PL emission plots of Bare CdS and CdS/CTAB2. The
PL measurements were done by using the same 3-electrode configuration of PEC experiments in a quartz
spectroscopy cuvette. The PL emission intensities were normalized with respect to the emission at 0.3 V
by peak area integration.

Figure 3.3b demonstrates that Rcr starts to decrease from 0.2 V and reaches to a
plateau at 0.5 V for all photoanodes. This steady resistance continues until 0.7 V and
starts to increase gradually with applied potential. Through the anodic scan, Rct of the
bare CdS is higher than that of CdS/CTAB1 and CdS/CTAB2 except the 0.5 - 0.7 V
region. However, Rct is generally expected to decrease with increasing applied
potential due to enhanced charge separation and utilization'?. Since the plots are very
close to each other, the comparison of Rct values can be seen more clearly in Table

3A.2. Even though the photocurrent density of all photoanodes increases through the
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whole potential range, Rct shows an increase starting from 0.7 V. Note that the change
in Rcr behavior falls into the same region in LSV measurements where the anodic
spikes after the photocurrent dipping under illumination starts. This behavior might
have the same origin that S*>~ ions are highly reactive and they tend to donate their
electrons to the photoanode to give an oxidation reaction. The increase in the charge
transfer resistance can be associated with the additional resistance resulting from the S~
oxidation products accumulating on the surface. Note that more than one process, such
as charge accumulation, OER, and S? oxidation, take place simultaneously whenever
light is on in the chopped light LSV measurements. We consider the S*>~ oxidation as an
activity diminishing factor that is happening simultaneously with OER.

PL emission spectroscopy was used to provide a supporting characterization study
for the effect of CTAB. It is a characterization technique which is often used to
investigate charge carrier recombination characteristics '?*. In Figure 3.3c the
photocurrent density and the in-situ PL emission intensity of bare CdS and CdS/CTAB2
are presented as a function of applied potential. Results demonstrate that the PL
emission intensity of CdS/CTAB2 is lower than that of bare CdS at all potentials. Both
photoanodes show a gradual decrease in emission intensity as photocurrent density
increases, which is expected since the electron-hole recombination is less at higher
potentials due to enhanced charge separation. Between 0.3 V and 0.6 V, the emission
intensity of CdS/CTAB2 decreases 1.5 times faster than that of bare CdS. After 0.6 V,
the normalized emission intensity of CdS/CTAB2 decreases by 4.1% up to 1 V while
bare CdS decreases by 2% within the same potential range. This result is consistent with
the chopped illumination LSV data where the effect of CTAB is more dominant at

potentials above 0.6 V.

Transient behavior of OCP was also investigated to probe the effect of CTAB on
photovoltage. The photovoltage change for CdS photoanodes are shown in Figure 3.4a.
The OCP of bare CdS is 0.67 V and it decreases with CTAB overlayer. Generally, it is
considered as a negative effect for photoanodes, because lower OCP means less self-
driven potential for the OER. However, it has been reported elsewhere that the
modification of photocatalyst with hydrophilic surface passivation overlayers might
result in interfacial dipole formation which shifts the band-edge position and causes
lower OCP 22, After the light is switched on, all photoanodes show a fast OCP decay

34



with photoexcitation of electrons in VB and subsequent formation of electron-hole pairs
123 CdS/CTAB2 reaches the lowest potential compared to bare CdS and CdS/CTABL.
Higher photovoltage upon illumination can be attributed to strong light utilization and
more photogenerated charge carriers migrating to space-charge region. Notice that,
although bare CdS has the highest photovoltage change, it shows a slight decrease
during illumination while CTAB treated photoanodes remain flat. It is an indication of
lower surface charge recombination and improved injection of photogenerated holes to

the electrolyte 124,
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Figure 3.4 (a) Transient OCP measurements with chopped illumination and (b) Mott-Schottky (measured
in dark) plots of bare CdS, CdS/CTAB1, and CdS/CTAB2.

In Figure 3.4b, MS plots show positive slopes characteristic to n-type
semiconductors. Analysis results demonstrate that the Vs, displays a cathodic shift from
0.28 to 0.027 V with CTAB treatment in agreement with cathodic shifts in the onset
potentials of LSV curves. A more negative Vs, upon CTAB adsorption provides a
higher quasi-Fermi level of electrons (Er). Photovoltage then increases due to a greater
separation between the quasi-Fermi level of holes (Erp) and Ern. The slope of the MS
plot for bare CdS shows a significant decrease with the CTAB treatment. Among all
photoanodes, CdS/CTAB2 reveals the smallest MS slope, therefore the highest Ng 1%°.
For metal oxide semiconductors, it has been reported that increased Ng might be a result
of oxygen vacancy defects 12, which can be considered as a similar situation for sulfur
vacancies of CdS. We hypothesize that Br of CTAB acting as an electron donor fills

the surface sulfur vacancies in the surface 177,

Another set of chopped-light LSV measurements was performed to investigate the
relation of CTAB adsorption mechanism to surface sulfur content by using the H20-
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treated CdS samples. In Figure 3A.8a, chopped-light LSV results show that H.O>
treatment decreases the PEC activity of CdS photoanodes (CdS_Sy). Svs are the
abundant n-type defects of CdS 28, At an optimum level, they can enhance the charge
carrier mobility in bulk phase 2. However, surface Sys can act like electron trap centers
and cause surface charge recombination which decreases the photocurrent density. This
can be the reason for deactivation after H20- treatment. After the surface Sy formation,
the photoanodes were kept in 0.03 M CTAB solution for 2 h like CdS/CTAB1
(CdS_SV/CTAB). According to the chopped-light LSV results, at 1.1V 2h CTAB
treatment increases the photocurrent density of CdS_Sy and bare CdS by 98% and 52%
respectively. It is consistent with our hypothesis where CTAB is adsorbed on the
surface by occupation of surface Sy with Br~. Additional Sys created make more binding
sites available for CTAB adsorption, and it can further enhance the charge utilization. In
Figure 3A.9a and S9b, Cd 3d and S 2p XPS spectra and the change in Cd and S species
after H>O> treatment are given, respectively. The gradual decrease in the S 2p and Cd 3d
peaks, and the shift towards higher binding energy is attributed to sulfur vacancy
formation 12°, The S, content is calculated based on a method reported for CdS #? and an
increase in the amount of surface Sy with H20, treatment is shown in Table S1. Br 3d
XPS spectra in Figure 3A.9¢c show that the amount of Br on CdS_S./CTAB is higher
than that of CdS/CTABL. This is in strong agreement with our adsorption hypothesis of

Br~ on CdS surface.

For CdS_Sy, the photocurrent decay observed after the anodic spikes upon
illumination is less intense than the pristine CdS. In Figure 3A.8a, 0.7 V and 0.8 V are
given as highlighted regions. Notice that, in the first area, CdS_Sv does not show the
anodic peak after the photocurrent decay, which was defined as the dip behavior. It
indicates that H>O» treatment leads to a cathodic shift in the dip behavior which is
associated to dissolved S?~ oxidation. In region, the photocurrent decay after the anodic
jump is highlighted and the decay rates were calculated as in Figure 3.2b. Results
showed that the decay rate of bare CdS is 2 times higher than that of Cd_Sv which is in
strong agreement with the interpretation of TPC behavior in chopped light LSV
measurement. Moreover, the photocurrent density after the dip increases by 9.4% and
40% for CdS_Sy and bare CdS, respectively. Since the CdS_Sv surface has an
increased number of S,s, less photo-corrosion induced S* is released to the electrolyte

and thus less S*~ undergoes oxidation reaction on the photoanode surface to cause faster
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photocurrent decay and increased interfacial Rct. Moreover, MS analysis results shown
in Figure 3A.8c and 8d reveal that CdS_Sy and CdS_S\/CTAB photoanodes have higher
Ng than bare CdS and CdS/CTABL, respectively. Therefore, Nq is correlated with the

amount of surface Sys and coverage of CTAB overlayer.

