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ABSTRACT

Doping Strategy for Enhanced Photocatalytic Hydrogen Production on Tantalum
Layered Perovskite Nanosheets
Tugba Yal¢in
Doctor of Philosophy in Materials Science and Engineering

May 3, 2024

Rise in greenhouse gas levels due to human activity, such as burning fossil fuels,
causes global warming and environmental problems. Thus, industries and researchers are
investigating alternative energy sources to find solutions to environmental problems and
slow down global warming. Hydrogen is one of the solutions to these problems.
Semiconductor photocatalysis has been researched for hydrogen production as a
sustainable energy source since the 18th century. Many photocatalysis materials, such as
metal oxide, metal sulfide, and metal nitride, have been studied and used as
photocatalysts. In addition to these materials, layered perovskite oxides have gained
significant interest in the photocatalytic field over the last 20 years—the heightened
interest results from its tunable band structure, flexible interlayer structure, and tunable
morphology. Furthermore, exfoliating layered materials gives 2D building blocks of bulk
materials. Resulting nanosheets with few atomic layers offer a high surface area, low
migration distance, and high charge separation to improve photocatalytic activity.
Although there is a vast interest for efficient H> production with photocatalytic water
splitting, research on H> production activities needs a long way to go to achieve solar-
hydrogen efficiencies above 10%, raising questions about strategies to achieve effective
photocatalytic activity.

The common approach to achieve a high productivity from a photocatalyst is to
use co-catalysts, which improves charge separation in photocatalysts. In general, noble
metals like Pt are used as cocatalysts in nanoparticle form on the surface of photocatalyst.
In this case, the inner atoms of the catalysts are inactive since only surface atoms play a
role in catalytic activity. In this study, the effects of introducing Pd, Sn, and N into the
structure were conducted for photocatalytic hydrogen production in an aqueous 10 vol.%
methanol solution as a sacrificial agent without cocatalyst. After exfoliation of tantalum-

based perovskite oxide, PdOs and SnOg octahedra were formed when Ta was substituted
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with Pd or Sn, which acted as a single-atom catalyst site (SACs). These obtained
octahedra structures reduce the original phase's electrical structure and serve as sites for
trapping electrons, thereby reducing the recombination rate of photo-induced carriers.
Furthermore, exfoliated materials have high surface areas, making them ideal
platforms to disperse SACs uniformly. This allows for the use of all metal atoms added
to the structure with nearly 100% photocatalytic activity. On the other hand, nitrogen,
which is partly substituted for oxygen, has a great potential to minimize electronic band
energies due to the formation of isolated electronic states positioned above the top of the
oxygen (O) 2p valence band. Various structural, spectroscopic, and electrochemical
characterization techniques were used to analyze materials’ properties in detail.
According to the results, all target materials were successfully synthesized, their bandgap
changes were determined, and their hydrogen production rates increased after the doping

and proton exchange processes.

iv



OZETCE

Tantal Katmanh Perovskit Nanotabakalarda Gelistirilmis Fotokatalitik Hidrojen
Uretimi icin Katki Stratejisi
Tugba Yal¢in
Malzeme Bilimi ve Miihendisligi, Doktora
3 Mayis 2024

Fosil yakitlarin yakilmasi gibi insan faaliyetleri nedeniyle sera gazi seviyelerinin
yiikselmesi kiiresel 1sinmaya ve ¢evre sorunlarina neden olmaktadir. Bu nedenle,
endistriler ve arastirmacilar ¢evre sorunlarina ¢6ziim bulmak ve kiiresel 1sinmay1
yavaglatmak icin alternatif enerji kaynaklarin1 arastirmaktadir. Hidrojen bu sorunlarin
¢oziimlerinden biridir. Yariiletken fotokataliz, 18. yiizyildan beri siirdiiriilebilir bir enerji
kaynagi olarak hidrojen tiretimi i¢in arastirtlmaktadir. Metal oksit, metal siilfiir ve metal
nitriir gibi bircok fotokataliz malzemesi iizerinde c¢alisilmig ve foto katalizor olarak
kullanilmistir. Bu malzemelere ek olarak, katmanli perovskit oksitler son 20 yilda
fotokatalitik alanda 6nemli bir ilgi gérmiistiir- artan ilgi, ayarlanabilir bant yapisi, esnek
ara katman yapis1 ve ayarlanabilir morfolojisinden kaynaklanmaktadir. Ayrica, katmanh
malzemelerin pul pul dokiilmesi, y1gin malzemelerin 2D yap: taslarin verir. Ortaya ¢ikan
az sayida atomik katmana sahip nano tabakalar, fotokatalitik aktiviteyi iyilestirmek i¢in
yiiksek yiizey alani, diisiik go¢ mesafesi ve yiiksek yiik ayrimi sunar. Fotokatalitik su
ayristirma ile verimli H» iretimi i¢in biiylik bir ilgi olmasina ragmen, H2 iiretim
faaliyetleri {izerine yapilan arastirmalarin %10'un iizerinde gilines-hidrojen verimliligi
elde etmek i¢in uzun bir yol kat etmesi gerekiyor ve bu da etkili fotokatalitik aktivite elde
etme stratejileri hakkinda sorular1 giindeme getiriyor.

Bir foto katalizorden yiiksek verimlilik elde etmek i¢in yaygin yaklasim, foto
katalizorlerde yiik ayrimini iyilestiren es-katalizorlerin kullanilmasidir. Genel olarak, Pt
gibi soy metaller foto katalizor yiizeyinde nanoparcacik formunda ko-katalizor olarak
kullanilir. Bu durumda, katalizorlerin i¢ atomlar1 inaktiftir, ¢ilinkii katalitik aktivitede
sadece ylizey atomlar1 rol oynar. Bu ¢aligmada, Pd, Sn ve N'nin yapiya dahil edilmesinin
etkileri, ko-katalizor olmadan hacimce %10'luk sulu metanol ¢ozeltisinde fotokatalitik

hidrojen {iretimi i¢in gergeklestirilmistir. Tantal bazli perovskit oksidin pul pul



dokiilmesinden sonra, Ta, tek atomlu katalizor bolgesi (SACs) olarak islev goren Pd veya
Sn ile ikame edildiginde PdOs ve SnOg oktahedralari olugsmustur. Elde edilen bu
oktahedra yapilar, orijinal fazin elektriksel yapisini azaltir ve elektronlar1 yakalamak i¢in
bolgeler olarak hizmet eder, boylece foto-indiiklenmis tasiyicilarin rekombinasyon
oranini azaltir. Ayrica, pul pul dokiilmiis malzemeler yiiksek ylizey alanlarina sahiptir,
bu nedenle SAC'leri esit sekilde dagitmak i¢in ideal platformlardir. Bu sayede yapiya
eklenen tiim metal atomlarinin neredeyse %100 verimlilikle kullanilmasina olanak tanir.
Ote yandan, kismen oksijen yerine ikame edilen azot, oksijen (O) 2p valans bandinin
tepesinin iizerinde konumlanmis izole elektronik durumlarin olusumu nedeniyle
elektronik bant enerjilerini en aza indirmek icin biiylik bir potansiyele sahiptir.
Malzemelerin 6zelliklerini ayrintili olarak analiz etmek i¢in ¢esitli yapisal, spektroskopik
ve elektrokimyasal karakterizasyon teknikleri kullanilmistir. Sonuglara gore, tiim hedef
malzemeler basarili bir sekilde sentezlenmis, bant araligi degisimleri belirlenmis ve

doping ve proton degisim siireglerinden sonra hidrojen {iretim oranlart artmistir.
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Chapter 1: Introduction

This thesis aimed to explore layered perovskite photocatalyst materials that are effective
in both the ultraviolet and visible regions for photo-driven water splitting. In order to
achieve this goal, it was necessary to create a single atomic catalyst site within the ultra-
thin perovskite metal oxide layers obtained by adding low amounts of metal to the B field
in the crystal structure of the metal oxide layers of layered perovskites in the Dion-
Jacobson phase. The incorporation of single atomic catalysts (SACs) within the metal
oxide nanolayers is expected to enhance the photocatalytic performance and provide high
selectivity. The doping of N in the oxygen regions of the perovskite structure is also aimed
at modifying the absorption peak of the material. It is postulated that this will increase
light absorption due to the potential for substituting N on the O sides to create isolated
states on the upper part of the O 2p valence band. This thesis represents a pioneering
study in the synthesis of single-site noble metal doped two-dimensional nanosheets of
perovskite-type layered oxides as new photocatalytic materials for both ultraviolet and
visible light. The materials produced will be among the first to demonstrate effective

photocatalytic activity in the literature.

This chapter summarizes photocatalytic water-splitting as a potential solution to the
global energy crisis. The subsequent chapters present a discussion of synthesis and
characterization methods in Chapter 2, the comparison of photocatalytic hydrogen
evolution of two- and three-layer Tantalum-Based Oxynitride in Chapter 3, the
performance effect of Pd single-site metal doped 2D nanosheets on photocatalytic
hydrogen evolution for three-layered in Chapter 4 and for two-layered in Chapter 5, the
performance effect of Sn single-site metal doped 2D nanosheets on photocatalytic
hydrogen evolution for two-layered in Chapter 6. Finally, a comprehensive conclusion of

the research findings in Chapter 7.

1.1 Climate Change and Renewable Energy

By the mid-21st century, the exponential growth of technological advancements had
caused a population explosion and a concomitant increase in energy requirements.
Electricity is vital today but relies heavily on unsustainable fossil fuels (nearly 80%,
according to a 2020 Global Status report in Figure 1.1) [2]. Unarguably, a clean and

sustainable mix of renewable energy sources, such as solar, wind, and others, is directed

1
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to meet this energy demand due to reaching the threshold level of use of fossil energy

sources.

m Nuclear energy
Traditional

biomass

79.5%

Fossil fuels

Wind/solar/biomass/
geothermal/ocean power

Modern renewables
“ Bmms 'O’
! transport

Figure 1.1. The ratio of renewable energy sources to global energy use in 2018 [2].

Renewable energy sources like solar, wind, and biomass are gaining research attention
[3]. Solar energy is the most valuable, high amount of abundant, and highly efficient, with
a vast capacity of 1575-49387 EJ per year, significantly more than our global annual
energy consumption of 559.8 EJ [2]. Therefore, there is a need for a game-changer
solution that uses clean energy from the sun and tackles climate change caused by burning
fossil fuels. One exciting solution being explored is solar hydrogen production from water
since this gas has a considerable energy capacity and zero-emission and clean energy [4].
As shown in Figure 1.2, the annual number of research papers on solar H, production has

increased rapidly since 2005.

1400 I 11,114 search results with Title: (Solar* or Photo* or Sunlight* or Light*)
AND (Hydrogen or H,) AND (Production* or generation* or Evolution*)

1200

ions

1000

Number of publicat

400

200

0 T - T T T
1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020

Year

Figure 1.2 Number of publications searched by the words (Solar* or Photo* or
Sunlight* or Light*) and (Hydrogen or H») and (Production* or Generation* or
Evolution*) in their titles [5].
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Even though intensive studies continue, photocatalytic hydrogen production performance
in particle photocatalysis still needs to be at the expected level [6]. Possible strategies to
increase solar to chemical conversion rate and improve charge transfer include structural,
elemental doping, and defect engineering [7]. Explanations about this are given in section

1.4.

1.2 General Approaches for Water Splitting Methods

The solar-powered hydrogen evolution reaction (HER) can be employed in two principal
ways: photocatalytic (PC) and photoelectrochemical (PEC). [8]. Both of these methods

are discussed in detail below.

1.2.1 Basic Principle of Photocatalytic Water Splitting

In photocatalytic water-splitting (WS), solar energy can be used to split water molecules
into hydrogen and oxygen gases on the surface of a light-activated catalyst, typically a
semiconductor material in Figure 1.3. While splitting water seems straightforward,
achieving it remains a considerable challenge. The reaction is thermodynamically
unfavorable due to a positive standard Gibbs free energy change (AG® = +237 kJ/mol).
According to the Nernst equation[9], this corresponds to a positive standard electrode

potential (AE°=1.23 V) [10].

H+

CB ) ———
HZ
H,0 ? — 7 VB
02

Figure 1.3 Schematic illustrations of water splitting process [11]

Water oxidation to oxygen especially requires a four-electron transfer and can be highly

complex. Hydrogen evolution is more straightforward than water oxidation, requiring
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only a two-electron transfer [11]. This difference in electron transfer necessitates the

following overall water-splitting reaction:

Water Oxidation: 2H,0 + 4ht — 4H* + 0, (1.1)
Water reduction: 4H* + 4e~ - 2H, (1.2)
Overall water splitting: 2H,0 — 2H, + 0, AG®° = +237 k] /mol (1.3)

The critical steps in photocatalytic WS are as follows. The semiconductor's bandgap
should be greater than 1.23 eV for photocatalytic water splitting. If the photon energy
exceeds the semiconductor's bandgap, photo-induced electrons (e”) and holes (h*) are
generated in its conduction and valence bands. These light-induced electron-hole (h)
pairs then sequentially participate in surface chemical reactions at the semiconductor-
electrolyte interface, driving the reduction of water to hydrogen gas (H:) and the

oxidation of water to oxygen gas (O:) as given

in Figure 1.3[12].

1.2.2 Basic Principle of Photoelectrocatalytic Water Splitting

The photoelectrocatalytic (PEC) method in Figure 1.4. works together with photocatalysis
and electrocatalysis [13]. Typically, photocatalysts are deposited on conductor substrates
to form photoanodes or photocathodes for water splitting. In this system, light energy

generates electricity using a semiconductor/electrolyte interface, similar to a battery.

" s E'=123V| W

»
A E— T }5:1]}%& s I

" / [ b
Ohmic contact Aqueous electrolyte

p-type working electrode Metal counter electrode

Figure 1.4 Working principle of a photoelectrochemical device [14]

The pioneering work on PEC water-splitting dates back to the 18th century. In 1972,

Fujishima and Honda successfully demonstrated hydrogen production through

4
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photoelectrochemical (PEC) water-splitting. Following the initial breakthrough,
significant efforts have been made to assess the commercial feasibility of this research
area [15]. Following the initial breakthrough, significant efforts have been made to
synthesize other oxide materials as candidates for photo-electrodes that do not require an
external bias for water decomposition. Studies reveal that perovskite oxide materials like
BaTiOs [16] and SrTiOs [17], [18], [19] exhibit significantly lower light energy

conversions than TiO2, requiring no external bias.

The dissertation primarily examines the potential of perovskite oxides for producing solar
hydrogen fuels. Figure 1.5 shows that several ABOj3 perovskites have been studied in the
literature as potential materials for water splitting. Examples include NaTaOs [20],
KNbO3 [21], NaNbOs [22], BaTi0Os5[23]. Figure 1.5 indicates oxide band gaps, reduction
and oxidation potential, and their conduction and valance bands compared to water’s

reduction and oxidation potentials.

1T
(o N s I s I s
0 alissd AA. ....... A
w
o o 1 -
z ......................
% 50] 34] 32| 32 32
> 2-
w
3 - w7
T7SrTiO, Zz
KTaO, TiO,
s
2rO,

Figure 1.5 The study plots the conduction bands, valence bands, and band gaps of
common oxide semiconductors, along with their oxidation and reduction potential of
water at pH=0 [24].

Additionally, the derivatives of perovskite oxides, such as layered perovskite oxides and
oxynitrides, were started to be investigated in terms of their hydrogen or oxygen
production performance over the last few decades. Some representative pristine and
modified layered perovskites display water-splitting performances under visible light in
Figure 1.6. Even though their application in industry is still limited, the modified
materials exhibit dramatic increases in photocatalysis and great potential for future use.

5
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Figure 1.6 The study examines the photocatalytic activities of water splitting
performances (H2 generation rate) from pristine and modified layered perovskites under
visible-light irradiation.

1.3  Layered Perovskite Oxides (LPOs)

The ideal cubic perovskite oxide, the general formula ABO3 (A: alkaline/rare earth
cation, B: transition metal cation), is a parent structure for layered perovskite materials.
The layered oxide structure has a stacked structure consisting of extensive 2D ABO3
slabs. These slabs include a 3D network of corner-sharing BOs octahedra where A (12

coordinated) locates the interstitial lattice sites [25], as seen in Figure 1.7 below.
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B ion

Figure 1.7 lllustration of cubic perovskite oxide structure [26].

In contrast to other oxides, perovskite oxides play an important role in broad
applications in catalysis [27], metal batteries [28], and solid oxide fuel cells [29] due to
their remarkable structural versatility and compositional flexibility. The total or partial
intercalation of versatile metal cations in perovskite oxides' A and B sites also allows
them to be used as redox catalysts, such as in OER [30], [31], [32] and HER [33], [34],
[35] and to expand the perovskite family and finely tune its properties. Therefore, over
two hundred perovskite-based materials have been documented in photocatalytic
applications. Table 1.1 exhibits some layered perovskite oxides investigated for
photocatalytic water splitting.

Table 1.1 Layered perovskite oxides investigated for photocatalytic water splitting in
the literature.

Chemical Formula Eg  Sacrificial Co- H2 Light Type Ref.
(eV) reagent catalyst (um/g.h)

K>La>Ti3010 3,69 Methanol 6,0 Hg lamp [36]
A <420 nm

K>LasTi3010-xNx 3,44 Methanol 7,2 Hg lamp [36]
A <420 nm

KLaTiO4 3,54 Methanol Pt 30,5 Xe lamp [37]
A > 300 nm
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RbLaTaxO677No.15 2.9 Methanol Pt %2 2800 Xe lamp [50]
A > 420 nm

RbNdTa>0~ 3.8 234.8 Xe lamp [51]
A > 300 nm

Even though the perovskite structure was introduced as ABOs, its derivates depend
on their lattice plane parameters. For instance, (An+1BnO3ns3) has the layer of (111) plane,
whereas (AnBnOsns2) structure has the layer of (110) plane [52]. There are three types of
(100) layered perovskites, which are the Ruddlesden-Popper phase (An+1BaO3n+1), Dion-
Jacobson phase (A’[An-1BnO3n+1]), and Aurivillius phase (Bi2O2)(An-1BnO3n+1) [52]. The
detailed crystal structures for the (100) layered perovskite family illustrated below are
shown in Figure 1.8. The number (represented by "n") of BOg octahedra in a stacked layer

determines the thickness of each layer.

(a) Dion-Jacobson Phase (b) Ruddlesden-Popper Phase
A [An-an03n+1] A‘Z[An-an03n+1]

Perovskite slab
n = layer thickness

-

B0

B: transition metals

‘ A': alkali metals

) A :alkaline-earths,
rare earths or main
group elements

Figure 1.8 Two important families of (100) layered oxide perovskite structures of (a) a

triple-layered Dion-Jacobson and (b) a double-layered Ruddlesden-Popper [53].
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According to Figure 1.8, a difference between Dion-Jacobson (DJ) and
Ruddlesden-Popper (RP) is that the latter has twice the interlayer charge density as the
first. Aurivillius (AV) has the same structure as Ruddlesden-Popper but stacked Bi2O»
layers arranged between the perovskite layers [54]. Despite strongly covalent bonding in
stacked perovskite slabs, the interaction between the perovskite sheets and the A-cations
primarily relies on van der Waals (vdW) forces [55]. These vdW interactions contribute
to overall stability, allowing for flexibility and facilitating interactions between adjacent
layers [56]. The soft structure enables the exfoliation of monolayers and restacking [57].
The exfoliation technique considerably enhances their photocatalytic performance due to
reduced material thickness and increased specific surface area [58]. A detailed

explanation of this technique is discussed in detail in section 1.4.3.

