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ABSTRACT

INVESTIGATION OF CYANIDE-BASED CATALYSTS AND
HYBRID ASSEMBLIES FOR ARTIFICIAL
PHOTOSYNTHESIS

Sina Sadigh Akbari
Ph.D. in Chemistry
Advisor: Ferdi Karadas

September 2022

The storage and conversion of solar energy appear to be a highly promising solution to
the global energy dilemma due to the sustainability and abundance of sunlight. Among
various strategies, artificial photosynthesis, in which solar energy is directly converted to
chemical bonds, has gained a great deal of attraction over the past decades. Such a design
requires a catalyst coupled with a semiconductor and/or a photosensitizer as light-
harvesting components with proper band levels for efficient charge separation. Therefore,
the development of an earth-abundant, robust, and visible-light absorbing photocatalytic
assembly has been one of the bottlenecks for the advancement of scalable cells. This work
aims to overcome this critical challenge by developing new cyanide-based hybrid

assemblies for light-driven water splitting and CO> reduction.

CoFe Prussian blue analogues (CoFe-PBAs) have recently emerged as active water
oxidation catalysts with excellent long-term stabilities. In the first study, a ZnCr layered

double hydroxide (ZnCr-LDH) with a two-dimensional (2D) morphology and a CoFe-PBA



are combined to afford a precious metal-free photocatalytic assembly involving a visible
light-absorbing semiconductor (SC) and a water oxidation catalyst (WOC). The SC-WOC
hybrid materials exhibit a threefold enhancement in activity compared to bare ZnCr-LDH,
which is maintained for 6 h under photocatalytic conditions. The band energy diagram was
extracted from optical and electrochemical studies to clarify the origin of the improved
photocatalytic performance. The assembly is observed to have an appropriate band energy
alignment that facilitates charge transfer from the valence band of ZnCr-LDH to the HOMO

level of CoFe-PBA for the water oxidation process.

In a follow-up study, we move one step forward by coupling exfoliated Dion—Jacobson
type niobate nanosheets as a 2D semiconductor with the CoFe-PBA to construct an
SC-WOC hybrid structure, which produces a p—n junction. The assembly exhibits a
promoted activity (89.5 umol g* h™!) with a proper band energy alignment for the
photocatalytic water oxidation process, and it is stable throughout a 12 h photocatalytic
study. These studies mark a straightforward pathway to developing low-cost and precious

metal-free assemblies for light-driven water oxidation.

Metal dicyanamides are another well-known cyanide-based materials, which can be
employed as a catalyst for hydrogen evolution reaction (HER) and CO> reduction due to
the partial electron delocalization and the proper coordination environment of metal ions.
Herein, we promote a cobalt dicyanamide coordination polymer, Co-dca, for the first time,
as a selective catalyst to reduce CO2 to CO in the presence of a ruthenium photosensitizer
(Ru PS) under visible light irradiation. A series of photocatalytic experiments under various
reaction conditions were performed to reveal the role of the PS, the scavenger, and the
solvent in the selectivity and the activity of the photocatalytic process. We find that Co-dca

exhibits an activity of 254 umol h™* g™t and a CO selectivity as high as 93%. Furthermore,



cobalt dicyanamide also displayed enhanced H: evolution activity (25000 umol h™* g3),
which is maintained for at least 12 h in a mixed aqueous solution containing a Ru-based
photosensitizer and a sacrificial electron donor. The effect of various reaction parameters

on the photocatalytic activity of the system was investigated.

Overall, this thesis presents various low-cost and stable SC-WOC hybrid assemblies
based on CoFe-PBA for the light-driven water oxidation process. Moreover, we suggest

the use of Co-dca, for the first time, as catalysts for HER and CO- reduction reactions.

Keywords: Photocatalytic water splitting, artificial photosynthesis, CO reduction
reaction, cobalt—iron Prussian blue, cobalt dicyanamide, hybrid assembly, 2D

semiconductors.



OZET

YAPAY FOTOSENTEZ ICIN SIYANUR BAZLI
KATALIZORLER VE HIiBRIT DUZENLEMELERIN
INCELENMESI

Sina Sadigh Akbari
Kimya, Doktora Tezi

Danisman: Ferdi Karadas

Eylul 2022

Giines enerjisinin depolanmasi ve doniistiiriilmesi, glines 15181n1n siirdiiriilebilirligi ve
bollugu nedeniyle kiiresel enerji igin oldukga umut verici bir ¢dziim olarak kabul
edilmektedir. Cesitli stratejiler arasinda, gilines enerjisinin dogrudan kimyasal baglara
doniistiirildiigli yapay fotosentez, gectigimiz yillarda biiyiik bir ilgi gordii. Boyle bir
tasarim, verimli yiik ayrimi i¢in uygun bant seviyelerine sahip bir yar1 iletken ve/veya 1518a
duyarli bir malzeme ile birlestirilmis bir katalizor gerektirmektedir. Bu nedenle,
yeryliziinde bol, saglam ve goriiniir 151k soguran bir fotokatalitik diizenegin gelistirilmesi,
Olceklenebilir hiicrelerin ilerlemesi icin en zor adim olmustur. Bu ¢alisma, fotokatalitik
yontemle hidrojen olusturma ve COz indirgemesi i¢in yeni siyanur temelli hibrit diizenekler