Within the light of PEC and structural characterization experiments, S*
oxidation hypothesis was tested in detail by transient chronoamperometric
measurements to reveal the mechanistic fingerprints of the elementary steps.
Chronoamperometric (CA) TPC experiments were conducted to further analyze the
photocorrosion and photocurrent density decay behavior by using 250 ms on 250 ms off
light pulses with an LED light source at 0.7V. The CA-TPC results of bare CdS and
CdS/CTAB?2 is shown in Figure 3.5. Notice that the anodic jump, subsequent decay, the
second anodic event which we associated with sulfide oxidation, and the cathodic
overshoot when light is off are consistent with the chopped illumination LSV results.
However, what is unexpected is the wiggle-like periodic cathodic events during steady

state photocurrent.
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Figure 3.5 (a) CA at 0.7 V with 250 ms white LED light pulse of bare CdS and CdS/CTAB2, (b) stacked
inset of the wiggle behavior during steady state, (c) schematic representation of the effect of CTAB on
surface charge trapping passivation.

In Figure 3.5.b, a stacked inset of one wiggle which takes almost 10 ms is shown

with 2 cathodic events numbered as 2 and 3. We propose the trapping mechanism
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below, which can explain the periodicity of 2 cathodic events and the relation between
S* dissolution and activity loss.

Water Oxidation Mechanism

CdS—»e +ht

*+ OH + h* -» *OH

*OH + OH 4+ h* - *0 + H,0

*0 4+ OH + h* - *0O0H

*OOH + OH™ + h* > 0, + H,0
Photocorrosion and Electron Trapping Mechanism
CdS - Cd{y + S

CdS — CdS-Sy" + Sgy (1)

St +2h* — S0

25 + 302 (g + H0 + 4h* - 45077,
CdS-S;* + e =CdS-S; (2

CdS-S; + 03 () = CdS-S;-0,

CdS-S;-0, = CdS-S;'-0;

CdS-S;*-05 + e — CdS-S;°-05"  (3)
CdS-S;"-0% — CdS-S;" + 03

05 + 2h* = 0, (4)

As mentioned before, the dip behavior in TPC is related to light-induced sulfide
dissolution and oxidation at the photoanode surface which is shown in equation 1
above. When the photoanodes reach to steady state, there are 2 cathodic events which
are shown in equations 2 and 3. In our proposed mechanism, we included the Ss
formed by photo-etching when sulfide ions dissolve to the electrolyte. These Sys are
possible sites for electron trapping and can contribute to activity loss. However, it has

been reported that the energy level of Sy is located between Fermi level and the
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conduction band minimum which makes them unstable trap sites meaning that the
trapped electron can go to CB easily by thermal excitation -1, Moreover, equation 2
itself does not explain 2 cathodic events and the periodic trend of the wiggle
movements. At this point, O> coming from OER which can sit on the electron trapped in
Sv is included in the mechanism. The reason why oxygen is included is that, after taking
the trapped electron and becoming a superoxide which is known to be very reactive, it
can take a second electron to go to peroxide as the second cathodic event shown in
equation 3. Notice that this event disappears in CdS/CTAB2 because of the occupancy
of sulfur vacancies with Br™. In this way, photogenerated holes and electrons can go for
OER and HER instead of giving recombination at the surface due to electron trapping.
What makes this process periodic is that, after taking —2 valancy, 03 can leave the

vacancy and give OER reaction via equation 4.

In the photocorrosion and electron trapping mechanism, there are 3 important
parameters that can change the extend of trapping: potential, light intensity, and
illumination time. The change in potential can manipulate the amount of oxygen coming
from OER and the last 2 parameters can be used to tune the amount of Sys which are the
primary trap states. In order to show the effect of these parameters 3 CA experiments
were conducted by using bare CdS as the control sample. In Figure 3A.10.a, 250 ms on
250 ms off pulse experiment at 3 different potentials is shown. Notice that as the
potential increases the intensity of cathodic events increase as well. Normally, if there is
a trapping event which is caused only by a trap state, it is expected to decrease with
applied potential. However, it is vice versa for CdS, which is consistent with our
hypothesis where the O, coming from OER is a part of the trapping mechanism. At high
potentials, OER goes to a higher extend which means that there are more O near the
photoanode surface to go for the electron trapped sulfur vacancies. Secondly, we
performed the same experiment at 2 different light intensities. Since the sulfur vacancy
formation on the surface depends on light-induced etching, it can be said that more
sulfur vacancy sites form after higher light intensity illumination. More sulfur vacancies
are possible trap sites to increase surface charge recombination and cathodic events. The
result in Figure 3A.10.b and the PEC activity decrease after H>O. treatment in Figure
3A.8a are confirming this hypothesis as they both show the negative effect of surface
sulfur vacancies. Lastly, the effect of light-induced sulfur vacancy formation is

investigated by changing the illumination time at 0.7 V. Similar to light intensity
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dependent experiment, it is expected to have more sulfur vacancies as the sample is
illuminated for longer time. In this experiment, the light intensity is increased to see the

change in steady state photocurrent with longer illumination time.

For 50 ms and 150 ms long illumination measurements, there was no cathodic spike
when light is off, which is consistent with the chopped-light LSV measurements.
However, a cathodic spike appears at 500 ms and continues to increase until 1200 ms at
where it reaches a maximum. The reason for the cathodic overshoots when light is off is
explained as the recombination of remaining holes on the surface with electrons. Notice
that the photocurrent density at each anodic jump, and the steady state photocurrent are
decreasing between 50 to 1200 ms. Both lowered photocurrent density and increasing
cathodic overshoot are the signs of surface charge recombination caused by electron
trapping. The result confirms Figure 3A.10b which shows that when more surface sulfur
vacancies form by photoetching, electron trapping goes to a high extent. Another
finding of this TPC experiment is that the cathodic overshoots start to decrease after
1200 ms illumination meanwhile the steady state photocurrent starts to increase. For the
chopped illumination LSV experiment, we associated the anodic event after
photocurrent decay with the S?° oxidation. It is important to note that longer
illumination time not only creates sulfur vacancies on the surface but also causes more
dissolution of S*~ ions which can undergo electrochemical oxidation at 0.7 V. This
reversed trend of cathodic overshoot and the steady state photocurrent density can be
attributed to this electrochemical process which was also confirmed by EIS

measurements.

3.4  Conclusion

In summary, the effect of CTAB overlayer amount on CdS photoanode surface and
the fundamental charge transfer and utilization mechanisms of bare CdS was
investigated in detail by TPC and potential dependent EIS measurements. We proposed
a surface charge trapping mechanism for TPC decay behavior, which was further
confirmed by short light pulse CA measurements. CTAB overlayer coating was
presented as a facile approach to passivate the surface charge trapping and electron-hole
recombination processes, which was proved by LSV, TPC, and in-situ PL spectroscopy.
To investigate the adsorption mechanism of CTAB on CdS surface, both bare and

surface sulfur vacancy rich CdS photoanodes were analyzed by XPS before and after
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CTAB treatment to see the change in surface composition. We believe that this work
can be an important insight for research on CdS photoanodes by providing a
fundamental understanding of key processes taking place at photoanode/electrolyte

interface.

41



Chapter 4:
Effect of Ultrathin ALD TiO; Overlayer on Charge Transfer and
Utilization Properties of CdS Photoanode

4.1 Introduction

Surface charge recombination is one of the most critical processes that
contribute to PEC activity loss of CdS. It can be resulted from poor charge separation of
the photoanode material where electrons and holes recombine on the surface instead of
transferring to the electrolyte to drive HER or OER. It can be the indication of a trap
state on the surface as well. This issue is demonstrated for different photoanodes such as
Fe,0s, BiVO4, and WO3 130132 One of the most widely studied surface modification
strategies to overcome these challenges is the passivation overlayers which can be
chosen from inorganic materials such as Al.Os, TiO2, ZnS, CeOx 313 or organic
materials *’. The main purpose of passivation overlayers is to reduce the number of
defect sites on the surface which is the bottle neck of improving the light-induced
activity loss. There are different ways to deposit passivation overlayers such as dip-
coating, chemical bath deposition, plasma enhanced deposition, and atomic layer
deposition (ALD) *1%° Among all options, ALD is a good choice since it allows
deposition of ultrathin, controllable, and uniform layers 41,