1.4  Topochemical Manipulation of Layered Perovskites

Despite their excellent photocatalytic activity, perovskite materials need
significant improvements in stability and performance to be viable for industrial use. In
addition, pristine layered perovskite has limited absorption of visible light and insufficient
charge separation efficiencies, which fail to ensure efficient gas generation [59]. In order
to achieve the desired photocatalytic performance, layered perovskite materials must
undergo a series of modifications [60]. These include the use of a co-catalyst, band-gap
engineering and the exfoliation of layered perovskites. A summary of these modifications

is provided below in sequential order.

1.4.1 The use of co-catalyst

Layered perovskite oxide materials (LPOs) require additional catalysts to split
water effectively, and platinum (Pt) is often used for this purpose. Pt nanoparticles
increase the efficiency of photocatalysis by preventing the recombination of electrons and
holes. However, Pt is costly, and how it is loaded into the material can affect its
effectiveness [61]. The layered perovskite (n=4) Ruddlesden-Popper phase
NaxCaxNb4O13 was prepared by Arney et al. [38]. The photocatalytic rates for hydrogen
production under ultraviolet light for platinized RP particles in %20 (v/v) methanol

solution were found to range from ~230 to 1355 umolg 'h™! in the photochemical
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deposition (PCD) method of platinization and ~113-1099 pmolg 'h™! in impregnation
method (IWI) of platinization. The result of Arney’s study shows that the PCD method
enhances photocatalytic activity by precisely placing platinum cocatalysts on specific
sites, unlike the less targeted IWI method, which results in more minor improvements.
Many previous studies have demonstrated that forming platinum islands on the surface
of semiconductors can act as a catalyst to facilitate water reduction to generate Hy [62],
[63] Researchers are looking for cheaper cocatalysts made from readily available
materials to reduce the cost of this technology [64]. For example, Shimizu et al. [65]
display that adding Ni as a co-catalyst to HzoLa>3Ta207 significantly enhances Hz and O»
evolution rates. This enhancement is particularly pronounced with a NiO content of 0.5
wt. %, reaching maximum activity at 2 wt. % and decreasing slightly with higher NiO
content. This effect is attributed to the short-distance migration of photogenerated
electrons and holes to adjacent Ni (II) and surface TaOs sites, respectively, separating
electron-hole pairs. To put it briefly, co-catalysts play two crucial roles in efficient
photocatalysis: providing active reaction sites to reduce the activation energy barrier for
reduction-oxidation reactions and acting as a charge sink to facilitate electron and hole

separation, reducing charge recombination rate [66].

Although they serve as a kinetic aid for reducing water to give hydrogen, co-catalysis has
limited active sites. Because only surface atoms can participate in catalysis. The potential
benefit of atoms on the inner side of a nanoparticle remains underutilized. Additionally,
material waste must be minimized because of the high cost of precious metal catalysts
such as iridium and platinum. Scientists predict that if each atom can be used as a catalytic
reaction center, it will significantly increase the amount of active catalyst and the number
of reactions that can coincide [67], [68]. Single-atom catalysts (SACs) are increasingly
popular due to their unique advantages, including maximum atom utilization and
homogenous active sites for exceptional catalytic selectivity, activity, and stability in this
context [69]. Furthermore, these catalysts have the strategic dispersion of individual metal
atoms onto high-surface-area support materials [70], [71]. The accessibility of all metal
atoms is maximized in this strategic dispersion, optimizing precious metal utilization and
demonstrably enhancing catalytic activity and efficiency [72]. Due to their remarkable
thinness at the atomic level and extensive surface area, Nanosheets provide an ideal

platform for the dispersion of SACs. This structure effectively hinders the aggregation of
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single metal atoms. [73], [74]. Xueli Zheng and others stated that the water oxidation
activity of IrNiFe SACs was due to the highly oxidized Ir single atom in NiFe
oxyhydroxide. The optimum catalyst was obtained by increasing the oxidation state and
modulating the Ir active sites. A unique in situ cryogenic-photochemical reduction
method has successfully achieved Ir single atomic regions [75]. In conclusion, SACs
utilize the intrinsic electronic characteristics of nanosheets, allowing for precise
adjustment of the electronic structure of metal atoms to enhance catalytic performance in
targeted reactions, as illustrated in Figure 1.9. Further, a single-site atom refers to an
isolated atomic region [73] that serves both as a producer of photocatalytic solar products

and as a co-catalyst on the surface.
Nanoparticle Cluster Single atom

Geometric e ases &i
6& C
.“_, A

ERa

5nm 1nm 0.1 nm

Electronic
Structures

T

Metalenergy band  Molecular orbitals Atomic orbitals

Figure 1.9 Geometric and electronic structures of single atom, clusters, and
nanoparticles [76].

1.4.2 Band-gap engineering

Dion-Jacobson (DJ) layered perovskite was inspected for hydrogen evolution capability
in this dissertation. It consists of layers of BOg octahedra linked at corners and separated
by layers of alkali A' cations (Cs*, Rb", and K*) [77]. The crystals with perovskite slabs
and flexible interlayer galleries provide distinctive electronic and catalytic properties,
making them promising candidates for energy conversion in catalyst applications. Even
though DJ-based layered perovskite photocatalysts’ gap energies are in the ultraviolet
region, the tendency of the layered perovskite to chemical substitution and flexible

interlayer structure allows for reducing the band gap energy to the visible region [78]. N-
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chemical substitution is a powerful strategy for tuning the band energy in layered
perovskites [49]. This substitution involves incorporating nitrogen atoms, a precursor
containing elements like ammonia, urea, and melamine, into the layered perovskite
structure during high-temperature calcination to produce oxynitrides compounds [79],

[80].

Many studies show that these compounds provide photocatalytic H> production by
splitting water in visible light. Some of them are as follows. Kulischow et al. displayed
that nitrogen doping performed using ammonia contributes to a decrease in band gaps of
doped AB>Nbs3O19 compounds (A = Cs, Rb, K; B = Ca, Sr) down to 2.5 eV and moves to
the higher wavelength in absorption. The best photocatalytic H> production under
simulated solar irradiation among these compounds was found in HCa:NbzO10.xNx
derived from RbCa;Nb3O10xNx with up to 40 umol/h [81]. Lv et al. synthesized nitrogen-
doped perovskite nanosheets (NSs) denoted as (TBA)*LaTa,07.xNx]". These NSs exhibit
powerful photocatalytic performance for water splitting to produce hydrogen and oxygen,

with a 4-fold and 8-fold higher production than bulk RbLaTaO7.xNx.

Additionally, the band gap decreases from 4.26 to 2.09 eV after nitrogen doping,
maintaining activity even with photon wavelengths up to 600 nm [50]. Kawashima et al.
synthesized protonated lanthanum titanium oxide, H;La;Ti3010, and oxynitride,
H>LasTi3010-32xNx, crystals from the oxide, nitride, and deoxidized layered K>La>Ti3010
crystals. Although partial nitridation and reoxidation resulted in a noticeable change in
absorption wavelength at about 449460 nm and band gap energy of K:La>Ti3010
crystals, their crystal structure and morphology were maintained [36]. It has been
demonstrated that the structure remains unchanged, yet the electronic properties undergo

a modification.

As mentioned in the above articles, due to shrinking band gap energy, the DJ (oxy)nitride
compounds containing Ti**, Nb>* and Ta>* have absorption edges of 450 to 650 nm [82].
The increase in the visible-light region can be attributed to two factors: The first factor is
partially replacing nitrogen with oxygen. This creates new orbitals by combining oxygen's
2p orbitals with nitrogen's 2p orbitals, and these new orbitals shift the valence band
upwards. The second factor is the formation of an isolated N 2p narrow band above the
O 2p valence band within the forbidden band because of the absorption of interstitial

nitrogen impurities [36]. Figure 1.10 compares the schematic representation of the oxide-
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based electronic structure and (oxy)nitride-based electronic structure. Bandgap
engineering refers to manipulating the energy difference between the valence and

conduction bands in a material to control its light absorption properties [83].
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Figure 1.10 Schematic representation of electronic energy band positions of a metal
oxide and metal (oxy)nitride [84].

1.4.3 Exfoliation of layered perovskites

Layered DJ-based perovskite materials have flexible interlayers that enable the generation
of nanosheet morphology. Its structure consists of solid covalent or ionic bonds within
each layer and van der Waals (vdW) bonding between the layers to create a robust and
well-defined 3D structure for each sheet. These bonds ensure the integrity and stability
of the material within each layer. However, the vdW interaction allows facile exfoliation
by using exfoliation of the solid's dispersion in a solvent with the appropriate surface
tension or intercalation of molecules/atoms and subsequent agitation (such as shear or
ultrasonication) of the intercalated material [85]. Exfoliation is essential to generating

specific surface area and atomic thickness layers.

On the one hand, the higher the surface area, the more active the sites. In addition, the
ultrathin layers provide the shortening migration distance. In this way, most bulk
recombination can be prevented, improving performance. In other words, these 2D
materials, characterized by submicron lateral dimensions and atomic-scale thickness,
exhibit superior photocatalytic characteristics and excellent charge separation,

minimizing recombination chances compared to their bulk counterparts (See Figure 1.11

for reference) [60].
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N\N

CO, CHOH

a a

Figure 1.11 Schematic illustrations of the mechanisms involved in photocatalytic
hydrogen evolution from methanol solution over (a) non-layered materials and (b)
layered perovskites.

Layered perovskite NSs have attracted attention to applications in water-splitting
processes for two decades due to the properties mentioned above. For example, studies
have shown that nanosheets derived from Ca;NbzOio [86], [87], HCaxNb3Oio [88],
HSroNb3O1o [89], HLaNb2O7; [90], and KCaxNbs xRhxOi10-5 [91] exhibit greater
photocatalytic efficiency compared to their original compounds. The performance-
enhancing properties of this modification have been previously elucidated; this section
will now present information regarding exfoliation techniques. Treacy et al. discovered
that intercalating large groups like tetrabutylammonium (TBA™) can expand the interlayer
space of layered perovskites, resulting in the formation of colloidal nanosheets [92].
Layered perovskite nanosheet is based on the sequential execution of several reactions in
liquid-phase chemical exfoliation. Sequential ion exchange and ultrasonic exfoliation of

bulk materials into nanosheets are shown in Figure 1.12 [40].
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Figure 1.12 (a) Sequential mechanism protonation, intercalation, and exfoliation to
produce nanosheets from bulk materials (b) Schematic of the three-step exfoliation
procedures [40].

The molecular structure of the exfoliators, including the number of hydrophilic groups,
and the methods of the delamination process are critical factors for exfoliation. These
factors must be considered in order to achieve successful delamination. Especially, a
layered structure with a highly hydrophilic interlayer space consisting of polar groups
behaves like a Brgnsted—Lowry acid, quickly reacting with a base in the environment to
conduct an acid-base reaction, thus allowing the formation of a colloidal solution, and the
strong hydration repulsion plays a dominant role in colloidal stability [93]. Some layered
structures have high charge density between perovskite slabs; therefore, more energy is

required to exfoliate these structures. In order to overcome the strong Coulomb force, it
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is necessary to optimize the exfoliation process of the layered material by attempting
various factors, including the use of different exfoliating agents, varying the ratios
between hydrophilic molecules and organic base molecules, adjusting the temperature,
and modifying the exfoliation process [94]. This chapter provides information to help
improve our understanding of layered materials' exfoliation mechanisms and investigate

their effects on photocatalytic performance.
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Chapter 2: Synthesis and Characterization Methods

2.1 Synthesized Methods of Powder Tantalates for Photocatalysis

2.1.1 Synthesis of powders with Pechini method:

All used chemicals were purchased in analytical grade and not further purified. Pure
CsLaTaxO7 (CLTO) and CsCazTazO19 (CCTO) and their modification Pd (1.5, 3, and
5%) and Sn (0.75, 1.5, 3, 5%) doped in Ta site of CLTO and CCTO were synthesized by
polymerized complex method (PCM), which relies on ethylene glycol polymerization of
metal citrates [95]. The starting chemicals are Cs2CO3 (99.99%, Sigma Aldrich), Ca
(NO3)2.4H20 or La (NO3).6H20 (analysis EMSURE® ACS, Sigma Aldrich), TaCls
(99.98%, Sigma Aldrich), citric acid (CA) (98%, Sigma Aldrich), ethylene glycol (99%,
Sigma Aldrich), methanol (99.8%, Sigma Aldrich). The doped chemicals are PdCl»
(99.99%, Sigma Aldrich) and SnClz (99.99%, Sigma Aldrich). The PC synthesis was
made shortly as follows as it is given in Figure 2.1: First, TaCls and citric acid (Ta:
CA=10:1) were dissolved in methanol, then in stoichiometric ratios, respectively, Ca
(NO3)2.4H>0 or La (NO3)3-6H20, Cs2CO3 (20% excess amount). Finally, ethylene glycol
(40 mL) was added as a film generation agent. When Pd or Sn were added as dopant
materials, a methanol solution was added immediately after Ta was added. All chemicals
were stirred for one hour at room temperature to obtain a transparent homogeneous
solution. Afterward, the mixture was stirred at 80°C for three hours until it became more
transparent, containing metal ion and citric acid complexes. It was heated at 150+5°C for
two hours to remove excess solvents and promote polymerization. Heating at 150+5°C
caused the ethylene glycol odor to disappear, and the solution became viscous with a
change of color from colorless to deep yellow but without any visible formation
precipitation. A resin was pyrolyzed at 400+5°C for 3 hours, resulting in a black solid
mass. This was ground into powder using a glass rod and subsequently ground in agate
mortar. The black powder was called precursor hereafter. The powder precursor was
heated at 550°C for 5 hours in static air on an alumina crucible. Then the resulting

powders were calcinated at 1000°C for 5 hours (heated 5°C/min, cooled naturally).
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2.1.2 Synthesis of oxynitride powders:

In order to produce an oxynitrate powder, the pristine phase was placed in the center of
the horizontal furnace. The calcination conditions at the furnace required to produce
oxynitride powder were as follows. It was created by allowing ammonia gases (99.99%,
SERVITRAX) to flow at 100 mL/min (99.99%, Servitrax) for 5 hours (20°C/min) at
1073K.

2.1.3 Proton exchange and exfoliation reactions:

The cesium 1ons in the 0,8 grams of layered oxide or oxynitride materials were substituted
with protons through acid exchange using 250 mL of 3 M HCI solution for a week, with
the acid solution being replaced daily. Following the proton exchange, the powder was
repeatedly rinsed with clean water using centrifugation until the pH reached up to 7. The
protonated powder dried at room temperature. The protonated form was stirred in a
solution of 100 mL of a 1.0 M ethylamine (EA) (70 wt.% in water, Sigma Aldrich) for
seven days, followed by two weeks of starting in a solution of 150 mL of a 0.025 M
tetrabutylphosphonium hydroxide (TBPOH) (40 wt.% in water, Sigma Aldrich) to
exfoliate colloidal solution nanosheets. During the two-week TBPOH mixing phase, care
was taken to ensure that the mixture completed 36 hours of sonication. After this process,
the unexfoliated powder was separated by centrifuging at 1000 rpm for 10 min to obtain
nanosheet colloids. The resulting nanosheet colloids were restacked by adding 2.5M HCl
to form precipitates. This solid was then rinsed several times with pure water to remove
residual TBA*, CI" and HCI, followed by freeze-drying, which eliminates water or other
solvents in nanosheet powder from a frozen product through a process known as
sublimation, in an oven between -34° and -45°C. After all these processes, the nanosheet
was ready for use. All synthesized examples in the thesis are labeled as indicated in Table

2.1 below.

Table 2.1 Codes of all synthesized powders

Sample Label
CsCa,Ta3010 CCTO
HCasTazO1o HCTO
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[CazTa3010] CTO
CsCazTazO10.yNy CCTOx
HCaxTa3010-yNy HCTOx
[CaxTas O10-yNy] CTOx
1.5%Pd-CsCa2Taz010 1.5%Pd-CCTO
1.5%Pd-HCa;TazO10 1.5%Pd-HCTO
1.5%Pd- [Ca;Ta3010] 1.5%Pd-CTO
3%Pd-CsCa;Taz010 3%Pd-CCTO
3%Pd-HCaxTa3010 3%Pd-HCTO
3%Pd- [Ca;TazO10] 3%Pd-CTO
5%Pd-CsCa,Taz010 5%Pd-CCTO
5%Pd-HCaTa3010 5%Pd-HCTO
5%Pd- [Ca;TazO10] 5%Pd-CTO
1.5%Pd-CsCazTas O10yNy 1.5%Pd-CCTOx
1.5%Pd-HCa;Taz O10yNy 1.5%Pd-HCTOx
1.5%Pd- [CazTa3z O10-yNy] 1.5%Pd-CTOx
CsLaTa07 CLTO

H LaTaxO7 HLTO
[LaTaxO7] LTO
CsLaTa207.yNy CLTOx
HLaTa>O7.yNy HLTOx
[LaTa>,07.yNy] LTOx

1.5%Pd- CsLaTa,0O7 1.5%Pd-CLTO
1.5%Pd- HLaTa>O7 1.5%Pd-HLTO
1.5%Pd- [LaTaxO7] 1.5%Pd-CLO
3%Pd- CsLaTaxO7 3%Pd-CLTO
3%Pd- HLaTa>O7 3%Pd-HLTO
3%Pd- [LaTaO7] 3%Pd-CLO
5%Pd-CsCa,Taz010 5%Pd-CLTO
5%Pd-HCaxTa3010 5%Pd-HLTO
5%Pd- [CaTazO10] 5%Pd-CLO

1.5%Pd- CsLaTa,07.,N, 1.5%Pd-CLTOx



Chapter 2: Synthesis and Characterization Methods

1.5%Pd- CsLaTaxO7.yNy
1.5%Pd- [LaTa207.yNy]
0,75%Sn- CsLaTa>O7
0,75%Sn- HLaTa>O7
0,75%Sn- [LaTa,07]
1.5%Sn- CsLaTa,0O7
1.5%Sn- HLaTa>O
1.5%Sn- [LaTaxO7]
3%Sn- CsLaTaxO7
3%Sn- HLaTa,07
3%Sn- [LaTa,07]
5%Sn- CsLaTa,07
5%Sn- HLaTa;07
5%Sn- [LaTa,07]

1.5%Pd-HLTOx
1.5%Pd-LTOx
0.75%Sn-CLTO
0.75%Sn-HLTO
0.75%Sn-LTO
1.5%Sn-CLTO
1.5%Sn-HLTO
1.5%Sn-CLO
3%Sn-CLTO
3%Sn-HLTO
3%Sn-CLO
5%Sn-CLTO
5%Sn-HLTO
5%SnCLO

2 or 3 mmol of TaClg

based on stoichiometry ratio
&

18 mmol of citric acid

or——»

Dissolved
in 100 mL methanol

1 mmol of La(NO;);*6H,0
or
2 mmol of('a(ﬁ.\'O;)y-lH:O
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Figure 2.1 Scheme of synthesis of DJ type layered perovskite oxide nanosheet.
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2.2 Physical and Chemical Characterization Methods

This chapter presents a synopsis of diverse experiments, characterization methods, and
the underlying theory essential for comprehending the measurements conducted for

powder material.

2.2.1 X-ray Diffraction (XRD)

X-ray diffractometer (XRD) investigates the crystalline phase, chemical composition,
lattice parameters, crystalline size, shape impurity, and the presence of doping elements
in the crystal lattices of the photocatalyst system [96]. Crystallographic structures of
synthesized materials were determined by XRD (Rigaku Mini Flex 600; Cu Ka (A =
1.5418 A)) with a scanning rate of 10°/min operating at 40 kV/15 mA. X-ray diffraction
spectra were recorded in the 26 range of 5° to 60°. A zero-background powder specimen

holder was employed for the XRD analysis of all samples.

2.2.2 Raman Spectroscopy

Raman spectroscopy is used for structural analysis, phase identification, chemical
characterization, and identification of chemical functional groups and molecular species
detected in layered perovskite photocatalysis [97]. Raman spectroscopy was carried out
using a Renishaw INVIA spectrometer with a 633 nm initial excitation laser (%5 laser

power, 20 exposure time) for synthesized materials.