gelistirerek bu kritik zorlugun tistesinden gelmeyi amaglamaktadir.

Yapilan ¢aligmalar, CoFe Prusya mavisi analoglarinin (CoFe-PBA) mikemmel uzun
vadeli kararliliklara sahip aktif su oksidasyon katalizorleri oldugunu gostermektedir. Bu
tezdeki ilk ¢aligma, iki boyutlu (2D) morfolojiye sahip tabakali bir ¢ift hidroksit (ZnCr-

LDH) bilesikle bir CoFe-PBA yapisinin birlestirilerek degerli metal igermeyen



fotokatalitik bir dizenek gelistirilmesi tzerinedir. SC—WOC hibrit malzemeleri,
fotokatalitik kosullar altinda 6 saat boyunca kararli kalmakla birlikte, ZnCr-LDH'ye kiyasla
aktivitede ti¢ kat bir artis sergiler. Fotokatalitik performansin kaynagini anlamak icin optik
ve elektrokimyasal calismalar yardimiyla bant enerji diyagrami ortaya ¢ikarilmistir.
Diizenegin, su oksidasyon islemi i¢in ZnCr-LDH valans bandindan CoFe-PBAnin HOMO
seviyesine yiik transferini kolaylastiran uygun bir bant enerji diyagramina sahip oldugu

gozlemlenmistir.

Bunu takip eden c¢alismada, bir p-n junction Ureten bir SC-WOC hibrit yapisi
olusturmak i¢in 2D yart iletken exfole edilmis Dion-Jacobson tipi niyobat nano tabakalarini
CoFe-PBA ile birlestirerek bir adim ileri gidiyoruz. Hibrit malzeme fotokatalitik yontemle
suyun yikseltgenmesi islemi i¢in uygun bir bant enerji seviyesi yardimiyla yiksek bir
aktivite (89,5 umol g 1 h'?) sergilemektedir ve 12 saatlik bir fotokatalitik calisma boyunca
kararhidir. Bu ¢alismalar, 1sikla su oksidasyonu i¢in diisiik maliyetli ve degerli metal

icermeyen diizenekler gelistirmeye yonelik basit bir yolu isaret ediyor.

Metal disyanamitler, kismi elektron delokalizasyonu ve metal iyonlarinin uygun
koordinasyon ortami nedeniyle hidrojen olusumu reaksiyonu (HER) ve CO: indirgemesi
igin bir katalizor olarak kullanilabilecek diger iyi bilinen siyaniir temelli malzemelerdir.
Burada, goriiniir 15182 duyarli bir rutenyum bilesigi (Ru PS) varliginda CO.'yi CO'ya
indirgemek icin segici bir katalizor olarak ilk kez bir kobalt disyanamit koordinasyon
polimeri olan Co-dca'y1 kullandik. Co-dca'min 254 pmol h™ g™t aktivite ve %93 kadar
yiiksek bir CO segiciligi sergiledigini bulduk. Ayrica, kobalt disyanamit, sulu bir ¢ézeltide
en az 12 saat siirdiiriilen H, olusturma aktivitesi (25000 pmol h™* g*) sergilemektedir.
Fotokatalitik prosesin seciciligi ve etkinliginde PS'nin, elektron dondrii ve ¢oziicliniin

roliinii ortaya ¢ikarmak i¢in gesitli reaksiyon kosullar1 altinda bir dizi fotokatalitik deney

Vi



yapildi. Sistemin fotokatalitik aktivitesi tizerine ¢esitli reaksiyon parametrelerinin etkisi

arastirildi.

Genel olarak, bu tez, fotokatalitik yontemle suyun yukseltgenmesi islemi igin CoFe-
PBA iceren g¢esitli diisik maliyetli ve kararli SC-WOC hibrit dizeneklerinin
gelistirilmesine odaklanmistir. Ayrica, HER ve CO: indirgeme reaksiyonlar: ig¢in

katalizorler olarak ilk kez Co-dca'nin kullanilmasi 6nerilmistir.