In the literature, passivation overlayers are mostly used with metal oxide
semiconductors because of their oxygen vacancy defects which serve as recombination
centers between VB and CB 2. As an example, BiVO, is often combined with
passivation overlayers since it is a simple post-synthesis surface modification method.
Ahmed et.al. reported utilization of TiO. passivation overlayer on Fe>O3z photoanode to
enhance the charge transfer and utilization at photoanode/electrolyte interface where
they proposed that TiO overlayer blocks the defect sites on Fe,O3 and reduce electron-
hole recombination 13, Other than successful studies, there are also papers that reported
negative effects of passivation overlayers. Wan et. al. studied AlOz overlayer on
BiVOs which is known for poor charge carrier mobility and surface charge
recombination. The results showed that Al,Oz deposition decreases the photocurrent
density due to high resistance and low conductivity of amorphous Al,O3z overlayer *°.
Other than metal oxide surface overlayers, different materials were also utilized for

surface passivation such as Nafion. Zheng et.al. used polydopamine modified Nafion on
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CdS surface to passivate the surface where the surface defects are disabled by Nafion
and the surface charge recombination is reduced %. TiO; is a less studied material for
CdS modification as a passivation overlayer. However, TiO2/CdS heterojunctions have
an important place in the literature because their characteristics are completing each
other. For example, CdS is a very good light absorber with poor stability and TiO> is
known for its photo-stability but also its large band-gap energy. When the CdS is
deposited on TiO> their relative band-edge alignment allows fast charge transfer and
injection to the electrolyte, which is very critical to improve activity and stability 144145,

In Chapter 3 of this study, we proposed a surface charge trapping mechanism for
CdS caused by surface sulfur vacancies, both abundant and produced by light induced
photocorrosion. Inspired by the application of metal oxide passivation overlayers on
different photoanodes and the findings from Chapter 3, we utilized ALD TiO2 layer
with different thicknesses to provide a simple surface modification method to improve

the stability and PEC activity of CdS.

4.2  Experimental

4.2.1 Fabrication of FTO/CdS Photoanodes

FTO/CdS photoanodes were synthesized by using the same hydrothermal deposition

method described in section 3.2.2.

Fabrication of FTO/CdS/TiO2 Photoanodes by ALD

Ultrathin TiO2 layer was deposited on CdS photoanodes by using ALD method. ALD is
a deposition method which allows ultrathin coatings by using different precursors in
vapor phase L. In this study, titanium bis(acetylacetonate) chloride and H>O were used
as Ti and O precursors. In the recipe, H20 is pulsed for 0.15 s and the surface is
sweeped by N2 with 20 sscm. Afterwards, Ti precursor is pulsed for 1 s with another
subsequent sweeping to get rid of the acetylacetonate groups. This process was repeated
for different number of cycles to see the effect of TiO2 overlayer amount on CdS. The
deposition was performed at 200 “C reactor inlet and outlet temperature.

Structural Characterization Experiments

All instrumental details of the structural characterization experiments in this section are
the same as in section 3. Different from Chapter 3, Raman spectroscopy was performed

by using a Renishaw Invia- Raman microscope and 532 nm laser light.
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4.2.2 Photoelectrochemical Characterization

All PEC experiments were performed with the PEC cell configuration described in
Chapter 3. The same experiment parameters were used for chopped light LSV

experiments, EIS, MS, and OCP measurements.

4.3 Results & Discussion

Firstly, the successive overlayer deposition of ALD method was confirmed by
XPS analysis. Cd 3d, S 2p, Ti 2p, and O 1s spectra of bare and 10-30-50-70-90 cycles

of TiO. coated CdS samples are shown in Figure 4.1.

Ty
(a) ihare, (b) S2p
{\ — casmomio,
\ :
5 3
I ©
z =
E E
A
et 25
414 412 410 408 406 404 172 170 168 166 164 162 160 158
Binding Energy ( eV ) Binding Energy (eV')
(c) [Tizp (d)| o1s A
5 \ 5 \
o © / \
—_ = /\ \
= = A\
2 2 ava\
5 5 // —~ ,\}2-"" I\ )
£ £ / (A
)7 /28
o
i \ e
536 534 532 530 528
Binding Energy (eV) Binding Energy ( eV )

Figure 4.1 (a)Cd 3d, (b) S 2p, (c) Ti 2p, and (d) O 1s of bare CdS and CdS samples with 10-30-50-70-90
layers of ALD TiO; coating.

As the number of ALD cycles increases, there is a gradual increase in the Ti 2ps. and
2p1/2 spin orbit coupling peaks located at 458.6 and 464.2 eV. There is also formation of
a satellite peak at 471.8 eV which has been reported as a characteristic peak for TiO>
before 6. On the other side, the drop in the intensity of Cd 3d and S 2p peaks due to
successive surface coverage by ALD TiO>. In O 1s spectra, there are 2 peaks located at
531.6 and 529.7 eV. The second peak increases as the thickness of TiO. overlayer
increases. On the other side the O 1s peak located at 531.6 eV decreases as the peak
assigned to oxide ion of TiO: increases. That peak was assigned to different surface
states such as CO%" SO%,or OH" resulting from surface oxidation**"*4¢, Considering the

sensitivity of CdS towards air oxidation, it is expected to have such adsorbed oxygen
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species. TiO2 can be considered as a surface protection layer against CdS oxidation. The
second important point about the XPS results is the shift towards negative binding
energy in Cd 3d, S 2p and O 1s spectra. This can be attributed to a charge transfer
process from TiO> to CdS. In the literature, there are examples of electron transfer from
TiO2 to CdS. However, Ti 2p must show a shift towards higher binding energy if there
was such electron transfer but it remains unchanged. Considering their relative Evs
alignment, which is shown in Figure 4.2 below, the potential scenario is hole transfer
from CdS to TiO; after ALD deposition.
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Figure 4.2 Relative band-edge alignment of CdS and TiO.

After confirming the successive ALD TiO> deposition, samples were tested for the PEC
activity by chopped illumination LSV at 10 mV.s? scan rate in 0.1 M NaOH.
According to the chopped illumination LSV in Figure 4.3a, a certain amount of TiO>
increases the activity of bare CdS, which is more visible between 0.4 and 0.8 V when
we consider the maximum photocurrent values reached every time light is on. However,
this improvement continues till the 50 cycle TiO2 coated CdS and starts to decrease with

thicker TiO2 on the surface.
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Figure 4.3 (a)Chopped illumination LSV of bare CdS, and 20,30, 40, 50, 70, and 90 ALD cycle TiO;
coated CdS in 0.1 M NaOH, (b) decay rates and (c) cathodic spikes (when light is off) of bare CdS,
CdS/50TiO,, and CdS/90TiOo.

In the previous chapter, we explained the anodic jumps when light was on as the

generation of electron hole pairs and their utilization in HER and OER. Therefore, it can
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be said that an optimum thickness of TiO> can enhance the charge extraction of bare
CdS especially at moderate potentials. It can be anticipated by the boosted charge
separation and injection efficiencies at high potentials which can mask the effect of
TiO2 overlayer. However, the effect of TiO> after the anodic jump does not match with
the hypothesized scenario where TiO2 can suppress the electron trapping and improve
the activity loss. For further PEC and structural characterization, 50 and 90 cyles TiO>
coated samples were chosen to compare with bare CdS. The samples will be denoted as
CdS/50TiO2 and CdS/90TiOz. In Figure 4.3b, the decay rate comparison of bare CdS,
CdS/50TiOz, and CdS/90TiO2 is shown where CdS/90TiO, and bare CdS have the
fastest and slowest decay rates. Moreover, a similar relation is given in Figure 4.3c
where CdS/90TiO has the most intense cathodic spikes when light is off and bare CdS
has the lowest. The photocurrent decay behavior was explained by an electron trapping
process before. However, it is unlikely that TiO2 overlayer increases the extent of
trapping because the cathodic overshoot of CdS/50TiO> is more intense than that of bare
CdS, even at the potentials where the photocurrent density of bare CdS is lower. The
cathodic overshoot caused by surface charge recombination is expected to be higher
when the steady state photocurrent is lower.

The crystal structure of the samples is confirmed by XRD in Figure 4B.1 where
all samples showed the characteristic peaks of hexagonal wurtzite structure. No peaks
are observed for TiO2 because of the detection limit of XRD. After the crystal structure
analysis, the morphology was checked as well by FESEM in Figure 4.4. The results
show that TiO2 overlayer is not visible in FESEM images because ALD gives a very
thin overlayer even with 90 cycles of ALD TiO2 deposition. However, EDX results of
the SEM samples confirm the presence of TiO> for both 50 and 90 cycle samples. The

increase in Ti peaks and the drop in Cd and S peaks are consistent with the XPS results.
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Figure 4.4 SEM images of (a) bare CdS, (b) CdS/50TiO,, and (c) CdS/90TiO,. (d) EDX spectra of
CdS/50TiO,, and CdS/90TiOs.