2.2.3 Ultraviolet-visible (UV-vis) Diffuse Reflectance Spectroscopy (DRS)

UV-vis diffuse reflectance spectroscopy (UV-vis DRS) is a technique used to calculate
the electronic band structure of photocatalytic systems. This technique probes the
material's response to electromagnetic radiation within the ultraviolet-visible region (200-
800 nm) by analyzing its light absorption and scattering properties. The Kubelka-Munk
equation provides for interpreting the collected data and inferring the electronic structure
of the photocatalyst [98]. In this dissertation, UV-vis DRS were conducted on Shimadzu
UV-3600 — UV-Vis-Nir Spectrophotometer in the 220—-800 nm range using barium
sulfate as an external reference with reflection coefficient R = 1. The reflectance spectra

were transformed into coordinates (Fhv)!’? = f(hv), where F = (1-R)?*/2R is the Kubelka-
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Munk function[99]. Linear sections of the graph were extrapolated, and an optical

bandgap energy E; was found as an abscissa of their intersection point.

2.2.4 X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive technique that uses
photons from an X-ray source to excite atoms near the surface of a solid. The ejected
electrons are collected and measured by a hemispherical electron energy analyzer. The
kinetic energy of these electrons indicates their binding energy, allowing for the
identification of the element and the specific core level of the electron [100]. X-ray
photoelectron spectroscopy (XPS) measurements were characterized with a Thermo
Scientific K-Alpha instrument using Al Ka (hv = 1486.6 eV) radiation for the synthesized
photocatalyst. The XPS data acquired was deconvoluted using Thermo Avantage v5.973.
The binding energies (BE) position was calibrated using the C 1s peak (284.4 eV).

2.2.5 Inductively Coupled Plasma Mass Spectrometry (ICP-MS)

Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) uses an intense heat source
(plasma) to break down a sample and ionize its elements. It then analyzes these ions using
a mass spectrometer to determine their composition [101]. ICP-MS is well-suited for
measuring trace elements like dopant cations (positively charged ions) and their ratios
within a sample [102]. ICP-MS analysis verified the successful incorporation of
palladium into the perovskite lattice (or crystal structure) and quantified the doping level.
This technique is susceptible and can detect dopant cations at concentrations as low as

parts per billion (ppb) within the material.

This thesis employed ICP-MS using an Agilent 7700x instrument to determine the
amount of palladium incorporated into the layered perovskite material. The perovskite
samples were first digested in a mixture of aqua regia (10 mL) using a Start D Milestone
Microwave Digestion system. Following digestion, the samples were diluted with a 2%

v/v HNOs solution.

ICP-MS is a more reliable method for quantifying the actual weight percent of Pd because

it can accurately measure tiny amounts of precious metals, even in complex samples.

23



Chapter 2: Synthesis and Characterization Methods

2.2.6 Scanning Electron Microscopy (SEM)

Electron microscopy is used to study the structure and morphology of materials at the
nanoscale [103]. It allows researchers to visualize the size, shape, and arrangement of

catalyst particles or structures for photocatalysts.

Scanning Electron Microscopy (SEM) is a powerful technique for studying a sample's
morphology, including size, shape, and surface features. It utilizes a focused beam of
high-energy electrons (typically 0.5-30 keV) to scan the sample's surface. The interaction

of these electrons with the sample generates various signals, including:

Secondary Electrons: Provide detailed information about the sample's topography due to

their interaction with the surface features.

Backscattered Electrons: Offer information about the elemental distribution within the
sample based on the average atomic number of elements present. While this can give
some clues about the chemical composition, a more precise technique like Energy-
dispersive X-ray spectroscopy (EDX) is often used with SEM for a more comprehensive
elemental analysis. SEM micrographs have a large depth of field, providing a three-

dimensional appearance of the sample's surface [104].

This thesis used SEM to investigate layered bulk materials' morphology and platelet size,
cation-proton exchanged materials, and restacked nanosheets. This thesis used SEM to
investigate layered bulk materials' morphology and plate size, cation-proton exchanged
materials, and restacked nanosheets. The field-emission-type scanning electron
microscopy (FESEM) images were analyzed using a Zeiss Ultra Plus field emission

scanning microscope with 200.00 KX magnification and 5.00 kV.

2.2.7 The Brunauer-Emmett-Teller (BET) analysis

The Brunauer-Emmett-Teller (BET) analysis is an essential analytical technique. BET
theory explains the phenomenon of physical adsorption, where gas molecules form weak
vdW interactions with a solid surface. The measured quantity in BET represents the
sample's total surface area per unit mass [105]. BET method was used to calculate the

specific surface area of bulk and nanosheet materials using N2 adsorption-desorption
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measurement on Micromeritics ASAP 2020 HD in the dissertation. Before measurements,

powders were degassed at 373 K under vacuum overnight.

2.3  Film Preparation

Two distinct synthesis methodologies were utilized to fabricate tantalate-based
photoelectrodes. The first method was that bulk photocatalysts were coated on fluorine-
doped tin oxide (FTO) on a conductive glass side by a spin-coated instrument. The second
method was the coating method of nanosheet materials on FTO, taking into account the
work done by Shi et al. [106]. A detailed explanation of the first verification method is

given in the paragraph below.

2.3.1 Films from powders

Substrate materials were selected from fluorine-doped tin oxide (FTO) glasses and cut
with 25 x 10 mm dimensions. FTOs were meticulously cleaned through sonication with
acetone and ethanol, followed by deionized water (DI). The ingredients of the coating
solution were 20 mg of the photocatalyst, 40 uL terpineol, 40 uL acetylacetone, 80 uL
ethylene glycol, and 1 mL ethyl alcohol. The solution was dispersed in 1 mL of DI and 1
mL of ethanol and then stirred for 1h for a homogeneous mixture. 100 uL of this mixture
was drop-cast onto the FTO substrate and spread evenly using a spin-coater at 500 rpm
for 5 seconds, followed by 3000 rpm for 30 seconds. The coated sample was then

calcinated at 400°C for 60 minutes in air.

2.3.2 Films from nanosheets

The coating procedure was performed considering the single drop approach in the article
by Shi et al. [106]. This single-dropped coating method is followed by preheating the
substrates on a hot plate at 100-120°C for 3 minutes, facilitating rapid solution
evaporation and film formation. 40 uL of the synthesized nanosheet suspension was
diluted into 200 pL of ethanol as the precursor suspension was used for film deposition.
100uL of this mixture was dropped on a hot FTO glass. Then, the mixture was
meticulously taken from its center using a pipette. Finally, the prepared film was dried

using Ar gases. The coating method is shown in Figure 2.2.
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Figure 2.2 Single droplet assembly for 2D nanosheet tiling [106].

2.4 Electrochemical and Photoelectrochemical Characterization Methods of

Photoelectrode

The PEC measurements were conducted using the working electrode (W.E.), counter
electrode (C.E.), and reference electrode (R.E.), which comprise three electrode systems
as illustrated in Figure 2.3. The synthesized photoelectrode, 10 mm x 10 mm Pt wire, and
vs. SCE (sat’ed KCl) are working, counter, and reference electrodes in the thesis.
Nitrogen gas was bubbled to electrolyte solutions (0.5M K>SO including 5% methanol)
to eliminate dissolved oxygen before PEC analysis for at least 15 min. The N> was
continuously purged in the solution to ensure oxygen did not re-enter the solution
throughout the analysis. Chronoamperometry (CA) and Potentiostatic Electrochemical
Impedance Spectroscopy (PEIS) were valuable techniques used to analyze the behavior

of photoelectrodes in PEC studies in this dissertation.
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Figure 2.3 Schematic of three electrode systems for PEC [107]

2.4.1 Chronoamperometry (CA)

Chronoamperometry (CA) measures the current of a photoelectrode over time, used in
PEC analysis to evaluate photocurrent stability and investigate electron transfer
processes, providing insights into the photoelectrode's performance under light at
constant voltage [108]. CA measurements were performed under chopped illumination
(20s on/off cycles) using a potentiostat (Princeton Applied Research Versa STAT MC) at
a fixed potential of 1 V (vs. SCE). The light source was used by a strong Xenon lamp
(300 watts) made by Newport (model 66901). The electrolyte solution is 0.5M of K>SO4
(including %?2.5 methanol).

2.4.2 Potentiostatic Electrochemical Impedance Spectroscopy (PELS)

Potentiostatic Electrochemical Impedance Spectroscopy (PEIS) is commonly utilized in
photoelectrochemical (PEC) studies to evaluate electrochemical behavior occurring at the
photoelectrode/electrolyte. PEIS works by applying a small AC voltage at variable
frequencies and measuring the current response of the system. The resulting data is
analyzed through graphical representations called Nyquist or Bode diagrams. Nyquist
analysis visually represents the impedance at the electrode interface across various
frequencies. It separates the impedance into its real and imaginary components. The real
part is associated with resistance and electron transfer processes, while the imaginary part

reflects various reactive processes at the interface, including double-layer capacitance.
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On the other hand, Bode analysis presents the impedance data in two separate plots: a
magnitude plot showing the absolute value of impedance versus frequency and a phase
plot showing the phase shift between the applied voltage and the resulting current [109].
By analyzing these plots, researchers can gain insights into the frequency dependence of
the system's response. In the phase plot, the peak observed at an intermediate frequency
range could be associated with the lifetime of electrons within the photoanode material
[110]. On the other hand, the radius of the arc on the Nyquist plot corresponds to the
charge transfer rate at the interface between the photoelectrode and the electrolyte. A
smaller arc radius indicates a higher efficiency in photoinduced charge transfer [111].
Nyquist plot EIS measurements were conducted from 10° to 102 Hz with 0.01 mV
amplitude at 1V vs Hg/HgO (1M KOH) in 0,5M K>SOs.

2.5  Photocatalytic Hydrogen Production

The range of 5-15 mg of photocatalyst and 5 mL of the methanol-water mixture (10%
volume methanol) were placed into a quartz vessel with a total volume of 10 mL with
rubber two stoppers to generate an inert medium. These stoppers created an inert
atmosphere during the HER experiment. Before the HER measurement, the mixture in
the quartz cell was sonicated for 30 min to get homogenous dispersion. Then, the vessel
was purged using argon (50 mL/min) for at least 20 minutes to remove air inside. After
that, Ar flow (20 mL/min) was placed between these two stoppers to prevent air from
entering the cell. A foam test was applied to the gas outlet to check whether the Ar flow
was between two stoppers. The experimental setup employed a horizontal illumination
system with a 300 W xenon light source (Newport, 66901), as illustrated in Figure 2.4.
The light source was operated with or without an AM 1.5 filter. The vessel containing the
solution was stirred at 200 rpm. The experiment proceeded over a five-hour timeframe.
Every hour, a sample was extracted from the cell's headspace using a 100 uL gas-tight
syringe (A needle - series H, ISOLAB) for injection into the gas chromatograph
(Shimadzu, GC-2014).
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Figure 2.4 Experimental setup.

The inlet temperature of GC and thermal conductivity detector (TCD) was at 150 °C with
a bridge current of 40 mA, while the temperature of the MS 5A column (Technorama,
NF-38427-FS) was set at 65 °C. A 10 mL cell containing 5 mL of water was used for
hydrogen (H:) calibration within a gas chromatograph (GC). Controlled volumes of H-
gas, ranging from 10 to 100 uLL with 10 pL increments, were injected into the GC system,
and peak areas were correlated with the injected quantities to establish a calibration curve.
This curve allows for converting peak area from GC analysis of unknown samples into
the corresponding amount of H: present. The ideal gas equation was used to convert peak
areas to moles of Hz, considering a headspace volume of 5 mL. The calibration curve in
Figure 2.5 was used to quantitatively determine H. based on peak area in GC

measurements.
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Figure 2.5 Hydrogen calibration curve.
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Chapter 3: Comparison of Two and Three-Layer Tantalum-Based

Oxynitrides for Photocatalytic Hydrogen Evolution

3.1 Introduction

Layered perovskites are extensively researched for splitting applications as photocatalysts
because their slabs and flexible interlayer galleries have unique electronic and catalytic
properties. Most studies focus on the A-site or B-site cation exchange for new phase
preparation. However, little information on the layer number factor has been documented,
which affects performance. One common approach to improving the activity of layered
perovskites involves manipulating the cations between the layers and producing
nanosheet powder. The former strategy often involves exchanging protons (H*) with other
cations, such as Cs* and Rb" between the layers. Notably, the latter approach is most
effective when applied to 2D perovskite powders derived from bulk materials. While
possessing outstanding characteristics for catalytic purposes, their primary limitation
arises from the lack of active work in the visible region due to their band energies

exceeding 3 eV [112].

Consequently, various techniques have been investigated to enhance the response of
pristine metal oxide photocatalysts to visible light. Among these techniques, nitrogen
doping introduces new electronic states within the perovskite's bandgap, thereby enabling
visible light absorption. This, in turn, facilitates the utilization of these perovskites in
visible-light-driven catalysis applications. [113]. In 2012, S. Ida et al. published a paper
[49] about the effect of exfoliation of a Layered Oxynitride for photocatalytic hydrogen
evolution. The researchers fabricated ultra-thin sheets of calcium tantalum oxynitride,
which show improved hydrogen gas generation (0.10 pmol/h) from water under visible
light but low performance with even methanol. When loaded with rhodium, they produce
hydrogen (156.1 umol/h) and oxygen gases under ultraviolet light dramatically compared
to non-modified ones. In 2017, M. Lv et al. published a paper [50] on photocatalytic water
splitting with Lanthanum Tantalate Perovskite Nanosheets. The atomic thickness of
nanosheets is synthesized via exfoliation from its pristine state. These NSs showed
superior photocatalytic activities for water splitting, with a quantum efficiency of 1.29%
and 3.27% under visible-light illumination, significantly higher than bulk structure. In

2020, Y. Tang et al. published a paper [114] on synthesizing a three-layer oxynitride
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perovskite of KoCaxTazO9N-2H>0 and compares its photocatalytic activity with a two-
layer perovskite. Three-layer oxynitride perovskite of K>Ca;TazO9N-2H>O, a single-
phase layered perovskite with an absorption edge of around 460 nm and an estimated
band gap of around 2.7 eV. The structure and light absorption properties remain
unchanged. However, the material K>Ca;Ta3O9N-2H>O produced significantly less
hydrogen (H2) gas and had a shorter lifetime compared to K:Ca;TazO9N-1.6H20,
showing the effect of interlayer water in photocatalytic activity. In 2021, P. Wang
reported [115] the synthesizes Dion-Jacobson layered perovskites, including LaTaOs,
KLaTa207, and KCaxTazO10, with n values of 1, 2, and 3, respectively. Among these,
KLaTa207 performs better than KCaxTa3O10 and LaTaO4 in methanol under UV
illumination. The researchers explained that positioning the conduction bands is the

primary determinant affecting photocatalytic generation of hydrogen.

Considering the information mentioned above, N doping is one of the methods applied to
make active catalysis in the visible region. When oxygen is substituted with nitrogen in
the perovskite oxide lattice, nitrogen acts as a dopant. This substitution causes the creation
of the new energy states at their forbidden energies by hybridizing the N 2p and O 2p
orbitals to reduce the band energy, thereby moving their valance band position upward.
This thesis section successfully synthesized tantalum-based oxynitride nanosheets (n=2
and n=3) through a two-step intercalation process. The aim was to investigate their
photocatalytic Hz efficiency in full spectrum and A.M. 1.5G light sources. In addition to
photocatalytic, Photoelectrochemical properties were assessed in a three-electrode
system. The combined results demonstrated that two layered tantalum-based Dion—
Jacobson layered perovskites had higher hydrogen generation under both spectral

conditions than others.

3.2  Experimental Procedure

The experimental part is explained in detail in chapter 2.
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3.3  Result and Discussion

3.3.1 X-Ray diffraction Spectroscopy (XRD)

The identification of the crystal phases of the synthesized powders was performed by X-
ray diffraction (XRD) (Figure 3.1). The black, red, and blue colors represent three pristine
tantalum-based oxides (CCTO or HCTO), oxynitride (CCTOx or HCTOx), and Pd-doped
oxynitride (1.5% Pd-CCTOx orl.5% Pd-HCTOx), subsequently. The gray, purple, and
green colors represent two pristine tantalum-based oxides (CLTO or HLTO), oxynitride
(CLTOx or HLTOx), and Pd-doped oxynitride (1.5% Pd-CLTOx orl.5% PD-HLTOx),
respectively. The peaks are indexed as 5.79° (001), 11.59° (002), 17.43° (003), 29.99°
(100), 23.31° (003), 23.72° (101), 25.82° (102), 28.99° (103), 29.25° (005), 32.73° (110),
32.97° (104), 33.27° (111), 34.84° (011), 35.27° (006), 35.27° (006), 37.32° (113), 37.52°
(113), 40.57° (114), 41.4° (007), 42.52° (106), 44.46° (115), 46.97° (200), 47.37° (201),
47.66° (008), 47.88° (107), 48.55° (202), 48.88° (116) for three layered tantalum oxide in
Figure 3.1.a according to the ICDD database [116]. The peaks are indexed as 7.95° (001),
22.89° (100), 24.02° (003), 24.27° (101), 28.02° (102), 32.22° (004), 32.59° (110), 33.42°
(005), 32.97° (104), 33.27° (111), 34.84° (011), 35.27° (006), 35.27° (103), 33.60° (111),
36.48° (112), 39.89° (104), 40.58° (005), 40.89° (113), 46.48° (114), 46.76° (200), 47.10°
(105), 47.51° (201), 49.18° (006), 49.72° (202), for two layered tantalum oxide in Figure
3.1.c. Analysis of the sample's diffraction peaks confirmed its structure as tetragonal
symmetry, aligning with previously reported observations [49], [62]. No peaks
corresponding to impurities were detected, indicating high material homogeneity, even
after doping. However, there is a structural difference between a protonated compound
and its parent compound. This difference arises due to a change in the crystallographic
structure. Specifically, the space group, which defines the symmetry of the crystal lattice,
changes from P4/mmm to I4/mmm [117]. This change in the space group signifies a
different arrangement of atoms in the material than its parent compounds due to Cs*
exchange with H*. Although the in-plane (100) and (110) diffraction peaks are preserved
due to the covalent solid bond in the layered structure after the proton exchange process,
the (001) peak of two and three layered materials slightly shifts towards higher angles,
showing that the interlayer space has been narrowed as a result of the substitution of Cs*

ions with H* ions [r(H*) = —0.38 A and r(Cs*) = 1.65 A] as given in Figure 3.1.b and
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Figure 3.1.d [118]. The absence of impurity peaks in the diffraction pattern and a perfect
match to literature values strongly indicated the successful synthesis of a highly

crystalline phase for all modified phases.
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Figure 3.1 XRD patterns of (a) CsCa;Ta3010 (CCTO), (b) HCazTazO190 (HCTO), (c)
CsLaTa07 (CLTO), and (d) HLaTa,0O7 (HLTO) and their oxynitride version and Pd
doped oxynitride version.
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3.3.2 Raman Spectroscopy

Raman spectroscopy was employed to identify the structural variations, and the results
are presented in Figure 3.2. The Raman spectra of both binary and ternary oxides
(depicted in black) and oxynitride systems (illustrated in red) were found to align with
prior findings in the literature [49]. Following nitridation, new peaks appeared in their
Raman spectrum, highlighted by the dashed line in Figure 3.2. The new peaks observed
after nitrogen treatment likely involve nitrogen atoms incorporated into the material's
structure. These nitrogen atoms might partially convert some existing oxygen-tantalum
structures (TaOg) into new phases containing nitrogen (TaOexNx or TaNg). However,
these new peaks disappeared when heated at 1073K, indicating they were related to the
presence of nitrogen. In addition, there are three possible explanations for the observed
peaks: (1) Vibrations caused by nitrogen atoms replacing other atoms within the crystal
structure. (ii) Vibrations due to imperfections created to maintain electrical neutrality
after nitrogen was incorporated. (iii) Vibrations originating from unexpected materials
present in the sample. In the case of improper optimization of synthesis conditions during
the nitridation process, a TasNs impurity phase can be generated, as documented in the
literature [49]. However, the absence of the TazNs impurity phase in the XRD pattern of
the oxynitride crystals proves that Ta™ was not reduced to Ta™, supported by XPS
analysis. Therefore, the new peaks observed are solely related to incorporating nitrogen

into the desired CLTO and CCTO structures.

In addition, protonation caused a reduction of peak intensity at 930 cm™ for CCTO and
920 cm™ for CLTO in Figure 3.2.a and Figure 3.2.b bands, accompanied by a redshift in
their spectra. These peaks correspond to the vibrational mode of the Ta—O terminal bond,
which is notably sensitive to the presence of interlayer species. This sensitivity arises

from protonation facilitating the exchange of H* with Cs* in the interlayer spacings [119].
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Figure 3.2 Raman spectrum (a) CsCa;Ta3O10 and (b) CsLaTa>O7 and its derivates
including nitride and protonated powder.

3.3.3 Ultraviolet-visible (UV-vis) Diffuse Reflectance Spectroscopy

UV-VIS absorption spectra and Kubelka-Munk (KM) function curves were employed to
analyze the photocatalysis light absorption characteristics and bandgap. The optical band
gaps were determined by plotting [F(R)hv'/"] against photon energy (hv), with F(R)
representing the Kubelka-Munk function and n set to 2 for indirect transitions, as
demonstrated in Figure 3.4 [112]. The intercept of the tangent lines of the KM plot
indicated that the band gap of triplet and doublet tantalum-based perovskite oxide samples
(CsCazxTa30O10 and CsLaTa207) exceeded 4eV, implying effective performance primarily
in the ultraviolet region in contrast, the bandgap energies of CsCa;Ta3010xNx (CCTOx)
and CsLaTa;07.xNx (CLTOx) extended into the visible light range to 2.0 eV and 1.9 eV,
respectively, making them superior photocatalysts for solar applications in Figure 3.4.c

and Figure 3.4.d.

The substitution of nitrogen with oxygen in the lattice modifies the material's electronic
structure. This modification can cause electrons in the valence band to move to more

positive energy levels, narrowing the band gap [120]. This change in the electronic
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structure is accompanied by a change in the material's color, as the material absorbs and
emits light at higher wavelengths (Figure 3.4. and Figure 3.4.b). The change in the
electronic structure due to nitrogen intercalation likely causes the material to absorb light
in the red part of the spectrum. After N loading to the oxide sample under ammonia gases,
the white-colored catalyst converted to orange, as seen in Figure 3.3. The change in the
electronic structure caused by nitrogen intercalation can also make the material a more

efficient photocatalyst.
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Figure 3.3 Change in color after N doping from white to light orange.

Additionally, the absorption spectrum revealed that tantalum-based oxynitride materials
exhibit two absorption bands: around 500-600 nm and approximately 300-500 nm. The
former is attributed to excitation from the N 2p orbital to the Ta 5d orbital, while the latter
corresponds to excitation from the O 2p orbital to the Ta 5d orbital in Figure 3.4.a and
Figure 3.4.b. When O ions in the oxide phase are replaced by N* ions, the top of the
valence band of the oxynitride crystal shifts upward due to the higher potential energy of

N 2p atomic orbitals compared to O 2p atomic orbitals.
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Figure 3.4 UV-vis absorption spectra of (a) CsCaxTazO10, (b) CsLaTa>07, and their
oxynitride and Pd-doped oxynitride versions, as well as the transformation of diffuse

reflectance data using the KM, for (¢) CsCa;Ta3O19 and (d) CsLaTa>07 and their

respective oxynitride.
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Doping pure structure with Pd atoms also modifies its light absorption properties,
potentially making it a slightly more effective photocatalyst by allowing it to utilize
visible light, as seen in Figure 3.4. Consequently, this oxynitride material efficiently

converts solar energy as a visible-driven photocatalyst.

3.3.4 X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) was employed to investigate the powder
sample's elemental composition and chemical states. The acquired XPS data was
deconvoluted using Thermo Avantage v5.973 software for improved peak analysis. The
spectra were calibrated using the C 1s peak at 284.4 eV to ensure accurate binding energy
information. All XPS spectra were also corrected for charging effects concerning the
same C 1s peak. In the XPS binding energy spectra of CCTOx and CLTOx and their
derivatives for Ta 4d, the Ta 4ds, and Ta 4ds, peaks centered at about 239.9 and 228.8
eV correspond to tantalum with the oxidation state of +5 in tantalum-based layered

perovskite in Figure 3.5 [121].

Interestingly, XPS analysis revealed that these Ta 4d peak centers remained virtually
unchanged after nitrogen doping. Therefore, the observed color change from white to
light orange does not arise from reducing the tantalum oxidation state, such as the
formation of Ta** species. The formation of this orange-colored powder is attributed to
the doping N in the oxygen site, which causes an increase in the valence band maximum
(VBM), as shown in Figure 3.8. This shift in the valence band, in turn, causes the material
to absorb light at longer wavelengths (lower energy) compared to its original state.
Consequently, the material starts absorbing a portion of the visible light as also observed

in the UV-vis absorption spectrum.
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Figure 3.5 XPS binding energy spectra of Ta 4d (a) CCTOx and (b) CLTOx.

XPS analysis showed significant shifts in the binding energies of tantalum peaks after
protonating material with hydrochloric acid (HCI). Compared to the untreated bulk
material, the Ta 4d peaks (both 3/2 and 5/2) in the protonated material shifted to higher

binding energies:
Ta 4dzp: 239.9 eV (bulk) to 241.39 eV (protonated)
Ta 4dsp: 228.8 €V (bulk) to 229.83 eV (protonated)

The Ta 4p3.2 peak also shifted from 403.3 eV in the untreated material to 404.1 eV in the
protonated material, as shown in Figure 3.6. These peak shifts suggested structural
changes [50] within the material after HCI treatment. Protons (H") replace cesium ions
(Cs*) in the interlayer after HCI treatment. The attractive force between oxygen and

cesium ions is more substantial between oxygen and hydrogen [122].
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Figure 3.6 XPS binding energy spectra of Ta 4p and N 1s (a) CCTOx and (b) CLTOXx.

The presence of the N 1s peak at 395.6 eV indicates explicitly the formation of a tantalum-
nitrogen (Ta-N) bond within the lattice of the nanosheet, as illustrated in Figure 3.6. The
peak of N 1s around 395.6 eV confirms the successful incorporation of nitrogen atoms
into the material (nitrogen doping). The amount of nitrogen incorporated into the material
was determined by analyzing the area under the N Is peak in the XPS spectrum.
According to the XPS results, 0.3 mol of nitrogen was replaced with oxygen for the
CCTOx phase, and 0.2 mol of nitrogen was replaced with oxygen for the CLTOx phase.
The closed formulas were determined as follows: CsCa;Taz0997No3 and
CsLaTa206.98No2. Similar to the Ta 4d peaks discussed earlier, the O 1s spectra (refer to

Figure 3.7) also shifted towards higher binding energies after protonating the material.
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Figure 3.7 XPS binding energy spectra of O 1s (a) CCTOx and (b) CLTOx.

Deconvolution of the O 1s spectra revealed three distinct peaks [123]:
OI (529.5 eV): Lattice oxygen atoms bonded to the metal cations.

OII (531.1 eV): Oxygen defect sites with lower oxygen coordination (potentially oxygen

vacancies) or oxygen of interlayer hydronium ions.
OIII (532.5 eV): Hydroxyl groups (OH)likely from surface-adsorbed water molecules.

The protonation is believed to be responsible for the increased amount of hydroxyl groups
(OIII) observed in the XPS spectra, as shown in Figure 3.7. This phenomenon can be
attributed to two main factors: enhanced hydroxylation and water adsorption because the
treatment enhances surface reactions and the peak intensity at the highest binding energy

(OIIT) [124].

Moreover, the valence band maximums (VBM) and conduction band minimums (CBM)

for various materials (CCTO, CLTO, CCTOx, CLTOx, HCTO, HLTO, HCTOx,
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HLTOx.) were calculated using XPS valence spectrum and energy band energies from
UV-vis DRS as illustrated in Figure 3.8. The valence-band maximums from XPS valence
spectrum of CCTO, CLTO, CCTOx, CLTOx, HCTO, HLTO, HCTOx, HLTOx were
calculated to be —7.097, —6.930, —6.308, —6.180, —7.603, -7.937, -5.669 and -6.054 eV
vs. vacuum or 2.657, 2.490, 1.868, 1.740, 3.163, 3.497 and 1.229 V vs. NHE, based on
the relation E (eV) = —4.44-Enge (V) at pH=0, respectively. Considering each sample's
band gap, the corresponding conduction band maximums were determined to be -1.756,
-1.679, -0.190, -0.205, -1.213, -0.700, -0.839 and -0.386 V vs. NHE. Figure 3.8 illustrates
the band energy diagram for the studied materials. As expected, nitrogen doping (N-
doping) caused the valence band maximum (VBM) potential to shift upwards due to N
2P and O 2p orbital hybridization [125]. This upward shift in the VB translates to

enhanced light absorption by the oxynitride samples.
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Figure 3.8 Schematic diagram of band energies for oxide, oxynitride and their
protonation state from along with Kubelka-Munk function (obtained from DRS) and
Valence-Band XPS Spectra.

Due to the improved light absorption, oxynitride materials become promising candidates
for generating hydrogen (Hz) through photocatalysis, a light-activated process. The
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suitability of a material for photocatalysis depends on the relative positions of its
conduction band minimum (CBM) and valence band maximum (VBM) compared to the
redox potential of the targeted reaction (hydrogen or oxygen generation in this case).
Thermodynamically, more negative CBM indicates a stronger reduction reaction
tendency, whereas a higher positive VBM potential indicates a stronger oxidation reaction
driving force. Consequently, oxynitride samples exhibiting a more negative CBM

demonstrated a higher hydrogen activity than oxide-based materials.

3.3.5 Inductively Coupled Plasma Mass Spectrometry (ICP-MS)

The Pd metal concentration loaded onto the structure's B site (Ta site) was investigated
using Agilent 7700x inductively coupled plasma-mass spectrometry (ICP-MS). Table 3.1
illustrates the disparity between the theoretical and experimental weight percentage
(Wt.%) of Pd loading, determined by ICP-MS. This inconsistency may stem from factors
such as non-uniform distribution, incomplete doping, limitations in measurement, or
losses during processing. Despite discrepancies in the measured amount of Pd, ICP-MS
confirms the incorporation of Pd into the material. However, accurately determining
palladium via ICP-MS is challenging due to spectral interferences, highlighting the
ongoing research interest in trace analysis of palladium within the ICP-MS community
[126].

Table 3.1 Pd loading weight percent (wt.%) of tantalum-based layered perovskite by
ICP-MS measurements.

Sample Pd loading % Pd loading %
(theoretical) (ICP-MS)
1.5% Pd-CCTOx 0.523 0.120
1.5% Pd-CLTOx 0.428 0.260

3.3.6 Scanning electron microscopy (SEM)

Scanning electron microscopy images were analyzed using a Zeiss Ultra Plus field
emission scanning microscope with 100.00 KX magnification at 5.00 kV. It was used to
investigate the surface morphology of the samples, as shown in Figure 3.9. The pristine

structures of CCTOx and CLTOx (Figure 3.9.and Figure 3.9.c) exhibited a lamellar
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morphology. Despite the observed color change from white powder to orange after N
doping (Figure 3.3), the layered morphology is largely preserved, with the crystal
structure remaining intact, as confirmed by XRD results. Following protonation, the
rectangular surface properties remained in HCTOx and HLTOx (Figure 3.9.b and Figure
3.9.e). However, a partial separation between the individual layers is observed, likely due
to the incorporation of water molecules within the perovskite structure. After exfoliation,

the individual layers become significantly more visible due to their atomic-scale thickness

(Figure 3.9.c and Figure 3.9.e).

Figure 3.9 SEM images (a) CCTO, (b) HCTOXx, (¢) CTOx, (d) CLTO, (e¢) HLTOx, and
(f) LTOx.

3.4  Results of Photoelectrochemical Experiments
3.4.1 Chronoamperometry (CA)

The transient photocurrent responses were conducted with a three-electrode system (WE:
the synthesized photoelectrode, CE: Pt wire) at a potential of 1.0 V vs. SCE (sat’ed KCl)

with a 300-watt Xe lamp. The three-electrode system is shown in Figure 3.10.
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Figure 3.10 Illustration of a three-electrode system in a quartz cell.

The behavior of the photocurrent stability, charge transfer efficiency, and charge
separation of the photoelectrode were investigated by analyzing the current behavior in
chronoamperometry experiments. The observed systematic increase in the photocurrent
density following the doping of nitrogen (N) and/or palladium (Pd) in oxynitride could
be attributed to the enhanced concentration of charge carriers for all oxynitride samples.
These dopants can alter the material's electronic structure, introducing additional charge
carriers. Furthermore, N and/or Pd doping can also create shallow traps that temporarily
immobilize photogenerated charge carriers. These shallow traps can be beneficial as they
hinder the recombination of electron-hole pairs, extending the lifetime of the charges and
facilitating their separation and migration upon photoexcitation. This improved charge
carrier availability and extended lifetime ultimately led to increased photocurrent density
[127]. The transient photocurrent response curve of pure and protonated powders and

pure and exfoliated powders are given in Figure 3.11 and Figure 3.12, respectively.
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Figure 3.11 Chronoamperometry measurements of (a) original and protonated versions
of both undoped, Pd and/or N-doped CCTO and (b) original and protonated versions of

both undoped, Pd and/or N-doped CLTO at 1V vs SCE (sat’ed. KCI) under full
spectrum.

Following the replacement of Cs™ and H ions in the oxynitride structure of two different

phases, introducing hydronium ions (H3O*) and water molecules into the structure is

believed to be responsible for the increased photocurrent. These H3O* ions might act as

proton donors, making separating electron-hole pairs generated by light absorption easier

and making more charges available to contribute to the photocurrent. Compared to the

photocurrent of DJ layered perovskites with n=2 and 3, there is more photocurrent after

the proton exchange of the n=2 given than n=3 in Figure 3.11. The reason could be the

position of the conduction band minimum significantly influencing the photocatalytic

performance of tantalum-based layered perovskites, as reported by Wang et al. [112].

This information is in accordance with the results in the energy diagram obtained by

combining the results of Valence-Band XPS Spectra and UV-vis DRS characterizations.
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Figure 3.12 Chronoamperometry measurements of (a) original and exfoliated versions
of both undoped, Pd and/or N-doped CCTO and (b) original and exfoliated versions of
both undoped, Pd and/or N-doped CLTO at 1V vs SCE (sat’ed. KCI) under full
spectrum.

The high photocurrent values of exfoliated samples observed in Figure 3.12 could be
attributed to the fine atomic-level nanosheets, which minimize the probability of
recombination by shortening the distance over which photo-excited species migrate.
Additionally, these nanosheets provided more active sites due to their high surface area.
The high surface area offered a significantly more prominent platform for light absorption

and photocatalytic reactions, ultimately leading to a higher photocurrent.

3.4.2 Potentiostatic Electrochemical Impedance Spectroscopy (PEIS)

The Nyquist plots generated by EIS were utilized to conduct a more detailed investigation
into the resistance encountered during interfacial charge transfer. The charge transfer
resistance, Rct, is defined by the diameter of the semicircle. A smaller semicircle radius
indicates an effective separation of photogenerated electron/hole pairs and a rapid
interfacial charge transfer toward the electron donor or acceptor [128]. Figure 3.13 shows

EIS spectra from 10° to 102 Hz with 0.01 mV amplitude at 1.0 V vs Hg/HgO in 0.5M
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K2S0O4. Compared to pure CLTOx and pure CCTOx, the semicircle size of exfoliated
CLTOx and CCTOx has a minor arc diameter, as seen in Figure 3.13, suggesting a lower
resistance against electron transfer. In addition, increasing the number of active sites on
the surface due to the high surface area of exfoliated samples can offer more chances for
carriers to participate in efficient transfer. Moreover, incorporating nitrogen and/or Pd
dopants into semiconductor materials can boost conductivity, thereby diminishing

resistance during charge transfer.

In the PEC experiment, it is thought that higher photocurrent in CA and a smaller
semicircle radius in EIS measurements indicate increased hydrogen generation. This
correlation could arise because a high photocurrent signifies more photogenerated

electrons, and a smaller semicircle radius in EIS suggests faster charge transfer kinetics.
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Figure 3.13 Nyquist electrochemical impedance spectra of undoped of original phase,
protonated phase, and exfoliated phase and their N and Pd doped oxynitride derivatives

of (a) CsCa;TazO10 and (b) CsLaTa207.

3.5  Photocatalytic Hydrogen Production

Photocatalytic activities of bulk, protonated, and exfoliated CsCa;Ta3O19 (CCTO) and

CsLaTa07 (CLTO) were subsequently assessed by observing hydrogen production from
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water in the presence of sacrificial agents (%10 methanol) under full spectrum as given
in Figure 3.14 and filtered spectrum with AM 1.5G filter as given in Figure 3.15. Based
on H> generation in the full spectrum illumination graph, the experiment observed a
dramatic enhancement in hydrogen generation using nanosheets due to its higher surface
area and shorter migration distance. Compared to the bulk material, 1.5% Pd-CTOx and
1.5% Pd-LTOx nanosheets produced over 50 and 30 times more hydrogen under full-
spectrum light due to their higher surface area. BET analysis revealed that the surface
area of their original structures was enhanced by a factor of ten. It is assumed that
incorporating palladium into the oxynitride structure resulted in its dispersion as single
atoms throughout the nanosheets. This improved distribution of Pd atoms, confirmed by
ICP-MS, is believed to enhance the material's ability to generate hydrogen through
photocatalysis. In addition, compared to the layered perovskite with n=3, compounds with
n=2 demonstrated high activity, with the amount of evolved H: increasing steadily with
reaction time. Therefore, the activity order observed was [LaTa,07]'=1.25%[CazTazO10]
(100045 pmol-g™! vs. 800+5 pmol-g!). The differences observed in HER activity can be
attributed to several factors, including the material's band gap energy,

photoelectrochemical properties, surface area, and defects in its structure.
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Figure 3.14 The photocatalytic HER of (a) CsCa;Ta3O10 and (b) CsLaTa,07 and their

oxynitride and Pd doped oxynitride version for parent, protonated, and layered
nanosheets form.

The photostability of the Pd-doped oxynitride nanosheet and protonated photocatalyst

was evaluated via a 15-hour cyclic experiment monitoring hydrogen evolution using an

A.M. 1.5G filter. The hydrogen accumulated in the cell was evacuated with Argon gas

every 5 hours, and the experiment was started again with the same powder. Figure 3.15

displayed that the nanosheet and protonated doublet (Figure 3.15.b) and triplet tantalum-

based (Figure 3.15.a) perovskite composition demonstrates remarkable stability for

visible-driven photocatalytic applications.
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Figure 3.15 Stability test of photocatalytic HER of undoped and doped (a) protonated
and nanosheet of three-layered tantalum oxynitride and (b) protonated and nanosheet of
two layered oxynitride.

3.6 Conclusions

This chapter synthesized pristine doublet and triplet layered perovskite oxynitride and
their Pd-doped counterparts via Pechini method. The effect of the doping strategy on
photocatalytic hydrogen generation at the solar spectrum and photoelectrochemical

behavior was investigated.