The optical characteristics of the samples were investigated by UV-Vis and
Raman spectroscopy. UV-vis absorbance data was used to see if the improvement with
50 cycles of TiO2 was originated from a change in the band-gap energy. In Figure 4.5a,
the absorbance of CdS is not improved by TiOa, in fact it decreases. However, it does
not have a significant effect on the band-gap energy. The band-gap energies of the bare
CdS, CdS/50TiO2, and CdS/90TiO: are calculated as 2.42, 2.41, and 2.41 which all are

consistent with the literature value of CdS.
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Figure 4.5 (a) UV-Vis absorbance spectra and Tauc plots of bare CdS, CdS/50TiO», and CdS/90TiOs.

Raman spectroscopy has been used to investigate the in-depth structure of a BiVOs
photoanode with Al,O3 passivation overlayer in another study. The results showed that
47



the ALD surface treatment and passivation have an effect on the V-O bond 3. To find
out if there is such change for CdS, Raman spectroscopy was conducted for all samples
by using a 532 nm laser. In Figure 4B.2, the peaks located at 300.8, 601.5, and 908.9
cm ! are attributed to first, second, and third order longitudinal optical (LO) modes,
respectively *°. TiO coating does not cause any shift in Raman peaks, which means
CdS chemical bond energy is not affected by the overlayer %! However, there is a
significant drop in the peak intensities which corresponds to surface coverage but none
of the samples show any characteristic peaks of TiO.. Another outcome of Raman
spectroscopy is the narrowing of 1LO and 2LO peaks after TiO> treatment. In the
literature, narrowed Raman peak behavior is attributed to reduced lattice stress %2,
However, it is unlikely to expect such change after a mild surface treatment.

After the LSV and structural characterization experiments, the reason behind the
negative effect of TiO> on CdS was further investigated by PEC characterization
experiments. As a surface modification method, Liu et.al. used ALD TiO2 overlayer on
CdS as a fixation layer for surface defects, which prevents chemical corrosion, and acts
as a hole blocking layer. The last one is very critical for this chapter because in this
article, the main substrate is p-Si which is a photocathode and CdS is used to make a p/n
heterojunction with strong light absorption characteristics 3. It was constructed in a
way that TiO> facilitates the extraction of electrons, rather than holes to have efficient
HER on the surface. This can be related to the activity loss of CdS by TiO2 overlayer at
high thickness. Also, this behavior has been attributed to increased charge transfer
resistance at photoanode/electrolyte interface due to overlayer deposition which EIS can
be useful to explain 413, We performed EIS spectroscopy to investigate how TiO;
affects resistance and capacitive characteristics of CdS. In Figure 4.6a, Nyquist plots at
1 V, which are fitted by using the same Randles circuit presented in Chapter 3, are
shown with the change in Rct and Cint through the anodic potential sweep. All fittings
and separate Rct versus potential plots are given in Figure 4B.3 and B.4. Notice that in
Figure 4.6a, the Rct of CdS/50TiO: is the lowest which is unexpected because at 1 V,
the photocurrent density of bare CdS is higher than CdS/50TiO after the anodic jump.
On the other side, the potential dependence of Rct shows a switch around 0.8 V.
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Figure 4.6 (a) Nyquist plots recorded at 1V and (b) Rcr and (c) Cint versus potential plots of bare CdS,
CdS/50TiO,, and CdS/90TiOs.

Before 0.8 V, the Rct of the bare CdS is lower than the TiO, treated samples, then it
overcomes the Rct of CdS/50TiO- at higher potentials. This can be caused by corrosion
of TiO; layer and start of S dissolution which was confirmed by the Ti 2p XPS plots
of CdS/50TiO2 sample before and after consecutive LSV scans. In Figure 4B.5, there is
a drop in Ti 2p peak confirming the light-induced corrosion of TiO2. The S 2p spectrum
of CdS/50TiO2 shows a drop as well, which means that the decreased Ti 2p peak is not
related to blocking of TiO. layer by sulfide oxidation products, it is related to the
photocorrosion of the sample. In addition to the dissolution of TiOg, it might be also a
result of CdS itself, dissolving to the electrolyte and carrying TiO2 with it. Meanwhile,
CdS/90TiOz has the highest resistance at all potentials due to the thick TiO> layer, and
very close to bare CdS after 1.2 V. The important result in Figure 4B.4 is that the Rct of
bare CdS starts to increase after 0.6 V and increases by 20 times till 1.3 V. On the other
side, CdS/50TiO; starts to show an Rct increase after 0.9 V and it approximately triples
at 1.3 V. Among all samples, CdS/90TiO- does not show any increase at all. This result
is an indirect proof of our S* oxidation-related Rct increase hypothesis in Chapter 3
since TiO; acts like a blocking layer which can suppress the light and chemical
corrosion induced sulfide dissolution to the electrolyte. The change in interfacial
capacitance (Cint) was analyzed in Figure 4.6¢. Bare CdS shows almost a flat capacitive
behavior compared to TiO: treated samples which show a decrease in Cin with
increasing potential. The results also show that TiO> increases the Cint value of bare CdS
at all potentials. The increased Cint can be attributed to accumulation of photogenerated
charge carriers at TiO2 overlayer instead of going to OER due to hole blocking effect.
Another contributing factor to the capacitive built-up is the double layer capacitance at
non-faradaic region *** which is investigated by ECSA measurements. In Figure 4B.6,
CV measurements at different scan rates are shown for all samples. The ECSA

calculation was conducted by using the formula explained in the methodology section.
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Results demonstrate that, ECSA of bare CdS is almost same as CdS/50TiO but higher
than that of CdS/90TiO». Therefore, TiO2 overlayer does not have an increasing effect
on double layer capacitance, surface hydrophilicity or it does not introduce an active
site for OER.

TPC measurements with short light pulses were performed to understand the effect of
TiO2 on CdS charge carrier dynamics at different time scales. First of all, 1200 ms on 5
s off light pulse CA experiments at different potentials were performed, which is shown
in Figure 4B.7. Firstly, all samples showed cathodic overshoot when light was off,
which is associated with the activity loss caused by the recombination of remaining
holes and the electrons. For bare CdS, CdS/50TiO,, and CdS/90TiO; these cathodic
overshoots continue till 0.6, 0.9, and 1.3 V, respectively. This result is consistent with
the chopped illumination LSV experiment, where the photocurrent decay rate of bare
CdS increases with TiO2 overlayer. We compared the behavior of the samples at 0.4,
0.7, and 1 V as 3 different potential regions shown in Figure 4.7. CdS/90TiO> has the
most intense cathodic overshoot at all potentials. The interesting outcome of this
experiment is that, especially at low and moderate potentials, the activity loss with
90TiOz is not as much as in LSV measurements. Meaning that, in addition to increased
charge transfer resistance at the photoanode/electrolyte interface, TiO2 might have a

positive effect on the passivation of surface states.
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Figure 4.7 1200 ms chopped light CA-TPC plots of bare CdS, CdS/50TiO-, and CdS/90TiO; at (a) 0.4 V,
(b) 0.7 V,and (c) 1 V.

Notice that when light is on, CdS/50TiO> reaches the highest photocurrent density at 0.4
V followed by a subsequent decay. The decay rate of both CdS/50TiO2 and CdS/90TiO>
are higher than that of bare CdS which is consistent with the EIS results and capacitance
measurements. However, the activity difference between CdS/90TiO, and bare CdS
goes to a higher extent at high potentials, and it is smaller at low and moderate

potentials.
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Before deciding if TiO2 can be a surface passivation layer for CdS, we performed 250
ms on 250 ms off LED light pulse TPC experiments to study the effect of TiO2> more in
detail. In Figure 4.8, comparison of the TPC behavior of all samples is shown. 0.7 V
was chosen for this experiment because there are many processes happening at the same
time such as OER, charge transport, possible charge trappings on the surface or S?-
oxidation. So, 0.7 V is ideal to investigate how TiO> affects these charge transfer and
utilization mechanisms. Notice that, during 250 ms illumination, the photocurrent
density of CdS/90TiO2 and CdS/50TiO; are lower than that of bare CdS and their decay
rates are higher as well. As can be seen from Figure 4.8a, CdS/90TiO: especially shows
a significant decay after reaching a photocurrent density close to that of CdS/50TiOo.
Another important finding is that TiO treated samples do not show the dip behavior as
in bare CdS. We attributed this event to light-induced S?" dissolution in section 3.3,
Figure 3.5a. This result is in strong agreement with our EIS interpretation about the
effect of TiO, on the Rcr increase caused by oxidation of S*~ on CdS surface.
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Figure 4.8 (a) 250 ms on 250 ms off CA-TPC at 0.7 V and (b) stacked inset image of the wiggle behavior
of bare CdS, CdS/50TiO,, and CdS/90TiOs.