The XRD pattern of synthesized catalysts confirmed the tetragonal symmetry structure,
with no impurity peaks detected. Besides XRD, Raman spectroscopy was used to identify
structural variations in binary and ternary oxides and oxynitride systems. Raman
spectroscopy results showed that new peaks appeared after nitridation, likely due to
nitrogen atoms incorporated into the material's structure. These peaks disappeared when
heated at 1073K, indicating they were related to nitrogen. The XPS results also approved
the presence of the N 1s peak at 395.6 eV, indicating the formation of a tantalum-nitrogen

(Ta-N) bond within the nanosheet lattice. However, XPS did not detect low
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concentrations loading of palladium; thus, ICP-MS was used to confirm the presence of
palladium in the material successfully. ICP-Ms results showed a smaller Pd doped than
theoretical, possibly due to factors like non-uniform distribution or measurement

limitations. However, accurately determining palladium remains challenging.

Further, no significant changes were observed in the overall morphology of the materials.
When nitrogen with or without palladium (Pd) were added, SEM analysis revealed that
all synthesized catalyst powders maintained a layer-like morphology. UV-vis diffuse
reflectance spectroscopy examined the synthesized powders' absorption properties and
bandgap energies. UV-vis DRS results showed that it had been observed that it reduces
the bandgap to less than 3 eV, indicating effective performance in visible-driven

photocatalysts.

The synthesized powders' photoelectrochemical properties were investigated using
chronoamperometry (CA) and electrochemical impedance spectroscopy (EIS). This study
utilized CA analysis to investigate the materials' photoelectrode stability, charge transfer
efficiency, and charge separation. Incorporating nitrogen or palladium into the oxynitride
structure enhanced photocurrent densities. Additionally, protonation improved
photocurrent, likely due to a hydrated interlayer. Exfoliated samples exhibited
exceptionally high photocurrent values due to atomic level thickness and higher surface
area. Enhanced photocurrent behavior can be attributed to a decrease in the diffusion layer
and an increased surface area. Analysis of resistance during interfacial charge transfer,
conducted using EIS measurements, revealed better charge separation in exfoliated

powders compared to pristine powders.

The study further evaluated the synthesized materials' photocatalytic hydrogen evolution
activity. Bulk, protonated, and exfoliated forms of double and triple-layered oxynitrides
were analyzed. The higher surface area of the exfoliated nanosheets led to a significant
boost in hydrogen generation due to two main advantages of the nanosheets: a much
larger number of active sites available for the reaction and a reduced chance of charge
carriers recombining before they can be used. Notably, the nanosheets produced over 50
and 30 times more hydrogen production under full-spectrum light irradiation than the
bulk material for double and triple-layered structures, respectively. Furthermore, the
improved distribution of palladium atoms within the nanosheets is believed to contribute

to enhanced photocatalytic hydrogen generation. Finally, the photostability of the most
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promising materials — the nanosheets and the protonated photocatalyst — was assessed

through a 15-hour cyclic experiment, demonstrating their reusability.
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Chapter 4: Improved Hydrogen Generation via Singular-Atom
Palladium Loaded Nanosheets Derived from Three Layered Dion

Jacobson Layered Perovskites Oxide

4.1 Introduction

Solar hydrogen fuel, generated from water splitting via photocatalysis or
photoelectrochemical process, offers significant potential as green energy and sustainable
fuels instead of fossil fuels. Many photocatalysis have been synthesized on water splitting
since Fujima Honda in 1972 [64]. Layered perovskite oxide (LPOs) has excellent
potential for solar hydrogen energy in photocatalysis because of its flexible interlayer and
tunable band structure. The flexibility framework allows the ion exchange of larger
cations like Cs, Rb, and K between layers because the cations bond electrostatically with
each perovskite slab. Due to their weak electrostatic van der Waals (vdW) forces, layered
perovskite oxides (LPOs) exhibit favorable properties for "host-guest" chemistry. This
allows LPOs to be exfoliated into two-dimensional nanosheets (NSs) and subsequently
restacked to form three-dimensional, bonded perovskite structures. This 2D ultra-thin
structure shortens the migration distance, where photo-induced charge particles
participate in the surface reaction, thus increasing photocatalytic performance. The few
atomic-level nanosheets make charge separation and transfer easier by reducing bulk and

surface recombination [64], [129].

However, the water-splitting efficiency of photocatalysis still needs to improve. Some
strategies enhance photo efficiency, such as controlling size and shape, surface
modification, metal doping, co-catalyst, and exfoliation techniques. Metal doping is a
more common trick than other strategies [64]. In this traditional metallization doping,
while the metal nanoparticles improve photoactivity, not all metal atoms are equally
active. Some may remain within the cluster or interact poorly with the semiconductor.
Suppose all atoms are 100% used in the metal contribution. In that case, each atom can
serve as a catalytic reaction center and increase photoactivity. It is called a single-atom
catalyst site (SACs) [130]. While SACs are a promising approach for boosting
photoactivity, there are still challenges like stable dispersion of single atoms and ensuring

they efficiently interact with the surface [131]. The ultrathin-layered perovskite nanosheet
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structure represents a significant advancement in heterogeneous catalysis. It enables the

highly uniform dispersion of SACs, enhancing their catalytic activity and selectivity [73].

In light of the information mentioned above, the synthesis of single-site Pd doped in bulk-
formed CsCa;TazO10 and its protonated and nanosheet powders was reported, focusing

on the effect of photocatalytic hydrogen production.

4.2  Experimental Procedure

The experimental part is explained in detail in chapter 2.

4.3  Result and Discussion

4.3.1 X-Ray diffraction Spectroscopy (XRD)

X-Ray diffraction Spectroscopy patterns obtained from the original structure (CCTO) and
its modified structure (Pd-doped CCTO) are indicated in Figure 4.1.a. The synthesized
CsCazTazO10 (Inorganic Crystalline Structure Database called ICSD #89011) [132]
tantalum-based oxide has tetragonal symmetry with the P4/mmm space group in
agreement with the literature [49]. The miller indices of XRD patterns were already given
in Chapter 3.3.1. All powders have no impurity phases, not even for pallidum doping.
The protonated mother phase and their Pd doped version have different space groups
(I4/mmm) due to the exchange of Cs* with H*. However, doped and undoped protonated

samples indicated the same crystal structure, as shown in Figure 4.1.b.
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Figure 4.1 XRD pattern of (a) CsCa2TazO10 (CCTO) and their Pd doped counterparts
(b) HCaxTa3019 (HCTO) and their Pd doped counterparts.

4.3.2 Raman Spectroscopy

The Raman spectra depicted in Figure 4.2.a show pure CsCazTa3zO10 and its Pd-doped
variants at 1.5%, 3%, and 5% levels, while Figure 4.2.b displays their protonated
counterpart (HCa>TazO10). The initial spectra (Figure 4.2.a) show peaks around 930 cm™
and 330 cm’!, characteristic of Ta-O terminal bond vibrations in tantalum oxides.
Importantly, these peaks are sensitive to the presence of interlayer species, potentially

causing shifts or changes in intensity.

The proton exchange process led to some changes in the Raman spectra. For example, the
peak at 930 cm™! weakens and shifts to a higher wavenumber, while the peak at 330 cm™
splits into two distinct peaks at 300 cm™ and 335 cm™! on the Raman Spectrum in Figure
4.2.b [119]. These changes are attributed to replacing Cs* ions with H* (protons) and

introducing water molecules during the process, as confirmed by XPS analysis.
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Besides that, the literature typically identifies only two Raman-active modes (B1g at 647
cm ' and Eg at 424 cm™) for the tetragonal phase of PdO crystals [133]. The presence of
additional peaks in the spectra of protonated samples around 650 cm !, particularly at
their surface, confirmed the existence of Pd intercalation of structure. However, the
unmodified protonated phase naturally did not show the peak due to the Big vibration

modes for the Pd-O bond.
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Figure 4.2 Raman Spectrum of (a) CsCa>Ta3O10 and their Pd doped version (b)
HCa,;Ta3010 and their Pd doped version.

4.3.3 Ultraviolet-visible (UV-vis) Diffuse Reflectance Spectroscopy

The absorbance spectra of the samples were obtained using the Kubelka-Munk (KM)
transformation of their diffuse reflectance spectra, as shown in Figure 4.3.a. The band gap
energy (Eg) is estimated by extrapolating the linear portion of the transformed KM
function (F(R)) versus the photon energy (hv) plot to the x-axis (energy). This
extrapolation gives the band gap energy at the intersection of the extrapolation line with

the x-axis on the KM curve.
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It is known that the Ta-O-Ta bond angle is 180°. This bond angle efficiently transfers
excited energy from oxygen to tantalum orbitals [134]. The introduction of palladium
(Pd) atoms into the CCTO structure is thought to disrupt the original bond angle
arrangement due to the formation of Pd-O-Pd bonds. These changes in bond angle
geometry caused by Pd incorporation were expected to influence the material's light
absorption and energy transfer characteristics. Consistent with this expectation, the results
of the absorption spectrum show that Pd doping causes a slight shift in the absorption
spectrum, leading to slightly improved light absorption properties.

Furthermore, the calculated band gap energies for the undoped and Pd-doped samples
(1.5%, 3%, and 5% Pd ratios) of the pure crystal were 4.4 eV, 4.3 eV, 4.37 eV, and 4.42
eV, respectively, as shown in Figure 4.3.b. This slight band gap narrowing can be
attributed to the emergence of new energy bands within the forbidden energy region.
These newly formed bands are believed to originate from the 4d electrons of the
palladium (Pd) atoms incorporated into the material. Furthermore, doping with Pd*? ions,
which have a lower positive charge than the original Ta>* ions, results in the capture of
electrons by the Pd** ions. These electron traps serve to reduce the probability of
recombination with holes, potentially enhancing photocatalytic activity by controlling the
number of free electrons. These results are in accordance with those obtained from

chronoamperometry [135].

Protonation (HCTO) induced a red shift in the absorption edge compared to the non-
protonated counterpart (CCTO). This indicated that HCTO absorbs light at slightly longer
wavelengths. Similar behavior was also observed for Pd-doped materials. The absorption
band edges for CCTO, 1.5% Pd-CCTO, HCTO, and 1.5% Pd-HCTO were approximately
272 nm, 274 nm, 276 nm, and 287 nm, respectively (Figure 4.3.a). Previous studies in
[136] and [137] showed that the material's interlayer cations influence the overall band
structure.. This variation (the exchange of Cs* located between the layered perovskite
layers with H3O" ions) is attributed to the differing interactions between these interlayer
cations and the oxygen atoms directly opposite them within the interlayer space. Based
on this knowledge, the observed differences in the light absorption profiles of the
materials are thought to arise from these interactions between the interlayer atoms and

the perovskite slab.
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Figure 4.3 (a) UV-vis absorption spectra of pure and protonated of CsCaTa3zO10 (and
their different loading of Pd-doped versions, and (b) Kubelka-Munk curve of pure and
protonated of HCa2Ta3O10 and their different loading of Pd-doped versions for
calculation of band gap.

4.3.4 X-ray Photoelectron Spectroscopy (XPS)

XPS is a powerful tool for surface analysis because it can provide information about the
elemental composition and oxidation state. The XPS analysis revealed that the tantalum
atoms in these materials exist in a +5-oxidation state, as evidenced by the specific
positions of the Ta 4d electron peaks, which are centered at around 239.9 eV and 228.8

eV for the Ta 4d32 and Ta 4ds, electrons, respectively, as illustrated in Figure 4.4.
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Figure 4.4 XPS binding energy spectra of Ta 4d (a) pure and 1.5%, 3% and 5% Pd
doped of CCTO and (b) pure and 1.5%, 3% and 5% Pd doped of HCTO.

Based on Figure 4.4, when Pd (4+2) replaces Ta (+5) in the lattice, the partially positive
charge on the Pd atom and the introduction of new electronic states due to Pd doping can
influence the electronic environment around neighboring Ta atoms, potentially leading to
an increase in the effective nuclear charge (Z.tr) experienced by Ta 4d electrons. This, in

turn, could result in a slight increase in their binding energy.

Moreover, The XPS analysis in Figure 4.4 revealed significant shifts in the binding
energies of tantalum peaks after protonating material with 3M of hydrochloric acid. The
Ta 4d peaks (both 3/2 and 5/2) in the protonated material shifted to higher binding
energies. Due to stronger electrostatic interactions, these changes suggest structural
changes within the material, with protons replacing cesium ions at interlayer regions.
Furthermore, this result was also proved by XRD analysis, as shown in Figure 4.1, which
showed that the XRD pattern of the protonated sample is different from that of the
unmodified sample. The reason for this is stated to be due to the change of the space group
[50]. Following the protonation and exfoliation process, a notable positive shift in binding
energies related to unmodified samples was observed in the Ta 4d3,2 and Ta 4ds., peaks,

with 239.9 eV and 228.4 eV, respectively as shown Figure 4.5 For protonated samples,
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the binding energies of the Ta 4ds;2 and Ta 4ds» peaks were measured at 240.5 eV and
229.8 eV, while for exfoliated samples, they were recorded at 241.7 eV and 230.5 eV,
respectively. When H" ions replace Cs* ions in interlayers, the Ta-O bond length contracts
slightly, resulting in a stronger interaction between Ta and O and higher binding energy
for Ta 4d electrons. The difference in charge and size between these ions also affects

electron distribution, affecting the electrostatic interaction between Ta and O.

After exfoliation, nanosheet surface chemistry changes because the layers are separated
into individual nanosheets. The surface O of nanosheets interacts with TPB* and H* on
the surface, creating a weaker Ta-O bond. This strengthens the hold of electrons on Ta 4d

electrons, increasing their binding energy observed in XPS.
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Figure 4.5 XPS binding energy spectra of Ta 4d pure, protonated, and exfoliated of
CCTO.

As shown in Figure 4.6, XPS spectra successfully detected the presence of palladium (Pd)
only at its highest dopant level of 5%. However, ICP-MS was used to detect the small
concentrations of Pd (1.5% and 3%). The deconvoluted Pd 3d XPS spectrum reveals two

peaks: one at around 335.1 eV corresponding to Pd 3ds, and another at around 340.3 eV
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corresponding to Pd 3ds» based on 284.4 eV of C 1s [138]. These peak positions are

consistent with a Pd ** oxidation state within the structure.
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Figure 4.6 XPS binding energy spectra of Pd 3d pure for %5 Pd doped CCTO.

XPS valence band spectra and UV-vis diffuse reflectance spectroscopy (DRS) were
combined to determine the valence band maximum (VBM) and conduction band
minimum (CBM) of the materials. Figure 4.7 illustrates the electronic band structures for
both undoped and doped states of the pure and protonated materials. Based on the
electronic band structures of the samples, the CBM positions of the doped and undoped
pristine and protonated samples were identified as suitable positions for hydrogen
evolution. Compared to undoped versions, it was seen that Pd doping generally created a
more favorable electronic structure by shifting the CBM to a more negative position. This
negative shift drives the chemical reaction that converts protons (H') into hydrogen gas

(Ha).

Interestingly, the 1.5% Pd-CCTO sample did not exhibit the typical negative CBM shift
from Pd doping. This case can be explained that its smaller band gap and its higher VBM
can cause a less negative CB position. However, a smaller band gap allows for easier
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electron excitation within the material, potentially mitigating the disadvantage of a
slightly less negative CBM. Another factor influencing the electronic structure is
protonation. As illustrated in Figure 4.7, this process increases VBM but interestingly
leads to a significant decrease in the CBM position along with a narrower band gap.
Among the studied materials, the one containing 1.5% Pd after undergoing acid exchange
exhibited the most negative CBM. This suggests that this material would be the most
efficient for hydrogen generation due to the enhanced driving force provided by the
negative CB for the desired chemical reaction. This finding is consistent with the

photocatalytic HER results.
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Figure 4.7 Schematic diagram of band energies for undoped and doped of CCTO and
HCTO.

4.3.5 Scanning Electron Microscopy (SEM)

Scanning electron microscopy images were analyzed using a Zeiss Ultra Plus field
emission scanning microscope with 100.00 KX and 500.00 KX (for exfoliated powder)

magnification and 5.00 kV. It was used to investigate the surface morphology of the
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samples. As shown in Figure 4.8, SEM analysis confirms the layered nature of all material
versions. However, the layered structure appears significantly more pronounced in the
exfoliated version compared to the non-exfoliated samples. This enhanced visibility is

likely due to the atomic-level thinness of the exfoliated material, allowing for a clearer

observation of the individual layers.

Figure 4.8 SEM images CsCa;Ta3O1¢ of (a) original, (b) protonated, and (c) re-stacked
version.

SEM images were analyzed with 200.00 KX magnification and 5.00 kV. Figure 4.9
illustrates that SEM analysis revealed no metallic Palladium particles in the doped
catalyst. This observation aligns with the results from XPS analysis, which likely did not
detect signals for metallic Pd. The morphology of the Pd-doped samples remained similar
to their undoped counterparts. Consequently, Pd atoms have likely been incorporated into
the material's structure as isolated single atoms rather than forming separate metallic Pd

clusters.

Figure 4.9 SEM images CsCa>TazO10 doped with (a) %1.5 Pd, (b) %3 Pd, and (¢) %5
Pd.

4.3.6 Inductively Coupled Plasma Mass Spectrometry (ICP-MS)

ICP-MS was used to quantify the palladium (Pd) amount incorporated into the material's
B-sites (Ta sites). As shown in Table 4.1, the difference between the theoretical and

experimentally measured Pd weight percentages (wt.%) obtained by ICP-MS increases
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with higher theoretical Pd loadings. This discrepancy likely arises from factors like
uneven Pd distribution, incomplete doping during synthesis, limitations of the
measurement technique, or losses during material processing. Nevertheless, despite these
variations in the measured Pd content, ICP-MS analysis confirms the low levels of Pd
incorporated into the material.

Table 4.1 Pd loading weight percent (wt. %) of tantalum based layered perovskite by
ICP-MS measurements.

Sample Pd loading % Pd loading %
(theoretical) (ICP-MS)
1.5% Pd-CLTO 0.525 0.203
3% Pd-CLTO 1.053 0.712
5% Pd-CLTO 1.764 0.786

4.3.7 The Brunauer-Emmett-Teller (BET) analysis

Table 4.2 summarizes the specific surface areas of the bulk CsCaxTazO10, exfoliated
[Ca2TazO10], and 1.5% Pd doped exfoliated powder, determined using the BET theory.
As illustrated in Figure 4.8, the exfoliation process significantly increases the surface area
of the powder compared to the non-exfoliated counterpart. This increase is roughly
tenfold. The greater the surface area, the higher the number of active sites accessible for
reactions, leading to improved catalyst efficiency [139]. This result was consistent with

the photocatalytic hydrogen generation experiment.

Table 4.2 Specific surface areas of CsCa;Ta3010, [Ca2Ta3O10], [CazTaz-xPdxO10]

Sample Specific Surface Area/m?g’!
CCTO 2.3830
CTO 21.7117
1.5% Pd- CTO 22.4620
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4.4  Results of Photoelectrochemical Experiments

4.4.1 Chronoamperometry (CA)

Chronoamperometry was employed to evaluate photocurrent generation, monitor
photocurrent stability investigate charge separation. Chronoamperometry (CA) was
employed to evaluate photocurrent generation, monitor photocurrent stability, and
investigate charge separation. CA results are presented in Figure 4.10, where the
photocurrent densities of all the analyzed samples were evaluated under full spectrum at
a constant potential of 1V vs. SCE (Sat’ed KCI). The experiment noted a consistent rise
in photocurrent density, ranging from original to exfoliated structure. Moreover, the
Substitution of Pd with Ta allowed the creation of an isolated atom site on the surface,
creating single-atom active sites on the surface. This introduction of isolated active sites

is believed to be responsible for the increased photocurrent.

Furthermore, introducing protons and water molecules in the bulk form can improve
photocurrent by separating electron-hole pairs, acting as Brgnsted-Lowry acid donors
[140], and reducing electron-hole attraction, thereby increasing photogenerated charges
as given in Figure 4.10.a. Additionally, ultrathin nanosheet materials exhibit a shorter
charge travel distance due to their high surface area [141]. This minimization of the
distance that photogenerated electron-hole pairs can travel reduces the probability of
recombination and is predicted to lead to an increase in photocurrent ultimately in Figure

4.10.b.
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Figure 4.10 Chronoamperometry measurements of (a) original and protonated versions
of both undoped and doped Pd CCTO and (b) original and exfoliated versions of both
undoped and Pd doped CCTO at 1V vs SCE (sat’ed. KCl) under full spectrum.

A comparison of the photocurrent of samples with different Pd dopant amounts and

phases is shown in Figure 4.11 below. According to this result, the photocurrent decreases

with the increase in Pd. Nevertheless, all Pd dopes produced more photocurrent for all

cases of pure phase.
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Figure 4.11 Photocurrent values of nonmodified, protonated, and exfoliated derivatives
of all doped and undoped.

4.4.2 Potentiostatic Electrochemical Impedance Spectroscopy (PEIS)

Electrochemical Impedance Spectroscopy (EIS) with Nyquist plots is a valuable
technique for investigating the electrochemical behavior at the interface between an
electrolyte and an electrode [142]. The characteristic semicircle observed in the Nyquist
plot provides insights into the charge transfer resistance at the interface. A larger
semicircle diameter typically indicates a higher charge transfer resistance caused by
decreased free electrons [143]. The EIS results indicated that the pure phases of the
material exhibited high resistance due to the limited availability of mobile charge carriers,
as illustrated in Figure 4.12. It is hypothesized that doping with Pd introduces additional
electronic states within the bandgap, potentially increasing the concentration of mobile

electrons and conductivity [144].
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Figure 4.12 Nyquist Electrochemical impedance spectra of undoped of original phase,
protonated phase, and exfoliated phase and their Pd doped counterparts.

4.5  Photocatalytic Hydrogen Production

Figure 4.13 depicts the results of a study exploring the photocatalytic generation of
hydrogen gas using different forms of CsCaxTazO190 (CCTO). The experiment utilized
full-spectrum irradiation for five hours to evaluate the performance of undoped CCTO
compared to its doped and derivative variants. The samples included bulk, protonated,
and exfoliated variants of CCTO. Deionized (DI) water with 10% methanol served as the
reaction medium, with methanol acting as a hole scavenger. Notably, no additional co-
catalyst was employed in this experiment, as the introduction of palladium (Pd) dopants
within the CCTO structure was believed to provide co-catalytic functionality. The results
revealed that unmodified CCTO exhibited limited efficiency, producing only 1.3
micromoles of hydrogen gas per gram (umol/g). Structural modifications, however,
demonstrably enhanced performance. Protonation, a process involving the introduction

of protons, yielded a significant improvement, with the protonated HCTO variant
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generating 16 pmol/g of hydrogen gas. Similarly, the exfoliated CTO exhibited a further

increase in hydrogen production, reaching 210 pmol/g.

In pursuit of further performance optimization, all samples — undoped, protonated, and
exfoliated — underwent an additional modification involving palladium (Pd) doping. This
strategy involved substituting tantalum (Ta) atoms within the CCTO structure with Pd
atoms. The 1.5% Pd-doped and restacked samples (1.5% Pd CTO) were the most efficient
hydrogen production materials, exhibiting a nearly four-fold improvement compared to
the unmodified CTO, as shown in Figure 4.13. Additionally, doping with Pd at
concentrations of 3% and 5% resulted in substantial enhancements in hydrogen
production. These Pd-doped variants presented similar production levels exceeding those

of the undoped counterpart by factors of the nearest 3.6 and 3 times, respectively.
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Figure 4.13 The photocatalytic hydrogen evolution activity of undoped and doped
CsCaxTaz0qp in the form of parent, protonated, and layered nanosheets.
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In light of these findings, a 1.5% Pd addition represented the optimal level. It is
hypothesized that as the Pd concentration increases, a decline in efficiency is likely due

to the formation of defect regions or the aggregation of particles within the structure.

Figure 4.14 likely visually represents this relationship between the photocatalytic
hydrogen production capacity and the photocurrent density observed in the PEC
experiment. Based on the literature, a higher photocurrent signifies the generation of more
free electrons within the material, which can then participate in the HER reaction [145].
When the results were examined, it was seen that the material with the highest hydrogen

production was the material that gave the highest photocurrent.
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Figure 4.14 The relation between the photocatalytic hydrogen production capacity and
photocurrent density in the photoelectrochemical experiment for undoped and doped
CCTO and their different forms.

The investigation assessed the stability of CCTO in its bulk, protonated, restacked
powder, and 1.5% Pd-doped derivative forms over a fifteen-hour experiment. To further
evaluate the reusability of the photocatalyst and stability of the photocatalyst's hydrogen
production over multiple uses, a separate three-cycle experiment was conducted (Figure
4.15). Before each cycle, the accumulated hydrogen gas within the reaction cell was

evacuated with argon. Subsequent stability testing demonstrated that the photocatalyst
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powder exhibited consistent hydrogen production levels even after undergoing three

consecutive cycles. This observation indicates the potential for the material to be reused.
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Figure 4.15 Stability test of photocatalytic hydrogen evolution for CsCa>TazO19
(CCTO) and 1.5% Pd- CsCazTa30O10 along with other derivations (protonated HCTO or
exfoliated CTO)

4.6 Conclusions

This chapter describes the successful synthesis of CsCa>TazO10 (CCTO) and its Pd-doped
counterparts (1.5%, 3%, and 5%) using the Pechini method. A protonated version
(HCa;Ta3010) was obtained through a proton exchange process involving Cs*™ and H*.
The exfoliation process was applied to the protonated powder following proton exchange

to produce its nanosheet variant.

The synthesized materials were comprehensively characterized using various techniques
to understand their structural and morphological properties, optoelectronic behavior, and
photoelectrochemical performance. X-ray diffraction (XRD) confirmed the successful

synthesis of all doped and undoped CCTO samples without impurities. Raman
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spectroscopy corroborated the expected crystal structure of CCTO and its Pd-doped
variants, which were identified by characteristic vibration peaks consistent with reported
literature values. Additional peaks around 650 cm™ in the protonated samples suggest

successful Pd intercalation within the structure.

Scanning electron microscopy (SEM) analysis revealed the layered nature of all CCTO
variants. In particular, the exfoliated form exhibited a more pronounced layered
morphology compared to the non-exfoliated counterparts. No metallic Pd particles were
observed, consistent with the XPS results. This suggests the incorporation of Pd as

isolated single atoms within the structure rather than as separate clusters.

X-ray photoelectron spectroscopy (XPS) analysis confirmed all samples' +5-oxidation
state of Ta atoms. While Pd doping caused minimal changes in binding energy,
protonation shifted these values slightly, reflecting altered electron distribution and
electrostatic interactions. While XPS analysis could not directly detect low levels of Pd,
inductively coupled plasma mass spectrometry (ICP-MS) successfully quantified

palladium (Pd) even at this study's lowest doping concentration of 1.5%.

The photoelectrochemical properties of the samples were examined using
chronoamperometry (CA) and electrochemical spectroscopy (EIS). The results indicated
a consistent rise in photocurrent density, with the highest values observed for the
exfoliated structure. This increase is likely due to the shorter charge travel distance in
ultrathin nanosheet materials with high surface area, as demonstrated by BET analysis.
The reduction in distance minimizes the probability of recombination and leads to
increased photocurrent. Substituting Pd with Ta allowed the creation of isolated atom
sites on the surface, resulting in increased photocurrent. A comparison of samples with
different Pd dopant amounts revealed that photocurrent decreases with increasing Pd
content. However, all Pd-doped samples produced more photocurrent compared to the
pure-phase samples in all cases. EIS provided complementary information on charge
transfer resistance at electrode-electrolyte interfaces. The higher resistance observed in
the pure phases suggests that the mobile charge carriers are limited, while the introduction

of Pd might enhance the concentration and conductivity of the electrons.

This study also evaluated the photocatalytic production of hydrogen gas from a 10%

methanol-water mixture, using gas chromatography to quantify the hydrogen produced.
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The study found that unmodified CCTO exhibited limited efficiency, but structural
modifications improved performance. Protonation and exfoliation of CCTO led to
significant increases in hydrogen production. The 1.5% Pd-doped and restacked samples
exhibited the most efficient hydrogen production, a nearly four-fold improvement
compared to the unmodified CTO. The highest photocurrent density was observed in the
material with the highest hydrogen production. The study also assessed the stability of
CCTO in its bulk, protonated, restacked powder, and 1.5% Pd-doped derivative forms.
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Chapter 5: Improved Hydrogen Generation via Singular-Atom
Palladium Loaded Nanosheets Derived from Two Layered Dion

Jacobson Layered Perovskites Oxide

5.1 Introduction

As fossil fuels threaten the environment, new materials are being developed to replace
them for sustainability. One of the most studied material types in the literature is
photocatalysts, considering their appeal to working with solar power. Among these
photocatalysts, layered perovskite oxides (LPOs) have desired properties such as their
flexible interlayer, allowing exfoliation into nanosheets, and their tunable band gap. The
modifiable interlayer of these LPOs results from the electrostatically bonded cations in
the interlayer. By proton exchange with acids that replace the interlayer cations with
protonated water molecules [146]. The proton exchange step further enhances the
photocatalytic performance with the captured water molecules in the interlayer.
Exfoliation with sterically big/hindered cations such as tetrabutylphosphonium hydroxide
(TBPOH), and tetrabutylammonium hydroxide (TBAOH), LPOs can be turned into 2D
NSs. Exfoliated NSs are the end goal in this process as they have maximum surface area
and short migration distance for electrons to participate in the surface reactions. The short
migration distance provided by NSs also helps to reduce the recombination of the

electrons thus, increasing the rate of electrons participating in the surface reactions.

A critical way of enhancing photocatalytic activity is by single-atom catalysts (SACs),
introduced by Zhang et al. in 2011[147]. This method of doping metals into the material
is superior to doping metals as co-catalysts as it helps to utilize more metal atoms in
photocatalytic reactions by using more of them as reaction sites. SACs doping is crucial
to be more sustainable as the noble metals used as dopants for photocatalytic reactions
are scarce and expensive. Another advantage of SACs doping is that when the layered
perovskite is exfoliated, dopant atoms in the interior part of the bulk material are also
exposed to participate in surface reactions. By having few-layered NS structures, nearly

all of the dopant atoms can be made to participate in photocatalytic reactions.
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Building on the findings discussed earlier, this study investigated the use of palladium
(Pd) as single-atom catalysts (SACs) with varying doping levels within the tantalum (Ta)
sites of three different materials: CLTO, HLTO, and LTO. The research focused on
evaluating their photocatalytic efficiency for hydrogen production. The results revealed
that 1.5% Pd-doped LTO significantly outperformed the other materials, generating 2.5
times more hydrogen than its protonated version and 30 times more hydrogen than

undoped protonated crystal.

5.2  Experimental Procedure

The experimental part is explained in detail in chapter 2.

5.3  Result and Discussion

5.3.1 X-Ray diffraction Spectroscopy (XRD)

Figure 5.1.a presents the X-ray diffraction patterns of two materials: the original
CsLaTa207 and its palladium-doped counterpart (Pd-doped CLTO). The XRD pattern of
synthesized undoped and doped CLTO samples perfectly matched the reported structure
for a two-layered tantalum-based oxide. This material exhibits tetragonal symmetry with
a P4/mmm space group, as documented in the literature [62]. XRD analysis reveals no
impurity phases in samples, including those with palladium doping. Following proton
exchange, the crystal symmetry of the original material and its palladium-doped variant
undergoes alteration. This change is evident in the transition to space group 14/mmm

[148], as depicted in Figure 5.1.b.
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Figure 5.1 : XRD pattern (a) CsLaTa>O7 (CLTO) and their Pd doped counterparts (b)
HLaTa;07 (HLTO) and their Pd doped counterparts.

5.3.2 Raman Spectroscopy

Raman spectroscopy is an analysis technique that utilizes light scattering to analyze a
material's unique properties based on the specific frequencies at which its chemical bonds
vibrate [149]. When elements are doped into the material, they can modify their chemical
surroundings, impacting bond strength and vibrational frequencies. The introduced
element can lead to shifts in existing Raman peaks or the presence of entirely new peaks
in the spectrum, as shown in Figure 5.2. In this case, the addition of Pd resulted in new
peaks around 650 cm™' and 427 cm ™', which can be attributed to the Big and Eg vibrational
modes of the tetragonal phase of Pd-O [150]. This observation strongly suggests the
incorporation of palladium into the structure. Furthermore, the exchange of Cs* with H30*
caused a shift of the peak at 920 cm™ to a higher wavenumber with weakened intensity.
This shift likely occurs because the change in interlayer species alters the bonding

environment and vibrational frequencies within the material.
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Figure 5.2 Raman Spectrum of (a) CsLaTa,0O7 and their Pd doped version (b)
HLaTa;07 and their Pd doped version.

5.3.3 Ultraviolet-visible (UV-vis) Diffuse Reflectance Spectroscopy

The materials' absorbance properties and bandgap energies were characterized using UV-
vis diffuse reflectance spectroscopy. Figure 5.3.a illustrates the absorption spectra of the
pristine sample and the protonated variant. The absorption spectrum of the pristine sample
exhibits an edge at approximately 290 nm, while the protonated variant displays an edge
at 310 nm. These observations indicate that proton exchange has increased slightly the
absorption behavior. These absorption edges are believed to be caused by electrons
jumping from oxygen (O 2p) orbitals in the material's valence band to tantalum (Ta 5d)
orbitals in the conduction band [49]. The Tauc method helped calculate materials' band
gap energies (Eg). This method relies on UV-vis absorption data and involves plotting a
transformed Kubelka-Munk function, [F(R)hv] ', against the energy of light particles
(photons, hv). In this case, the parameter 1 is set to 2, as it corresponds to an indirect
transition between electronic bands [151]. In Tauc plots, the band gap energy of each

material is determined at the point where the extrapolated linear portions of the absorption
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curve (y-axis) and the energy axis (x-axis) intersect. Based on the calculated band
energies shown in Figure 5.3.b, the bandgap energies for CLTO, 1.5%-Pd CLTO, 3%-Pd
CLTO, 5%-Pd CLTO, HLTO, 1.5%-Pd HLTO, 3%-Pd HLTO, and 5%-Pd HLTO were
calculated to be 4.169, 4.149, 4.182, 4.187, 4.197, 4.063, 4.073, and 4.000 eV,
respectively. Since the Pd loading caused a minimal red shift on the absorbance spectrum

(Figure 5.3.a), it did not significantly affect the band gap narrowing.
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Figure 5.3 (a) UV-vis absorption spectra of pure and protonated of CsLaTa>07 and
their different loading of Pd-doped versions, and (b) Kubelka Munk curve of pure and
protonated of CsLaTa>O7 and their different loading of Pd-doped versions for
calculation of band energies.

5.3.4 X-ray Photoelectron Spectroscopy (XPS)

Ta 4d spectra were deconvoluted into two peaks. 239.9 eV (4d 3,2) and 228.8 eV (4ds.2)
in Figure 5.4. Also, these peaks are attributed to electrons belonging to Tantalum atoms
that are present in a +5 oxidation state. After Pd doping, these peak centers moved slightly
to higher binding energies. The movement suggests that Palladium atoms have been
added to the structure of the crystal [152]. Moreover, the protonation process caused an
increase in binding energies due to a change of space group and hydrogen bonding

between oxygen and hydrogen.
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Figure 5.4 XPS binding energy spectra of Ta 4d (a) pure and 1.5%, 3% and 5% Pd
doped of CLTO and (b) pure and 1.5%, 3% and 5% Pd doped of HLTO.

The O 1s peaks were observed in the crystal structure asymmetry, and the analysis of
these peaks through Gaussian fitting revealed two or three distinct contributions
corresponding to different oxygen chemical states. Regarding Figure 5.5, the lowest peak
at 529 eV typically originates from O ions or lattice oxygen. The peaks at higher
energies, around 530.0 eV, are attributed to oxygen-deficient regions, such as oxygen
vacancies. The highest peaks at 531 eV are associated with chemisorbed oxygen on the
surface structure. As illustrated in Figure 5.4, a comparable shift was observed for
tantalum (Ta 4d) electrons. Similarly, the analysis of oxygen (O 1s) electrons in the
protonated material revealed a shift towards higher binding energies than their bulk

version.
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Figure 5.5 XPS binding energy spectra of O 1s (a) CCTO (b) 1.5% Pd-CLTO, (¢) 3%
Pd-CLTO, (d) 5% Pd-CLTO, (e) HLTO, (f) 1.5% Pd-HLTO, (g) 3% Pd-HLTO and (h)
5% Pd-HLTO.

Figure 5.6 illustrates the Pd 3d X-ray photoelectron spectroscopy analysis for 5% Pd-

doped CLTO. The Pd 3d spectra were analyzed to reveal two distinct peaks: one at 335

eV corresponding to Pd 3ds, and another at 340 eV corresponding to Pd 3d3,.These peaks

confirmed that it was in the +2-oxidation state concerning 284.4 eV of C 1Is. No typical

diffraction peaks of Pd were detected for 3% and 1.5% Pd-doped CLTO -catalysts.

Therefore, inductively coupled plasma mass spectrometry served as an analytical tool to

verify the incorporation of palladium within the crystal lattice at lower doping levels

(below 5%) within the crystal structure.
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Figure 5.6 XPS binding energy spectra of Pd 3d pure for %5 Pd doped CLTO.

Figure 5.7 shows the energy levels for both undoped and noble doped catalysts before
and after protonation. Kubelka-Munk analysis using UV-vis DRS to determine the
bandgap and measurement of the VBM using XPS was used together to create the
material's electronic structure. Among all the analyzed catalysts, the protonated sample
containing 1.5% Pd exhibits the most negative conduction band maximum (CBM)
position, as evident in Figure 5.7. A more negative CBM position is known to enhance
hydrogen production efficiency. The observation from this analysis is in excellent
agreement with the outcomes of the photocatalytic experiments, making the connection
between a material's electronic structure and its ability to generate hydrogen even more

straightforward.
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Figure 5.7 Schematic diagram of band energies for undoped and doped of CLTO and
HLTO

5.3.5 Scanning Electron Microscopy (SEM)

SEM was employed to examine the surface morphology of the samples. The instrument
used was a Zeiss Ultra Plus field emission scanning microscope, capable of
magnifications up to 100.00 KX at an acceleration voltage of 5 kV. As illustrated in
Figure 5.8, the analysis confirms that all material variations possess a layered structure.
Furthermore, this layered characteristic is considerably more pronounced in the exfoliated
version (Figure 5.8.c) compared to the non-exfoliated samples (Figure 5.8.a). This
enhanced visibility is likely a consequence of the atomic-scale thinness of the exfoliated

material, allowing for more apparent observation of the individual layers.
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Figure 5.8 SEM images CsLaTa;O7 of (a) original, (b) protonated, and (c) re-stacked
version.

Figure 5.9 displays the evidence for successful palladium (Pd) incorporation. No metallic
Pd particles were observed within the noble doped catalyst, which aligns well with the
XPS results that likely lacked signals for metallic Pd. This suggests that the Pd-doped
samples' morphology, shape, and structure remained similar to their undoped
counterparts. Consequently, these observations are collectively believed that Pd atoms
are likely incorporated into the material's structure as isolated single atoms rather than

forming separate metallic Pd clusters.

Figure 5.9 SEM images CsLaTa>0O7 doped with (a) %1.5 Pd, (b) %3 Pd, and (c) %5 Pd.