The wiggle behavior during steady state photocurrent was also investigated. In Figure
4.8b a stacked inset image of one wiggle is shown. This repeating pattern was used to
propose possible activity loss tunnels where an electron trapping mechanism is
involved. As mentioned, and explained in Section 3.3, there are 2 cathodic events
contributing to electron trapping process. The drop in wiggle intensities and the
disappearance of the cathodic event which is highlighted with green in Figure 4.8b
indicate that that TiO2 overlayer acts like a block on the surface that prevents electron
trapping at surface sulfur vacancies and formation of vacancy sites on the surface for

trapping. Another important parameter which might have caused this passivation effect
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is the oxygen coming from OER which is also involved in the trapping/detrapping
process. Since the high resistance of TiO> treated samples prevent hole injection to
OER, it means there will be less oxygen to proceed the trapping process, which results
in passivation of the cathodic events.

In addition to TPC experiments, we performed MS analysis to investigate the change in
V1, and Ngq after TiO2 deposition. MS plots of the samples are shown with their Vi, in
Figure 4.9. There is a cathodic shift in Vs, after the TiO2 treatment and CdS/50TiO:

gives the lowest flat-band potential.
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Figure 4.9 Mott Schottky plots and of bare CdS, CdS/50TiO2, and CdS/90TiO,.

Ng values of bare CdS, CdS/50TiOz, and CdS/90TiO, were calculated as 2.8x10'8,
33.1x10'8, and 12.2x10% cm3, respectively. It has been mentioned earlier in Chapter 3
that the cathodic shift in Vs, corresponds to enhanced charge separation in photoanodes.
Notice that CdS/90TiO2 shows an anodic shift after the significantly lowered Vi of
CdS/50TiO2 due to the extra charge transfer resistance caused by thicker TiO2. The
same trend can be interpreted for Ng values where CdS/50TiO: has the highest Ng and
there is a decrease in CdS/90TiO». Xi et.al. observed a similar trend in Vs, when they
utilized a thin ZnO overlayer on Fe;Os3 to reduce the recombination at surface defect
sites’®®. They attributed this diminished Vs, to the lowered VB so that less bias is
required to bring the bands to the flat position which corresponds to enhanced band
bending. In this study, TiO> is used as a thin overlayer on the surface, so it can be said
that it acts like a defect site on the surface rather than a pure TiO: layer to form a

heterojunction structure. In fact, when TiO2 is on top, it is a reversed type Il
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heterojunction, which means that it prevents utilization of holes in OER instead of
facilitating upwards band bending. Even though ALD TiO- layer is not thick enough to
form such heterostructure, the Eve of TiO2 being lower than that of CdS might cause a
slight shift in the energy of holes in VB to decrease compared to bare CdS. At an
optimum thickness, which was obtained with 50 ALD cycles, TiO: acts like a surface
passivation layer, but thicker layer causes this shift in Evs, and it becomes more
challenging to use holes at lower energy to drive OER. A similar scenario has been
reported by Chen et.al. where they investigated the surface state passivation of BiVO4
by TiO2 overlayer and provided evidence for enhanced OER efficiency with deeper VB
edge 1%,

We also measured the transient OCP of the samples with solar simulator as the light
source. In Figure 4.10, the transient behavior of OCP and the photovoltage change of
the samples are given. The photovoltage values were calculated by the difference

between dark OCP and steady state OCP upon illumination.
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Figure 4.10 (a) Chopped illumination OCP plots and (b) photovoltage change of bare CdS, CdS/50TiO»,
and CdS/90TiO,.

Figure 4.10a shows that dark OCP of CdS/50TiO: is slightly higher than that of bare
CdS and CdS/90TiO: is the lowest one, which means CdS/50TiO> has the highest self-
driven potential among all and it also reaches the highest photovoltage when the light is
on, however, because of the higher Rcr, surface charge recombination takes place and
its photovoltage at steady state is lower than that of bare CdS. This behavior is
consistent with the activity measurements where CdS/50TiO2 reaches the highest
photocurrent density at anodic jumps. When the light is on, all photoanodes show a drop
in OCP which is a characteristic of n-type semiconductors. Other than photovoltage, the
steady state OCP behavior of CdS also changes after TiO> treatment. See that, bare CdS
does not show any spike behavior while CdS/50TiO, and CdS/90TiO2 show a cathodic
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decay while reaching to steady state. The interesting result is that the spiking rate of
CdS/50TiO; is higher than that of CdS/90TiO2. However, CdS/90TiO2 continues to
decrease meanwhile the steady state OCP of CdS/50TiO, remains consistent upon
illumination. This behavior can be caused by the high surface charge recombination of

CdS/90TiO;, due to high resistance at photoanode/electrolyte interface 7.

4.4  Conclusion

In this chapter, we showed the effect of TiO. overlayer on CdS by investigating the
structural and PEC characteristics of CdS samples with different TiO2 overlayer
thicknesses. Results demonstrated that TiO> as a passivation overlayer is not as effective
for CdS as it is for other photoanodes because of the high charge transfer resistance
caused by TiO2. However, the TPC measurements showed that TiO2 can be tunable
since it has positive contributions to the passivation of cathodic events that cause light-
induced stability issues. We believe that this study can be critical since it reveals the
negative sides of a very widely studied passivation overlayer, TiO2, on CdS by detailed

TPC and EIS measurements.
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Chapter 5:
Photoelectrochemical Hz Production from H»S by Using CdS
Photoanode with ALD TiO, Overlayer

5.1 Introduction

Solving the light-induced stability problem of CdS is extremely important to
enhance its utilization among other semiconductor photoanode materials. There have
been many efforts to modify CdS surface for water oxidation reaction which were
discussed briefly in Section 3.1. and the introduction chapter. However, most of the
reported studies showed that the research on CdS is more focused on increasing its PEC
activity rather than fundamentals of its charge carrier dynamics. In chapter 3 and 4, we
investigated the charge transfer and utilization mechanisms of CdS at
photoanode/electrolyte interface by using TPC measurements at different time scales.
Inspired by the findings of these studies and the fundamental mechanism behind the
CdS photocorrosion, we hypothesized that CdS can be a very promising candidate for
PEC H>S splitting. In the literature, different materials were utilized for PEC and
photocatalytic HoS splitting but not as frequently as H>O splitting due to the challenges
and complexity of H>S splitting which is explained in detail in Chapter 1. The reason
why CdS is used for this reaction is, its stability in sulfide containing electrolytes has
been reported before and its photocorrosion mechanism is strongly correlated to the
extent of S?~ dissolution. In the literature CdS showed very promising stability in sulfide
containing electrolytes, mostly Na,SO3z/Na>S, which means that its potential can be fully
utilized in the presence of sulfides %8, It is because of the low thermodynamic potential
required for H,S splitting which allows faster oxidation Kkinetics at
photoanode/electrolyte interface.

Other than CdS, different semiconductor materials were utilized as photoanodes
for H.S splitting reaction. Bedoya et.al. reported that Sn doped Fe>O3 photoanodes give
promising stability and PEC activity for alkaline H,S splitting. They provided a detailed
reaction mechanism for alkaline H»S splitting with different polysulfide ions involved
159 What makes alkaline conditions more challenging for HS splitting is that the
dissolution and electrochemical oxidation of H>S ions can interfere with each other,
which makes quantification very difficult. In the literature, spectroscopic and

electrochemical methods have been reported for the characterization of H2S ions 6016,
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The oldest method is the methylene blue method were solutions with different H>S
concentrations were used to make a UV-Vis absorbance calibration curve. For acidic or
neutral conditions, the quantification is mostly conducted through the sulfur since it is
easier to measure than H,. Luo et.al. used WO3 photoanodes under acidic conditions
and achieved selective oxidation of H>S to elemental sulfur which was collected by
centrifugation 162,

After investigating the challenges and the mechanisms behind the activity loss of
CdS by TPC measurements and structural characterization experiments in the previous
chapters, we utilized CdS for H»S splitting and tested its activity and PEC
characteristics for this reaction. Moreover, after seeing the poor improvement by TiO>
overlayer, we tried it for HoS splitting to see if it can be a useful passivation overlayer
for a different reaction. We tested how H.S affects the stability of CdS by PEC and

structural characterization experiments.