5.3.6 Inductively Coupled Plasma Mass Spectrometry (ICP-MS)

The incorporation of palladium (Pd) metal into the material's B-sites (Ta sites) was
quantified using Agilent 7700x inductively coupled plasma-mass spectrometry (ICP-
MS). Table 5.1 shows that the difference between the theoretical and experimentally
determined Pd weight percentages (wt.%) by ICP-MS increases with higher theoretical
Pd loadings. This discrepancy might be due to uneven Pd distribution, incomplete doping,
measurement limitations, or losses during material processing. However, despite these
discrepancies in the measured Pd amount, ICP-MS analysis confirms the low levels of Pd

incorporation into the material.
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Table 5.1 Pd loading weight percent (wt. %) of tantalum based layered perovskite by
ICP-MS measurements.

Sample Pd loading % Pd loading %
(theoretical) (ICP-MS)
1.5% Pd-CLTO 0.429 0.150
3% Pd-CLTO 0.861 0.622
5% Pd-CLTO 1.442 0.675

5.3.7 The Brunauer-Emmett-Teller (BET) analysis

Brunauer-Emmett-Teller (BET) analysis was employed to quantify the specific surface
areas of the powdered samples. As anticipated, the study revealed a significant increase
in surface area following the exfoliation process. This enhanced surface area can directly
contribute to accelerated rates of surface reactions, which are crucial for photocatalytic

activity.

The photocatalytic experiments described in Section 5.5 corroborated this notion. Results
indicated that reassembled powders, likely possessing higher surface areas due to the
exfoliation process, produced more hydrogen than their non-reassembled counterparts.
Table 5.2 summarizes the specific surface areas of the original CsLaTa,07, exfoliated

LaTa;07, and 1.5% Pd doped exfoliated LaTa>O7.

Table 5.2 Specific surface areas of CsLaTa,07, [LaTa,07], [LaTa>xPdxO7]

Sample Specific Surface Area / m?g!
CLTO 1.2813
LTO 11.7917
1.5% Pd-LTO 17.2088

5.4  Results of Photoelectrochemical Experiments

5.4.1 Chronoamperometry (CA)

Chronoamperometry is a powerful technique for investigating the behavior of charge

carrier particles resulting in light irradiation [153]. This method involves measuring the
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electrical current flowing through the system as a function of time, usually while applying
pulsed light illumination. As illustrated in Figure 5.10, the exfoliated samples displayed

a significantly higher initial photocurrent than the protonated and original materials.

This remarkable performance can be attributed to two key factors associated with the
exfoliated nanosheets. First, their high surface area offers a significantly greater number
of active sites for light absorption and charge generation [154]. Second, the ultrathin
nature of these materials leads to a shorter charge carrier diffusion length [155]. This
reduced distance that photogenerated electron-hole pairs need to travel before
recombination minimizes recombination losses and promotes efficient charge separation
and transfer. These factors collectively contribute to the superior photocurrent response

observed in the exfoliated samples.
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Figure 5.10 Chronoamperometry measurements of (a) original and protonated versions
of undoped and Pd doped CLTO and (b) original and exfoliated versions of undoped
and Pd doped CLTO at 1V vs. SCE (sat’ed. KCl) under the full spectrum.

The 1.5% Pd-doped LTO sample showed promising results, as shown in Figure 5.11,
suggesting this might be the optimal doping concentration. As observed in CA
measurements for the optimal doping concentration, efficient charge separation is crucial

for reducing water to hydrogen in photocatalytic applications.
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Figure 5.11 Photocurrent values of nonmodified, protonated, and exfoliated derivatives
of all doped and undoped.

5.4.2 Potentiostatic Electrochemical Impedance Spectroscopy (PEIS)

Nyquist plots were used to investigate charge transfer kinetics. The diameter of the
semicircular feature within this electrochemical impedance spectroscopy Nyquist plot
reflects the resistance to electron transfer at the boundary between the electrode and the
electrolyte solution [156]. Typically, a smaller semicircle diameter indicates faster charge
transfer and more efficient separation of photogenerated electron-hole pairs. In light of
this information, nanomaterials with an ultra-thin structure exhibited the lowest charge
transfer resistance than their conjugates of the other bulk and protonated states Figure
5.12. The short distance that photogenerated charges need to travel facilitates their
effective separation. Notably, the 1.5% Pd-doped nanosheet sample exhibits a
significantly smaller semicircle arc than the undoped and others with [Ca;TazO10]
counterparts. The observed decrease in the arc diameter signifies an enhancement in the
charge transfer kinetics at the interface between the photoelectrode and the electrolyte for
the 1.5% Pd-doped sample, indicating a more efficient transfer of photogenerated charge

carriers than other doped ratios.

89



Chapter 5: Improved Hydrogen Generation via Singular-Atom Palladium Loaded
Nanosheets Derived from Two Layered Dion Jacobson Layered Perovskites Oxide

Sk

4k —

" —o— CLTO
s, SR / /7 ; ——7Pd (1.5%) CLTO
G ’ ’ —o—Pd (3%) CLTO
= ——7Pd (5%) CLTO
N o —=—HLTO

—#«—Pd (1.5%) HLTO
—e—Pd (3%) HLTO

% 3 —+—Pd (5%) HLTO
1k o4 E0F —=—LTO

—+—Pd (1.5%)_LTO
—e—Pd (3%) LTO
—e—Pd (5%) LTO

| T I
0 1k 2k 3k 4k Sk

7" (1/0)

Figure 5.12 Nyquist Electrochemical impedance spectra of undoped of original phase,
protonated phase, and exfoliated phase of CLTO and their Pd doped derivatives.

5.5  Photocatalytic Hydrogen Production

Figure 5.13 shows the results of photocatalytic hydrogen evolution experiments
employed under full-spectrum irradiation for 5 hours to compare the performance of
undoped and doped CsLaTa;O7; (CLTO) and their derivatives in DI water with 10%
methanol as a hole scavenger without co-catalyst. While CLTO shows promise for using
light to split water and make hydrogen gas, the unmodified version could have been more
efficient. It only produced 3.5 micromoles of hydrogen gas per gram (3.5 umol/g.).
Changing the material by adding protons or making it plate-like (protonated and
exfoliated versions) resulted in improvements, producing 147 umol/g and 500 pmol/g.
respectively. To further enhance the performance, all samples (undoped, protonated, and
exfoliated) underwent an additional modification. This involved introducing palladium
(Pd) atoms as dopants, substituting for tantalum (Ta) atoms within the material's structure.
After the doping strategy, 1.5% Pd doped restacked samples (1.5% Pd LTO) had the best

performance on hydrogen generation, almost ten times than mother phase derivations.
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Doping the material with palladium (Pd) at 3% and 5% ratios also significantly increased
hydrogen production compared to the bulk undoped versions. Notably, the 3% and 5%
Pd-doped samples exhibited six times and four times higher hydrogen production,

respectively (in units of umol/g).
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Figure 5.13 The photocatalytic hydrogen evolution activity of undoped and doped
CsLaTa207 in the form of parent, protonated, and layered nanosheets. The
photocatalytic hydrogen evolution activity of undoped and doped. The experiment was
conducted in a 5 ml quartz cell under full-spectrum illumination from a 300 W Xenon
lamp with 10% v/v methanol as a hole scavenger without co-catalyst.

In a photoelectrochemical (PEC) system for hydrogen evolution (HER), a higher
photocurrent is typically interpreted as a higher rate of HER. The higher photocurrent
signifies the generation of more free electrons within the material [157], which can then
participate in the HER reaction. Figure 5.14 shows the relation between the photocatalytic
hydrogen production capacity and photocurrent density in the photoelectrochemical

experiment.
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Figure 5.14 The relation between the photocatalytic hydrogen production capacity and
photocurrent density in the photoelectrochemical experiment.

The study evaluated the performance of CLTO's bulk, protonated, and restacked powders
and 1.5% Pd-doped CLTO derivatives over a 5-hour experiment. Figure 5.15 displays the
stability experiment. The test revealed that the photocatalyst powder maintained
consistent hydrogen production levels even after three consecutive cycles, demonstrating

its reusability.
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Figure 5.15 Stability test of photocatalytic hydrogen evolution for CsLaTa>O7 (CLTO)
and 1.5% Pd- CsLaTa;07 (CLTO) along with other derivations (protonated HLTO or
exfoliated LTO)

5.6 Conclusions

This study investigates the structural, morphological, and photocatalytic properties of
palladium (Pd)-doped CsLaTa;07 (CLTO) and its derivatives. XRD analysis revealed the
successful synthesis of CLTO and Pd-doped CLTO, with no evidence of impurity phases.
Interestingly, proton exchange leads to a transition in crystal symmetry, as revealed by
XRD. Raman spectroscopy further corroborates the successful incorporation of palladium

into the material, supported by XPS and ICP-MS analyses.

UV-VIS spectroscopy was employed to analyze the materials' light absorption properties
and band gap energies. The Tauc method determined the absorption edges at 290 nm and
310 nm for untreated and treated acid-exchanged samples. Forbidden energies were
determined using the Kubelka-Munk function, revealing the minimal influence of Pd
loading on band gap narrowing. XPS analysis of the Ta 4d peaks revealed a shift to higher

binding energies upon Pd doping, suggesting the successful incorporation of Pd atoms
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into the CLTO crystal lattice. Pd 3d XPS analysis for 5% Pd-doped CLTO revealed
distinct peaks corresponding to metallic Pd in the +2-oxidation state. Notably, no
characteristic diffraction peaks were observed for 3% and 1.5% Pd-doped samples, likely
due to their lower Pd content. ICP-MS was a complementary technique to confirm Pd

presence for these lower doping levels.

SEM revealed a layered structure for all material variations. However, the exfoliated
version exhibited a more pronounced layered morphology due to its atomic-scale
thinness. Chronoamperometry, a technique used to study the behavior of light-generated
charge carriers, demonstrated that the exfoliated nanosheets exhibited a higher initial
photocurrent due to their larger surface area and ultrathin nature, promoting efficient
charge separation and transfer with minimal recombination losses. Notably, the 1.5% Pd-
doped LTO sample displayed promising results, suggesting an optimal doping
concentration for efficient photocatalytic applications. Nyquist plots provided evidence
for the enhanced mobility of charge carriers and their efficient separation in ultra-thin
nanomaterials, a key factor for efficient photocatalytic activity., with Pd-doped
nanosheets showing enhanced charge transfer kinetics at the photoelectrode-electrolyte

interface.

The photocatalytic performance was conducted through hydrogen evolution experiments
under light irradiation, using deionized water with 10% methanol as the sacrificial agent.
While undoped CLTO exhibited some hydrogen production activity (3.5 micromoles of
hydrogen per gram of catalyst), significant improvement was observed upon introducing
protons or creating a flake-like morphology. It was notable that doping with Pd atoms
further enhanced photocatalytic activity. Among all the samples, the 1.5% Pd-doped
restacked sample demonstrated the best hydrogen generation performance, exceeding that
of the pristine CLTO by nearly tenfold. Additionally, the photocatalyst maintained
consistent hydrogen production levels even after three consecutive cycles, highlighting

its reusability.

In conclusion, this study successfully synthesized Pd-doped CsLaTa2O7 derivatives and
characterized their structural, morphological, and photocatalytic properties. The
incorporation of Pd and the creation of specific morphologies were found to improve the
photocatalytic hydrogen evolution performance. The 1.5% Pd-doped restacked sample

emerged as the most promising photocatalyst, demonstrating high activity and reusability.
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These findings pave the way for developing efficient and durable photocatalysts for

hydrogen production from solar energy.
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Chapter 6: Improved Hydrogen Generation via Singular-Atom Tin
Loaded Nanosheets Derived from Two Layered Dion Jacobson

Layered Perovskites Oxide

6.1 Introduction

Overusing fossil fuels significantly threatens sustainable development and worsens
environmental issues. Light-activated photocatalysis is a promising technology because
it utilizes renewable solar energy to convert water into its constituent elements, oxygen,
and hydrogen. Metal oxides with Pt as a co-catalyst are highly used in photocatalytic
hydrogen evolution reactions (HER), but their high cost prevents them from being
industrialized. It is necessary to develop affordable catalysts with outstanding catalytic

performance if this technology is to advance.

The single-atom catalyst (SACs) concept was first presented by Zhang et al. in 2011
[158]. SACs are a metal uniformly distributed on the surface or attached to the
framework, thereby expanding atom utilization, and creating a positive activity tendency.
This concept makes it a budget-friendly process because each atom can be used as a
catalytic reaction center. Most SACs have remarkable catalytic performance, mainly
when adsorbed on two-dimensional (2D) substrates [159]. Because the high surface area
of NSs allows the dispersal of individual metal atoms and maximizes the accessibility of
all metal atoms to reactants. In 2023, T. Ustiinel et al. exfoliated bulk-layered titanates
(LTs) into few-layer sheets. The exfoliated LTs reported significant photocatalytic
activity enhancement (~3.5 mmol/g Hz in 30 min) by loading at 20 ppm of Sn single
atoms, surpassing conventional TiO»-based photocatalyst [160]. Besides, using Tin as a
co-catalyst is a helpful strategy for photocatalysis applications because it is more cost-
effective than noble metals like Ru, Pd, and Pt [161]. Y. Akinay, in 2021, synthesized 3D
Sn-doped SboOs catalysts to investigate effects on the electrocatalytic hydrogen evolution
reaction in an acidic medium. The study aims to develop and synthesize low-cost catalysts
instead of noble metals that can be used in different pH ranges to produce molecular

hydrogen through the hydrogen evolution reaction. Their results documented that
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chronoamperometric studies demonstrated high electrode stability and excellent HER

performance of the 3D rod-like Sn: Sb2Os particles [162].

This chapter synthesized single-atom Sn-loaded layered tantalate nanosheets by
exfoliating a layered perovskite oxide (CsLaTa20O7) through proton exchange and two-
step intercalation. Sn was used as a single atom doped in the Ta site at 0.75%, 1.5%, 3%,
and 5% doping ratios. Moreover, there was no need for additional co-catalysis to increase
the amount of hydrogen production because of the added Sn at the synthesis stage, which
acted as co-catalysis. The study used various techniques to analyze synthesized
nanoparticles' structural and catalytic properties, including XRD, XPS, SEM, HRTEM,
UV, CA, and PEIS measurements. The study also reports on the effect of single-atom Sn

doping on the production of photocatalytic HER.

6.2  Experimental Procedure

The experimental part is explained in detail in chapter 2.

6.3  Result and Discussion

6.3.1 X-Ray diffraction Spectroscopy (XRD)

XRD patterns for the pure and Sn-doped CsLaTa;O; (CLTO) layered oxides are
illustrated in Figure 6.1.a. XRD analysis revealed that the synthesized samples exhibited
a pattern that aligns perfectly with the reported structure in the literature [5S0]. The XRD
diffraction patterns also found no additional peaks in samples related to the impurity
phase even after Sn doped occupied Ta sites (B site) in the host perovskite layer. This
observation provides good evidence for the high crystallinity of Sn-doped or undoped
CLTO samples. The X-ray diffraction (XRD) pattern of the protonated structure differs
from that of the unmodified version due to changes in the space group, as illustrated in
Figure 6.1.b. The peak ascribed to the (001) plane at 7.95° was shifted to slightly higher
+

angles with entering hydronium ion between the layers because the ionic radius of Cs

(0.176 nm) is slightly larger than that of H30* (0.100 nm) shown below Figure 6.1.b.
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Figure 6.1 XRD pattern (a) CsLaTa,0O7 (CLTO) and their Sn doped counterparts (b)
HLaTa;07 (HLTO) and their Sn doped counterparts.

6.3.2 Ultraviolet-visible (UV-vis) Diffuse Reflectance Spectroscopy

UV-vis diffuse reflectance spectra were measured in the absorbance spectrum of
synthesized powders, as shown in Figure 6.2.a. The observed band edge of the pristine
powder is around 300 nm. Increasing Sn loading leads to a slight red shift in the
absorption edge compared to the undoped sample, suggesting a possible decrease in the
band gap energy of the material with Sn doping. The band gap energy was calculated
using a UV-vis spectrometer based on the relationship between the Kubelka-Munk
function (F(R)) and the photon energy (hv) of the incident light. The calculated band
energies of CLTO, 0.75% Sn-CLTO, 1.5% Sn-CLTO, 3% Sn-CLTO, 5% Sn-CLTO,
HLTO, 0.75% Sn HLTO, 1.5% Sn HLTO, 3% Sn-HLTO, and 5% Sn HLTO can be listed
as follows 4.169, 3.910, 4.121, 3.883, 3.867, 4.197, 3.883, 3.859, 3.838, and 3.834 eV,
respectively. Additionally, it can be observed that protonation can affect the band gaps of
catalysts in Figure 6.2.b. This effect is likely due to forming a more delocalized electron
cloud within the material. The delocalized electrons can potentially cause a rearrangement

of the electronic energy levels, leading to a decrease in the overall band gap energy.
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Figure 6.2 (a) UV-vis absorption spectra of pure and protonated of CsLaTa>0O7 and
their Sn doped counterparts, and (b) Transformation of diffuse reflectance data using
the KM curve of pure and protonated of CsLaTa>O7 and their Sn doped counterparts.

6.3.3 X-ray Photoelectron Spectroscopy (XPS)

Deconvolution of the Ta 4f spectra in Figure 6.3.a, which separates overlapping peaks,
showed a clear double peak structure. The positions of these peaks centered at 25.2 eV
and 27.2 eV and corresponded to Ta 4f72 and Ta 4fs» peaks, respectively [163]. The
specific positions of these peaks indicate that the Tantalum atoms in CsLaTa2O7 possess
a +5-oxidation state (Ta’*). XPS illustrates that the binding energies of these peaks in
Figure 6.3.a gradually decrease with increasing Sn doping compared to undoped CLTO.
The observed shifts in both Ta and Sn binding energies indicate a charge transfer between
these elements. This charge transfer is attributed to the difference in electronegativity
between Ta (1.5) and Sn (1.96) [164]. This electron transfer can modify the electronic
structure of Sn-doped CLTO. The shift in the Ta 4f peak position also suggests a change
in the local bonding environment around Ta. This change could be due to factors like the
incorporation of Sn, potentially leading to the formation of Ta-O-Sn bonds. Figure 6.3.b.
illustrates the XPS spectrum of Sn 3d, revealing two separate peaks representing Sn

electrons' 3d5/2 and 3d3/2 spin-orbit components. These peaks positioned at 485.7 eV
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and 494.3 eV, respectively, signify Sn existing in the +2-oxidation state [165]. XPS was
employed to quantify the atomic percentage of Sn incorporated into the doped material.
The analysis may have also considered the derived atomic percentage of Tantalum (Ta),
assuming Sn substitutes for Ta in the material. Based on the XPS analysis, the measured
Sn concentrations are as follows: 0.65%, 2.30%, 4.50%, and 8.44% from low

concentration to high ones.
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Figure 6.3 (a) XPS spectra of Ta 4f and (b) Sn 3d for Sn doped and undoped of
CsLaTayO7.

The band energy diagram in Figure 6.4 was constructed based on calculations that
combined XPS valence band spectra and the energy band gap using UV-vis DRS. These
calculations allowed for the determination of the conduction band position. Based on XPS
analysis, tin in the +2-oxidation state has two more valence electrons than Tantalum in
the +5 state. Sn can act as an electron donor when incorporated into the lattice, introducing
additional electrons into the material. These extra electrons can occupy energy levels

closer to the conduction band, effectively pushing the CBM down in energy.