5.2  Experimental

5.2.1 Fabrication of FTO/CdS Photoanodes

Fabrication of FTO/CdS Photoanodes

FTO/CdS photoanodes were synthesized by using the same hydrothermal deposition
method described in section 3.2.2.

Fabrication of FTO/CdS/TiO2 Photoanodes

ALD method was used to deposit ultrathin TiO> layer on CdS photoanode. Details of

the method were described in section 4.2.

5.2.2 Photoelectrochemical Characterization

All PEC characterization experiments were conducted by the same 3 electrode
configuration in a single quartz cell. H2S experiments were done in H>S feeded 0.1 M
NaOH by controlling the H>S flow with a mass flowmeter purchased from Alicat

instruments.

5.3 Results & Discussion

As mentioned in section 5.1, the main reason behind choosing CdS for H»S splitting is

its stability in the presence of sulfide ions. Therefore, before the investigation of OER
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Kinetics, the stability of CdS for H20 and H2S splitting was tested by CA measurements
and different structural characterization methods. To test the stability, H>S feeding to
0.1 M NaOH electrolyte was performed at 10 sscm rate. The feeding was stopped after
30 min when the electrolyte pH reached 12.31. The first reason to stay in this pH was to
have comparable results with alkaline H2O splitting. Moreover, variety of H.S ions
change towards moderate pH values and it brings the possible crossover of many
different reactions. Between pH 10 and 12, the majority sulfide ion species is HS™ and

there is a minority of S?° 163,

In order to assign the HS™ concentration, an
electrochemical characterization method was used inspired by the paper of Ghayad et.al
164 Solutions of different Na,S concentrations dissolved in 0.1M NaOH were prepared
to produce HS™ ions through the reaction below.
Na,S + 2H,0 = 2Na* 4+ 20H" + H,S
H,S=H" + HS"

Considering the 1:1 stoichiometric ratio of Na,S and HS", the concentration of
dissolved Na.S was taken as the HS™ concentration. The solutions were tested by CV
with a 3-electrode configuration of Pt, Pt, and Ag/AgCl. The results are presented in
Figure 5C.1 with the CV measured in 30 min H>S feeded 0.1M NaOH. There is a
gradual increase in the peak located at 0.94 V which can be attributed to
electrochemical oxidation of HS™ ions. In the cathodic sweeps, the gradual decrease of
the peak located at 0.64 V indicates an oxidative process which is disappearing as the
pH decreases. It is important to note that unlike H.S, NayS is strongly alkaline due to
dissolution of OH- ions, so H»S feeded electrolyte has the lowest pH among all. Since
the intensity of the cathodic peaks is negligible compared to anodic events, it can be
said that the majority ion is HS". In Figure 5C.1b, the calibration curve which was
obtained by the anodic current at 0.94 V and the corresponding NaxS concentration is
given. The concentration of HS™ ions in the H2S/NaOH was calculated as 0.05 M from
the linear fit equation.

The first experiment performed in 0.1M NaOH/ H>S electrolyte was CA at 0.8 VV which
is shown in Figure 5.1. The experiment was performed with bare CdS with and without
H>S feeding. The results show that in the first 30 min of CA, photocurrent density of
CdS drops by 94 and 20% in 0.1M NaOH and 0.1M NaOH/ H.S, respectively. It can be
also seen from the color difference that CdS undergoes more corrosion in the absence of
H>S which is shown in Figure 5.1b. This result was supported by structural
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characterization data. In the characterization data, the samples which were tested in the
absence and presence of H>S are labeled as after H2O and after H.S, respectively.

(a) 2.0

0 2000 4000 6000
Time (s)

Figure 5.1 (a) CA of bare CdS in 0.1M NaOH (H20) and 0.1M NaOH feeded with H,S for 30 min (H.S),
(b) pictures of the CdS samples after CA with and without H,S.

In Figure 5C.2 and 3, SEM images and XRD spectra of fresh CdS, CdS after CA in
0.IM NaOH and H»S/0.1M NaOH are presented. The morphology of CdS was
significantly disturbed after CA experiment in 0.1 M NaOH due to photocorrosion and
surface oxidation. Meanwhile CdS tested in 0.1M NaOH/ H,S was almost unchanged. It
is confirmed by XRD analysis where some of the characteristic peaks of hexagonal
wurtzite structure are gone after CA. Moreover, some new peaks formed, which are
shown by the green highlighted areas. These peaks which are located at 29.6, 35.3, and
49.3 degrees are attributed to CdO and FTO, which can be a sign for activity loss
caused by surface oxidation and thinning after PEC 651% Qverall, it can be said that
H>S has a recovery effect on both surface oxidation and dissolution. Wang et.al. used
WO3/Bi203 heterojunction for dual mode PEC H>S sensing, and they reported Bi.S3
formation by ion exchange reaction between S~ and Bi,Os, which might be the case for
CdS as well 17, We also studied changes in the optical properties and surface structure.
In Figure 5C.3a, the UV results show that there is a shift towards lower wavelength at
the absorption edge after H>O, which is not desirable, meanwhile the absorption
characteristics did not show any change after H.S. Such behavior has been attributed to
photobleaching effect before 18, On the other side, the intensity of raman peaks almost
vanished after H2O. Although there is also a drop after H>S, the peak widths and peak to

peak ratios do not show any significant change, meaning that H,S prevents any
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disturbance in the chemical bonding of CdS. On the other side, the red shift and peak
broadening after H2O shows disturbance in the lattice due to photocorrosion. This trend
has been attributed to surface oxidation induced lattice expansion °°,

In addition to structural, and optical characterization, we performed XPS
analysis to see how the surface structure is affected by H>S feeding to the electrolyte.
For this measurement, a CdS sample used in 5 consecutive LSV measurements was
used instead of a sample used in CA. The reason is that the photocorrosion effect of CA
is very strong, which makes it difficult to detect and compare the Cd and S peaks.
Figure 5.2a and b show that the photocorrosion-induced dissolution of CdS is more
from the S?” side rather than Cd?*. Moreover, the shift towards lower binding energies
in Cd 3d, S 2p, and O 1s confirms the reaction of CdS with photogenerated holes and as

a result, surface oxidation which causes O 1s peak intensity to increase.
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Figure 5.2 (a) Cd 3d, (b) S 2p, and (c) O 1s spectra of fresh CdS and CdS after CA experiment at 0.8 V in
0.1M NaOH and 0.1M NaOH/HS electrolytes.

After confirming the the significant stability improvement of CdS in 0.1M NaOH/ HzS,
the PEC activity of the CdS was measured by continuous and chopped light LSV
measurements. Furthermore, CdS samples with different thicknesses of TiO2 overlayers
were tested since the ultrathin TiO2 did not show a significant improvement for the
water oxidation Kinetics of CdS, especially with high thickness due to increased Rcr.
However, the potential barrier for H2S splitting is lower than that of H>O splitting so,
TiO2 can in fact work as a surface passivation layer on CdS for H.S splitting and
improve the activity. 3 samples with 15, 25, and 50 cycles of ALD TiO coating were
prepared. The activity increase after surface TiO. decoration was promising. In Figure
5.3, LSV results under continuous and chopped illumination are shown. In Figure 5.3a,
it is shown that the onset potential of bare CdS shifts more than 0.4V to the cathodic
direction and gives 1.7 times higher photocurrent density at 1.2 V in the presence of

H>S. However, the activity decrease at higher thickness TiO. overlayer trend is still
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valid here which is shown in Figure 5.3b where the activity of bare CdS reaches a

maximum at 25TiO» and decreases with 50TiOx.
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Figure 5.3 (a) Continuous illumination and (b) chopped light illumination LSV of bare CdS in 0.1M NaOH and 0.1M
NaOH/ HzS electrolytes and 15-25-50 cycles TiO2 coated CdS in 0.1M NaOH/H.S.

This improvement is related to fast oxidation kinetics which is shown by the TPC
behavior in Figure 5.3b. Compared to H20 splitting, CdS did not give any photocurrent
decay after the anodic jumps when the light was on, which is a typical behavior of
photoanodes in electrolytes with hole scavenger “. Moreover, the cathodic overshoot
when the light was off completely disappeared in H.S feeded electrolyte, which is a
good sign for the suppressed photocorrosion and surface charge recombination. As
mentioned earlier, H.S splitting is a thermodynamically less hindered process. In Figure
5.3b, the higher dark photocurrent density of bare CdS and CdS/25TiO2 in 0.1M
NaOH/HS between 1 and 1.2 V is a result of electrochemical oxidation of H»S ions.
Notice that dark photocurrent of CdS/50TiO> is the lowest in this potential window,
which means that TiO. does not contribute to the activity as a co-catalyst.

Since the structural and optical properties of ALD TiO2 coated CdS were investigated
and explained in Chapter 4, rest of this chapter will be more focused on understanding
the reason behind the activity increase through PEC characterization experiments by
using the findings from Chapter 4. First, ECSA measurement was performed to
investigate the effect of TiO2 on double layer capacitance and how H»S affects bare CdS
itself. The important part for this experiment is that ECSA measurement via CV scans at
different scan rates should be performed in the non-faradaic region, which means
between 2 potentials where there is no significant current. Due to the difference in
required overpotential for H2O and HS splitting reactions, the potential window was
shifted towards the cathodic direction for 0.1M NaOH/H2S electrolyte to have a

reasonable comparison of double layer capacitance with and without H2S. The CV scans
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of 0.1M NaOH/H.S measurements are shown in Figure 5C.5. ECSA plots of all samples
are presented in Figure 5.4 where TiO> shows an increase in the double layer

capacitance, which is different from the results obtained in Chapter 4.
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Figure 5.4 ECSA plots of bare CdS in 0.1M NaOH and H2S/0.1M NaOH electrolytes and 15-25-50 cycles TiOz
coated CdS in 0.1M NaOH/HaS.

Firstly, ECSA of bare CdS is higher in 0.1M NaOH/H,S. It can be resulted from the
high affinity of the surface to HS/S? since the photoanode itself is also a sulfide 17°.
ECSA of CdS increases even more with higher TiO2 overlayer thickness. Since TiO»
gave the exact opposite effect in 0.1M NaOH, the reason behind this change must be a
result of TiO. introducing active sites for HS/S?" ions, which results in enhanced
oxidation kinetics. EIS analysis was conducted to see how increased ECSA affected the
overall capacitive behavior of the samples through the LSV potential range. In Figure
5.5, the change in Rct and Cine of the samples are given. For the 0.1M NaOH/H»S
electrolyte, the measurements were performed starting from a lower potential to not
miss the onset potential for HoS splitting. The Nyquist fittings were done by using
Randles circuit and presented in Figure 5C. 6. Before discussing the effect of TiO,, see
the trend for bare CdS in 0.1M NaOH and 0.1M NaOH/H2S. At 0.2 and 0.3 V, the Ret
of bare CdS is higher without H»S because 0.2 is already higher than the onset potential.
However, it is not even kinetic overpotential for H.O splitting so, the extent of charge
separation is higher in 0.1M NaOH/H,S at this potential interval. However, between 0.4
and 0.8 V, the Rct of bare CdS is higher in 0.1M NaOH/H,S. Considering the high
affinity of photoanode surface to HS/S?" this behavior is due to fast sulfide oxidation at
the photoanode/electrolyte interface and consistent with our S~ oxidation related Rcr

increase hypothesis in Chapter 3. This trend was reversed after 0.9V where Rct in 0.1
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M NaOH became dominant again. The reason is that Rcr for hole transfer increases
when the charge separation is poor and the photogenerated holes cannot be injected to
the electrolyte. Because of the difference in the required overpotential, the region
between 1 and 1.2 V can be considered as high overpotentials providing boosted band

bending and charge separation for H.S splitting, which results in decreasing Rcr.
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Figure 5.5 Rcrt versus potential plots of only (a) bare CdS and 15-25-50 cycles TiO2 coated CdS in 0.1M NaOH/H2S
and (b) comparison of these plots with that of bare CdS in 0.1M NaOH. (c)Interfacial capacitance versus potential
plots of bare CdS in 0.1M NaOH and 0.1M NaOH/ HzS electrolytes and 15-25-50 cycles TiO2 coated CdS in 0.1M
NaOH/HaS.

In 0.1IM NaOH/H,S sample set, Rct of 50TiO2 has the highest potential at low
potentials which might be resulted from the contribution of double layer capacitance
from the non-faradaic region. At moderate potentials, the positive effect of TiO>
becomes more dominant where Rcr of bare CdS is decreased with TiO> treatment. On
the other side, the trend in Cin is in strong agreement with ECSA and Rcr
measurements since the capacitive behavior of bare CdS increases with thicker TiO>
overlayer. The Cint of the samples decrease with higher applied bias due to enhanced
charge separation and they become almost flat, which indicates successful hole
utilization.

Transient photovoltage behavior of the samples was also investigated by chopped light
illumination OCP measurement in Figure 5.6. The dark OCP of the bare CdS showed a
slight decrease in the presence of H>S and the 0.1M NaOH/H.S sample set showed a
trend where the dark OCP decreases as the TiO2 overlayer becomes thicker. The similar
trend with TiO2 surface modification was discussed in the previous chapter. However,
considering the photovoltage change when the samples are illuminated, it is shown that
the self-driven potential of the system can be utilized more efficiently in the presence of
H.S.
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Figure 5.6 (a) Chopped illumination OCP plots and (b) photovoltage change bare CdS in 0.1M NaOH and H2S/0.1M
NaOH electrolytes and 15-25-50 cycles TiOz coated CdS in 0.1M NaOH/H.S.

When the light is on, the photovoltage difference in the presence of H»S is more than 2
times higher than that of H2O splitting. The photovoltage change is decreasing with
higher TiO> thickness in 0.1M NaOH/H>S as shown in Figure 5.6b. The decrease in
photovoltage with TiO2 overlayer was also observed in Chapter 4 and attributed to
increased Rcr. It is also consistent with the decay in steady state photovoltage of
CdS/50TiOz. It is important to note that photovoltage drop after TiO2 deposition can be
considered as a negative contribution to the PEC activity, considering the fast kinetics
of H.S splitting, but it does not have a significant effect on the activity of CdS with an
optimum TiO2 overlayer thickness in 0.1M NaOH/H-S electrolyte, which was obtained
by 25 cycles of ALD deposition.

Lastly, MS analysis was performed and presented in Figure 5.7 to see the change
Vs and Ng in 0.1M NaOH/HS. The Vs, of bare CdS shifted almost 0.4 V towards the
cathodic direction in the presence of H>S proving the enhanced band bending in HzS
splitting. Moreover, among 0.1M NaOH/HS samples, CdS/25TiO> gave the lowest Vs,

which is consistent with the PEC activity results.
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Figure 5.7 MS plots of bare CdS in 0.1M NaOH and H25/0.1M NaOH electrolytes and 15-25-50 cycles TiO2 coated
CdS in 0.1M NaOH/H:S.

Furthermore, Ng of bare CdS showed a significant increase with H3S. It has been
reported that higher S? concentration in the electrolyte can cause an increase in Ng of
semiconductor photoanodes '*. Among TiO; treated samples, CdS/25TiO, and
CdS/50TiO2 have the highest and lowest Ngs, respectively. A similar trend was
observed with CdS/50TiO, and CdS/90TiO: for H2O splitting, which shows that high

Rct due to thick TiOz overlayer can cause Ng drop in H2S splitting too.

5.4  Conclusion

In this chapter, we utilized CdS photoanodes for PEC H3S splitting reaction under
alkaline conditions. Within the light of the findings from Chapter 3 and 4, CdS was
chosen to be a promising candidate for H2S splitting to enhance its stability by
providing a surface recovery effect. The activity and stability measurement results were
promising and in accordance with the findings from the other chapters. After confirming
the stability and higher activity of CdS for H>S splitting by various structural
characterization methods, we utilized ultrathin ALD TiO2 overlayer on CdS for H.S
splitting to see if it can improve the activity with less surface charge recombination in a
thermodynamically less hindered process. Results were more promising in the presence

of H>S which was proven by extensive PEC characterization experiments.
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Chapter 6:Summary and Future Work

Overall purpose of this study was to understand the reasons behind the activity
loss of CdS photoanodes by monitoring the effect of different parameters, such as
potential and light intensity, on the TPC behavior and provide mild surface treatment
methods to improve the activity for PEC H>O and H.S splitting. To provide a
fundamental understanding and propose activity loss mechanisms, various structural
and PEC characterization methods were extensively utilized.