The conduction band position shifted towards a more positive value for the analyzed

protonated catalysts than their original versions. It is believed to be caused by protonation,
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which leads to an increase in the valence band maximum (VBM) and a decrease in the

band gap energy.
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Figure 6.4 Schematic diagram of band energies pattern for Sn doped and undoped of
CsLaTa>07 and their protonated counterparts from along with Kubelka-Munk function
(obtained from DRS) and Valence-Band XPS Spectra

6.3.4 Scanning Electron Microscopy (SEM)

SEM was used to investigate the surface morphology of the catalyst, using a high
magnification of 100.00 K X and an acceleration voltage of 5 kV. As illustrated in Figure
6.5, the SEM analysis confirms a layered structure for all material variations. This
observation is significant because it suggests that the overall morphology of the catalyst
remains unchanged mainly after doping. However, a slight tendency towards
accumulation was observed with a tin loading exceeding 3%. SEM analysis also revealed

no metallic tin on the catalyst surface morphology, which aligns with the XPS findings,
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indicating the absence of signals for metallic Sn. This result implies that tin has replaced

tantalum, incorporating it into the material's structure.

Figure 6.5 SEM images CsLaTa;07 doped with (a) 0.75% Sn, (b) 1.5% Sn, (¢) 3% Sn,
and (d) 5% Sn.

6.3.5 The Brunauer-Emmett-Teller (BET) analysis

Brunauer-Emmett-Teller (BET) analysis was employed to quantify the specific surface
areas of the powdered samples. As expected, the study revealed a significant increase in
the surface area of the powder after exfoliation. This enhanced surface area, as shown in
Table 6.1, can potentially accelerate catalytic surface reactions. Furthermore, the
photocatalytic experiments in section 6.5 demonstrated that reassembled powders

exhibited higher hydrogen production than their non-assembled counterparts.
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Table 6.1 Specific surface areas of CsLaTa,07, [LaTa,07]", [LaTa>xSnxO7]

Sample Specific Surface Area/ m?g!
CLTO 1.2813

LTO 11.7917

1.5% Sn- LTO 31.8814

6.4  Results of Photoelectrochemical Experiments

6.4.1 Chronoamperometry (CA)

Transient photocurrent spectroscopy investigated photocurrent behavior dynamics under
constant voltage under full spectrum illumination. Upon illumination, 2D materials
generally exhibit a significant increase in photocurrent compared to bulk and protonated

counterparts in Figure 6.6.
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Figure 6.6 Chronoamperometry measurements of (a) original and protonated versions
of both undoped and doped Sn CLTO and (b) original and exfoliated versions of both
undoped, Sn CLTO at 1V vs SCE (sat’ed. KCI) under full spectrum
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This enhancement can be attributed to three key factors: minimized diffusion length, high
active sites, and reduced recombination losses [40]. The photocurrent density positively
correlated with Sn incorporation up to a concentration of 1.5%. Beyond this point, further
Sn loading resulted in a decrease in photocurrent density. This observation suggests an
optimal Sn concentration of 1.5% for maximizing photocurrent generation. Moreover,
the nanosheets' large surface area and potentially well-defined structure are thought to
provide ideal sites for the uniform distribution of isolated Sn*" dopant sites [166]. These
isolated dopant sites serve two essential purposes: firstly, they can increase the carrier
density within the material. Secondly, they can improve the separation of photogenerated
charge carriers. It is believed that this ultimately leads to more efficient utilization of
light-generated  charges, enhancing the Sn-doped nanosheets' overall
photoelectrochemical (PEC) performance. Notably, nanosheet structures exhibited the
highest photocurrent densities (400, 485, 380, and 350 pA/cm? for increasing Sn content
of 0%, 0.75%, 1.5%, and 3%, respectively) in Figure 6.7.
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Figure 6.7 Photocurrent values of nonmodified, protonated, and exfoliated derivatives
of all doped and undoped Sn.
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This enhancement can be attributed to the creation of single atomic Sn sites on the
nanosheet framework due to Sn doping. Figure 6.7 presents the photocurrent density for
each of the synthesized powders. The data clearly demonstrates a positive effect of the

structural change from bulk to nano form on charge separation efficiency.

6.4.2 Potentiostatic Electrochemical Impedance Spectroscopy (PEIS)

PEIS has analyzed the charge transfer processes at the electrode-electrolyte interface and
used it to understand how Sn doped or undoped influences the PEC performance of bulk,
protonated, and nanosheet forms. When the material was transformed into thin sheets
(exfoliated), both undoped and doped versions showed less resistance to the flow of
electrical charges compared to the original bulk material. This improvement can be seen
by the smaller size of the semicircle diameter in Figure 6.8 because a smaller semicircle
radius in an EIS measurement indicates a lower resistance to the flow of electrical charges
within the material [167]. The reduced charge transfer resistance observed in the
nanosheets is likely attributed to their high surface area and ultrathin thickness. These
features result in a shorter diffusion length for charge carriers within the material. Besides
that, it is believed that Sn acted as a single atomic atom behavior on nanosheet material,
especially. The combined effects of increased carrier concentration and reduced
scattering all contribute to decreased charge resistivity upon doping with isolated atoms.
This translates to more efficient movement of photogenerated charges within the material,
which is crucial for enhancing photocatalytic or photoelectrochemical performance. In
summary, Nyquist EIS indicated a decrease in the diameter of the semicircle arc in the
Nyquist plots with increasing Sn content (up to the optimal 1.5% concentration) in Figure
6.8. This decrease indicated a lower charge transfer resistance at the interface, supporting

improved charge separation and transport.
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Figure 6.8 Nyquist Electrochemical impedance spectra of undoped of original phase,
protonated phase, and exfoliated phase of CLTO and their Sn doped derivatives.

6.5 Photocatalytic Hydrogen Production

Figure 6.9 shows the results of photocatalytic hydrogen evolution experiments conducted
under full-spectrum irradiation for 5 hours to compare the H> evolution activity of
undoped and Sn-doped CsLaTa;07 (CLTO) and their derivatives in DI water with 10%
methanol as a hole scavenger. No co-catalysts were used. The CLTO material, in its
undoped parent form, exhibited low photocatalytic HER efficiency (3.5 pumol/g).
Similarly, low efficiencies were observed for the protonated (147 pumol/g) and exfoliated
(500 pmol/g) derivatives compared to modified ones. However, all protonated samples
exhibited a dramatically increased photocatalytic HER activity compared to their parent
counterparts. This enhancement could be attributed to a higher concentration of
hydronium ions (H30") and water molecules between the layers of the material. These
hydronium ions can act as proton donors, facilitating the generation of H> from the

photogenerated holes.
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Figure 6.9 The photocatalytic hydrogen evolution activity of undoped and doped
CsLaTa207 in the form of parent, protonated, and layered nanosheets. The experiment
was conducted in a 5 ml quartz cell under full-spectrum illumination from a 300 W
Xenon lamp with 10% v/v methanol as a hole scavenger without co-catalyst.

Additionally, the presence of water molecules might improve the transport of protons
within the material, further promoting H> evolution. Moreover, all exfoliated
photocatalysts indicated significantly improved H» production by creating a larger surface
area for light absorption and interaction with water molecules, increasing active sites for
efficient photocatalytic reactions, and reducing migration distance by resulting in thinner
layers or smaller particles, allowing more charges to contribute to H> production.
Furthermore, Sn intercalation as single atomic sites significantly enhanced the
photocatalytic activity of these parent materials. Figure 6.10 presents the H> production
amount (umol/g) of all catalysis materials synthesized with or without Sn doping. The
amounts of H> obtained from protonated photocatalyst were 123 umol/g, 452 pmol/g,
1198 umol/g, 800 umol/g and 340 umol/g for undoped and doped 0,75%, 1.5%, 3% and
5% doped Sn HLTO samples after 5 hours, respectively. The amounts of H> obtained
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from exfoliated photocatalyst were 394 umol/g, 712 pumol/g, 2278 umol/g, 1508 umol/g
and 578 pmol/g for undoped and doped 0,75%, 1.5%, 3% and 5% doped Sn LTO samples
after 5 hours, respectively. In light of these results, protonation with 1.5% Sn doping
resulted in nearly ten times more H; production than the undoped parent material.
Exfoliated photocatalyst with 1.5% Sn doping resulted in almost six times more H>
production than the undoped parent material. These findings suggest that a combination
of protonation, exfoliation, and optimal Sn doping levels can significantly enhance the
photocatalytic HER activity of CsLaTa;0O7-based materials. In conjunction with the PEC
results, it can be considered that a higher photocurrent generally means a higher rate of
hydrogen evolution. As a result, a higher photocurrent is thought to provide more free
electrons, typically leading to a higher rate of hydrogen evolution in a PC system for

HER. The relevant photocurrent and HER results are shown in Figure 6.10.
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Figure 6.10 Comparison of photocatalytic hydrogen production capacity and
photocurrent density in photoelectrochemical experiment.

Stability testing was employed to evaluate how well the HER performance of CLTO's
bulk, protonated, and restacked powders and 1.5% Sn doped CLTO's derivatives samples
(undoped, doped, protonated, etc.) are during the experiment duration of 5 hours in Figure

6.11. Also, it was given to provide insights into the material's overall durability under

108



Chapter 6: Improved Hydrogen Generation via Singular-Atom Tin Loaded Nanosheets
Derived from Two Layered Dion Jacobson Layered Perovskites Oxide

reaction conditions. Stability test of photocatalytic hydrogen evolution activity for
CsLaTa207 (CLTO) and 1.5% Sn- CsLaTa;07 (CLTO) along with other derivations (e.g.,
protonated HLTO or exfoliated LTO) was conducted over three runs. Each run began
with the quartz cell evacuated with Argon (Ar) to remove residual hydrogen. In summary,
the photocatalyst powder maintained nearly the same level of hydrogen production even
after being used for three consecutive cycles. This reusability is crucial for practical

applications, as it reduces waste and lowers the long-term cost of hydrogen generation.
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Figure 6.11 Stability test of photocatalytic hydrogen evolution for CsLaTa>O7 and 1.5%
Sn- CLTO along with protonated and exfoliated counterparts.

6.6 Conclusions

This research examined how single site Sn doped two-layered tantalum perovskite oxide
materials perform in the photocatalytic generation of hydrogen, explicitly focusing on
their ability to do so. These materials were synthesized using the Pechini method,

followed by protonation and two-step exfoliation to create the nanosheet structure.
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X-ray diffraction (XRD) analysis confirmed that Sn incorporated into the tantalum sites
did not cause significant structural changes. All synthesized powders subjected to tin
doping show their XRD patterns closely resembling that of the standard CsLaTa;07

(CLTO), indicating the formation of a single phase before and after the treatment.

Scanning electron microscopy (SEM) revealed that the original and protonated materials
maintained a plate-like morphology. Ultraviolet-visible (UV-Vis) spectroscopy and KM
plots were employed to determine the materials' optical band gap and absorbance
properties. Incorporating increasing amounts of tin into the material causes a slight red
shift in this absorption edge. This red shift suggests a potential decrease in the band gap
energy of the material with Sn doping. It might create an additional energy level within

the structure, allowing it to absorb lower-energy light.

The introduction of Sn to the structure has been proven through XPS analysis. The result
illustrates that X-ray Photoelectron Spectroscopy (XPS) analysis confirmed two distinct
peaks observed in the Sn 3d region at 485.7 eV and 494.3 eV, corresponding to the Sn
3ds, and Sn 3ds» spin-orbit components, respectively. These peaks confirmed the

presence of Sn in the +2-oxidation state (Sn?").

The study found that powdered samples' surface areas increased after exfoliation,
potentially accelerating catalytic surface reactions and demonstrating higher hydrogen
production. The study further investigated the photocurrent response of the 2D materials
under simulated full-spectrum light irradiation. Notably, the results revealed that a Sn
concentration of 1.5% yielded the highest photocurrent generation, suggesting this
material's optimal doping level. The study also found that Sn-doped improved
photocatalytic or photoelectrochemical performance in bulk, protonated, and nanosheet

forms.

The study analyzed the photocatalytic hydrogen evolution (HER) activity of undoped and
Sn-doped CLTO and their counterparts in DI water with 10% methanol. Results showed
that protonated samples increased HER activity due to higher concentrations of
hydronium ions and water molecules. Exfoliated photocatalysts improved H> production
due to high surface area, which was proved by BET analysis (approximately ten times
fold in surface area), and Sn intercalation enhanced their activity. Stability testing showed

consistent hydrogen production levels even after three cycles.
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Among all samples, the 1.5% Sn-doped exfoliated catalyst achieved the highest hydrogen
production (2500 umol/g), nearly six times more than the undoped parent material. The
1.5% Sn CLTO, HLTO, and LTO counterparts displayed superior photoelectrochemical
behavior. PEC results revealed that the protonated 1.5% Sn-doped material exhibited the
highest photocurrent density and the lowest charge transfer resistance. These desirable
electrochemical characteristics are believed to play a significant role in its superior

performance for hydrogen production.

Moreover, the fact that 1.5% Sn-HLTO possesses the most negative conduction band
potential among others in Figure 6.4 samples is another noteworthy observation. A more
negative conduction band potential signifies a greater tendency for the material to donate
electrons. The favorable electronic property, suitable conduction band position, and high
surface area are considered critical factors for efficient hydrogen generation, as they

facilitate the transfer of electrons to protons for hydrogen evolution.

Efficient hydrogen generation can be attached to three crucial factors: a supportive
photoelectrochemical property, a suitable conduction band position, and a high surface
area. These factors are assumed to work synergistically to facilitate the transfer of
electrons from the photocatalyst to protons, ultimately enhancing the hydrogen evolution

reaction.
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Chapter 7: Conclusions

This research project investigated Dion-Jacobson-type tantalum-based layered oxides for
their potential in photocatalytic hydrogen evolution reactions. The objective was to
evaluate and identify the crucial factors influencing their performance. In addition,
various material modifications to synthesized pristine catalysts were investigated to
enhance their photocatalytic efficiency. Specifically, the effects of doping as a single

active site and the exfoliation process for forming an atomic-scale surface were examined.

In the literature, various photocatalysis materials have been studied for photocatalytic
hydrogen production. Among these materials, layered perovskite oxide has been a hot
topic for over ten years because of its flexible layer, tunable electronic structure, and the
probability of easy modification of crystal structure [64], [168], [169]. However, such a
tantalum-based layered photocatalyst has yet to be fabricated to enhance photocatalytic
performance. Herein, five different catalysts were produced, were well-designed, and

characterized to generate hydrogen from water splitting.

Herein, the objective of the study in Chapter 3 was to gain insight into the conversion of
A'[An-1BnO3zn+1] into A’[An-1BnOsnx+1Nx] and to correlate the physicochemical properties
of ammonolysis powders with the resulting photocatalytic H> evolution activity. A close
correlation was found between the nitrogen loading to the oxygen site in the lattice and
high photocatalytic activity, as evidenced by the hydrogen evolution rate under AM 1.5G
illumination. Notably, the formation of nanosheets from bulk counterparts led to a notable
enhancement in photocatalytic activity. The triplet tantalum-based oxynitride perovskite
exhibited an increase from 0.2 umol/g to 6 pmol/g from bulk to nanosheet structure, and
the doublet tantalum-based oxynitride perovskite showed a rise from 1 umol/g to a

remarkable 20 umol/g from bulk to nanosheet structure.

Chapter 4 investigated the synthesis and photocatalytic performance of CsCa;Ta3O10
materials doped with palladium at concentrations of 1.5%, 3%, and 5%. Following
synthesis, these materials underwent protonation treatment to enhance their
photocatalytic activity for the hydrogen evolution reaction. This enhancement is likely
due to the formation of a hydrated interlayer structure. Notably, the nanosheet
counterparts exhibited a significant increase in hydrogen evolution compared to their bulk

and non-protonated counterparts. This improvement can be attributed to the nanosheets'
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higher surface area and atomic-scale thickness. It is known that nanosheets serve as an
ideal platform for the uniform distribution of single atomic palladium sites. Based on
these structural, optical, morphological characterization, and photoelectrochemical
analysis results, it is believed that the isolated Pd sites dispersed uniformly across the
nanosheet structure function as efficient catalytic centers, leading to the observed
enhancement in HER performance. In particular, the 1.5% Pd-doped nanosheets exhibited
considerable enhancements in hydrogen evolution, superior photoelectrochemical

performance, and a more negative conduction band maximum compared to other samples.

The synthesis and photocatalytic performance of CsLaTa,O7 materials was examined in
different Pd loading (1.5%, 3%, and 5%) in Chapter 5 and various Sn loading (0.75%,
1.5%, 3%, and 5%) in Chapter 6. The protonation and exfoliation processes were applied
to increase their photocatalytic activity. Based on photocatalytic outcomes in Chapter 5,
pristine bulk, protonated, and exfoliated catalysts produced 4 (umol/g), 123 (umol/g), and
394 (umol/g) hydrogen gas, respectively. Remarkably, Pd-doped exfoliated samples
[LaTa207] exhibited better photocatalytic performance (3750 pmol/g for 1.5%, 2250
umol/g for %3, and 1750 pmol/g for %S5). The material also presented superior
photoelectrochemical properties as a consequence of a shorter diffusion distance, a high
surge area, a low charge transfer resistance, and high photocurrent stability under pulse
illumination. Chapter 6 explores tin-doped exfoliated catalysts, demonstrating their
remarkable hydrogen production capacity and competing with palladium (Pd). This is a
significant finding, considering the cost-effectiveness of tin compared to Pd. Based on
this efficiency-cost relationship, tin-doped materials are strong candidates for ideal
photocatalysts. The doped and undoped derivatives of the electronic band structures of

all pure and protonated samples synthesized in this thesis are summarized in Table 7.1.

Table 7.1 Band energies diagram of all the synthesized powder

Samples VBM vs. NHE CBM vs. NHE Eg, vs. eV
CCTO 2.657 -1.756 4.42
HCTO 3.163 -1.213 4.39
CCTOx 1.868 -0.190 2.08
HCTOx 1.229 -0.839 2.08
1.5% Pd-CCTO 2.714 -1.663 4.377
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3% Pd-CCTO 2.636 -1.815 4.351
5% Pd-CCTO 2.577 -1.821 4.398
1.5% Pd-HCTO 2914 -1.472 4.386
3% Pd-HCTO 3.239 -1.145 4.384
5% Pd-HCTO 3.240 -1.142 4.382
CLTO 2.496 -1.679 4.15

HLTO 3.497 -0.700 4.17

CLTOx 1.740 -0.205 2.01

HLTOx 1.614 -0.386 2.04

1.5% Pd-CLTO 2.496 -1.653 4.377
3% Pd-CLTO 2.608 -1.574 4.451
5% Pd-CLTO 2422 -1.765 4.398
1.5% Pd-HLTO 2.932 -1.135 4.386
3% Pd-HLTO 3.930 -1.142 4.384
5% Pd-HLTO 3.238 -0.762 4.382
0.75% Sn-CLTO 2.330 -1.580 3.390
1.5% Sn-CLTO 2.466 -1.655 4.120
3% Sn-CLTO 2.338 -1.495 3.883
5% Sn-CLTO 2.323 -1.544 3.867
0.75% Sn-HLTO 3.270 -0.589 3.883
1.5% Sn-HLTO 2.997 -0.886 3.859
3% Sn-HLTO 2.931 -0.907 3.838
5% Sn-HLTO 2.897 -0.937 3.834

The Table 7.1 indicates that the CBM of all synthesized materials was suitable for
hydrogen evolution. Furthermore, in oxide nitride materials, band energies were lower
than 3 eV, suggesting that they are effective catalysts in the visible regions. It has been

demonstrated that these materials are actively working.

Further research can focus on optimizing these materials through modifications to achieve
even higher performance. Future research could investigate the potential of these
materials in broader photocatalytic applications. This could involve testing them with

various two-metal dopants to assess their performance in CO: reduction alongside
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hydrogen evolution. Additionally, exploring more cost-effective metal doping strategies,
mainly focusing on single-atom dopants like tin used in this study, presents a promising

avenue for future research.
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