PEC water oxidation activity and structural properties of bare CdS were studied
in detail to provide a strong background for the charge carrier utilization. TPC
measurements were analyzed to give a mechanism for electron trapping on CdS,
which was much less studied in the literature compared to metal oxide photoanodes.
Results showed that surface sulfur vacancies were very critical in surface charge
recombination due to electron trapping. After that, CTAB was used to enhance the
charge transfer properties of CdS by passivation of surface trap sites. Although the
increase in the photocurrent density with CTAB treatment is significant, it did not
provide a solution for the long-term stability. Hence, it can be further improved by
another surface modification method, such as utilization of another semiconductor
material to make heterojunction with CdS. In this way, electron trapping passivation
by CTAB can be even more promising with enhanced band-bending of
heterojunction structure. Moreover, a surface protecting layer which is resistant to
light-induced and chemical corrosion to suppress dissolution of CdS to the
electrolyte.

Ultrathin TiO2 overlayers with different thicknesses were grown on CdS by
ALD and tested for PEC activity to see if it can prevent electron trapping and
enhance OER kinetics at photoanode/electrolyte interface. The improvement with
TiO2 overlayer was not as significant as in Chapter 3 after CTAB treatment.
However, light pulse CA TPC measurements showed that TiO, overlayer can
passivate surface charge trapping at an optimum thickness. The reason why the
improvement was mild was the extra charge transfer resistance at
photoanode/electrolyte interface caused by TiO> overlayer. A solution to that
problem might be the utilization of TiO2 on a thinner CdS layer to reduce Rcr. In this
way, the photocurrent density may drop but overall stability in the long run might be
improved. Since the critical process to prevent photocorrosion of CdS is the
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utilization of holes, modification of the surface with OER co-catalysts can also be
effective to improve the PEC performance of CdS.

CdS was tested for H>S splitting which turned out to be a very promising
reaction for PEC Hz production where CdS can reach higher activities and improved
stability for long term applications. Results showed that H>S splitting can provide a
recovery effect for the activity loss of CdS caused by surface charge recombination
and light-induced corrosion, which was proven by different spectroscopy and
imaging techniques to compare the change in the sample in the presence and absence
of dissolved H>S. To further improve the activity of CdS for H.S splitting reaction,
ALD TiO> layer was utilized and after the findings of Chapter 4, the results for H2S
were surprising and promising. After the analysis of fundamental PEC
characterization, it was concluded that ultrathin TiO2 can provide active sites on the
surface to facilitate the oxidation kinetics by increasing ECSA. Since the stability of
CdS in the presence of dissolve HsS is already promising, methods for increasing the
oxidation kinetics such as co-catalyst loading, or heterojunction engineering can be
utilized to achieve significantly high efficiencies. Moreover, construction of a
tandem cell by using CdS as the photoanode and a photovoltaic device to drive the
reaction is an appealing approach since the thermodynamic potential required for
H.S splitting is less than that of H.O. Other than modifying the CdS itself, the design
of special PEC cells is critical for the efficiency and quantitative analysis of H,S
splitting reaction. Utilization of different H-cell configurations can be an important
advancement to have selective and precise reactions for industrial applications.

All in all, this work can be an important insight and contribution for the
utilization of CdS in PEC hydrogen production applications by also providing simple
surface modification methods which can be used for other semiconductor

photoanodes as well.
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Figure 3A.1 (a) Cd 3d, (b) S 2p, (c) C 1s, and (d) O 1s XPS spectra of bare CdS, CdS/CTAB1, and
CdS/CTAB2.
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Figure 3A.2 XRD spectra of bare CdS, CdS/CTAB1, and CdS/CTAB2.
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Figure 3A.3 FESEM images of (a) bare CdS, (b) CdS/CTABL, and (c) CdS/CTAB2. EDS spectra of (d)

CdS/CTAB1 and (e) CdS/CTAB2.
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Figure 3A.4 Tauc plots and IPCE efficiencies of (a) bare CdS, (b) CdS/CTAB1, and (c) CdS/CTAB2.
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Figure 3A.5 CV measurements at different scan rates of (a) bare CdS, (b) CdS/CTAB1 and (c)
CdS/CTAB2. (d) ECSA plots of the photoanodes.

The voltammograms shown in Figure 3A.6 below were used to calculate ninj.
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Figure 3A.6 LSV of bare CdS, CdS/CTAB1, and CdS/CTAB2 in (a) 0.1M NaOH and (b) 0.1M NaOH / 0.25
M NaSOs. Measurements were performed with a 50 mV.s? potential scan rate under continuous

illumination.

Nyquist plots were fitted using Randles model given in Figure 3A.7a. In this model,

Rs is the resistance of the electrolyte, Rcr is the charge transfer resistance at the

photoanode/electrolyte interface, and CPE is the constant phase element to represent the

imperfect capacitive behavior of CdS "2, Rcr values in Figure 3.3 were determined

from the second x-intercept of the Nyquist plots shown in Figure 3A.7b, ¢, and d.
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Figure 3A.7 (a) Randles model circuit used for Nyquist plot fittings of bare CdS, CdS/CTABL, and
CdS/CTAB?2. EIS fittings of (b) bare CdS, (c) CdS/CTABL, and (d) CdS/CTAB2.

Table 3A.1 Potential versus Rcr data of bare CdS, CdS/CTAB1, and CdS/CTAB2.

_ Recr (Ohm)

Potential (Vrre) Bare CdS CASICTABL | CdS/ICTAB2
0.2 3270 2260 1496
0.3 1170 570 671
0.4 400 270 400
0.5 157 172 224
0.6 245 202 216
0.7 425 360 314
0.8 842 750 630
0.9 1740 1516 1353
1.0 3056 2600 2449
11 4939 4052 3873
1.2 6504 5453 5534
13 8105 6900 7116
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Figure 3A.9 (a) Cd 3d and

Binding Energy (eV)

() S

CdS/CTAB1 and CdS_S./CTAB.

Binding Energy (eV)

2p spectra of bare CdS and CdS_Sv, and (c) Br 3d spectra of

Table 3A.2 Surface sulfur vacancy content of bare CdS and CdS_S, calculated by Cd and S atomic percent

on the surface.

Sample S atomic % Cd atomic % Sv
Bare CdS 49.97 50.03 0.001
CdS_Sy 49.25 50.74 0.029
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Appendix B: Supporting Information for Chapter 4
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Figure 4B.1 XRD spectra of bare CdS, CdS/50TiO, and CdS/90TiO,.
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Figure 4B.2 (a) Raman spectra of bare CdS, CdS/50TiO», and CdS/90TiO-, and (b) inset of 3LO.
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Figure 4B.3 Potential dependent Nyquist fittings of (a) bare CdS, (b) CdS/50TiO,, and (c) CdS/90TiO..
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Figure 5C.1 (a) CV scans of electrolytes with different Na,S concentrations in 0.1 M NaOH and 30 min
H.S feeded 0.1 M NaOH, (b) calibration curve obtained by dissolved Na,S concentration versus current
at 0.94 V during anodic scan.

Figure 5C.2 FESEM images of fresh CdS and CdS after CA experiment at 0.8 V in 0.1M NaOH and 0.1M
NaOH/ H.S electrolytes.
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Figure 5C.3 XRD spectra of fresh CdS and CdS after CA experiment at 0.8 V in 0.1M NaOH and 0.1M
NaOH/H,S electrolytes.
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Figure 5C.4 (a)UV-Vis and (b)Raman spectra of fresh CdS and CdS after CA experiment at 0.8 V in

0.1M NaOH and 0.1M NaOH/ HS electrolytes.
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Figure 5C.5 CV scans of (a) Bare CdS, (b) CdS/15TiO2, (c)
NaOH/H,S.
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Figure 5C.6 Nyquist fittings of (a) bare CdS, (b) CdS/15TiO,, (¢) CdS/25TiO, (d) CdS/50 TiO; in 0.1M
NaOH/H,S at different potentials.
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