Anahtar Kelimeler: Fotokatalitik su ayirma, yapay fotosentez, CO2 indirgeme
reaksiyonu, kobalt-demir Prusya mavisi, kobalt disyanamit, hibrit diizenek, 2D yari

iletkenler.
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Chapter 1

Introduction

Among various sustainable energy resources, sunlight is the most abundant and
promising one for global energy demands. The earth's surface gets an enormous amount of
solar energy (1.3 x 10° TW per day), which exceeds the whole human energy consumption
in ayear. Sunlight can be harvested by directly converting solar energy to chemicals, such
as H or carbon-based fuels, by water splitting or CO> reduction reactions. Such energy
stored in long-term storable chemical bonds is considered to be an attractive strategy for
solving clean energy issues [1]-[4]. As shown in Figure 1, water splitting or CO2 reduction
reactions can be classified into three major categories: i) photovoltaic electrolysis
(PV—EC), ii) photoelectrochemical (PEC) process, and iii) particulate photocatalysis (PC).
The highest energy conversion efficiency value could be provided by a PV system
(20—30%). However, large-scale device fabrication still remains the biggest challenge for
designing both PV and PEC devices [5], [6]. In a typical photoelectrochemical system, a
semiconductor acts as a photoanode/photocathode, and photoexcited holes/electrons are
transferred on the surface of the electrode to be employed in the oxidation/reduction
process. The photocatalytic strategy can be utilized as either a homogeneous or a
heterogeneous system. Generally, oxidation or reduction reactions occur on the surface of
the semiconductor particles or at the active center of the catalyst in the aqueous solution.
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This architecture allows the design of a low-cost and scalable device for solar fuel
production. However, one of the main drawbacks of photocatalytic processes is the

separation of photogenerated H, and O [6], [7].
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Figure 1. Schematic diagrams of various water splitting strategies. (A) PV+electrolyzer
system, (B) PEC system, and (C) particulate photocatalysis (Reprinted with permission
from Elsevier, Ref. [8] Copyright © 2018, Elsevier Inc.).

1.1  Aim of this Thesis

The storage of solar light as chemical bonds is one of the most plausible strategies for
satisfying the world’s energy demand. For this aim, we focus on studying the novel design
and optimization of photocatalytic systems for water splitting and CO> reduction. In this

work, we follow two approaches:

First, we study the performance of Co-Fe Prussian blue as a water oxidation catalyst
when it is coupled to two-dimensional semiconductor materials, including Zn-Cr layered

double hydroxide and niobate nanosheets.

Then, we explore the photocatalytic activity of cobalt dicyanamide coordination
polymer for hydrogen evolution and CO: reduction reactions in the presence of a

ruthenium-based photosensitizer.



Herein, four projects are presented to investigate the possible application of cyanide-
based assemblies for water splitting and CO- reduction. Before going through the details
of the characterization techniques and the obtained results, this chapter provides a brief

introduction to the types of systems used in this work.
1.2 Water Splitting

In nature, plants convert solar energy into chemical energy by reducing CO; and
oxidizing water to generate carbohydrates and oxygen, which is named natural
photosynthesis. The absorption of light by photosystem 11 (PSII) produces electron—hole
pairs (a charge separation process), and the oxidative holes are used to oxidize water
molecules to oxygen gas [9]. Then, electrons are transported via photosystem | (PSI) and
ultimately serve to generate bio-reducing agents such as NADPH and ATP that are
energetically enriched. These agents finally reduce atmospheric CO> to carbohydrates in
the Calvin cycle (Figure 2) [10]-[12]. The storage of solar energy into chemical bonds can

mimic natural photosynthesis to construct an artificial photosynthetic system.
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Figure 2. Schematic representation of natural photosynthesis (Reprinted with permission
from John Wiley and Sons, Ref. [12] Copyright © 2016, WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim).



1.2.1 Particulate Photocatalysis

The overall water splitting consists of two half-reactions: i) oxygen evolution reaction

(OER) and ii) hydrogen evolution reaction (HER). These reactions are summarized below:

2H0 — O, +4e + 4H* (1)
2H" +2e” — H» (2)

The water splitting reaction is an uphill reaction that involves an increase in Gibbs free
energy by 237 kJ mol™*. Thus, this reaction cannot occur spontaneously, and the addition
of external energy is required. A schematic of a typical semiconductor particle loaded with
co-catalysts for the evolution of hydrogen and oxygen is shown in Figure 3a. For overall
water splitting, a semiconductor absorbs photons with energy values greater than its band
gap to excite electrons from the valence band (VB) to the conduction band (CB). This
creates electron-hole pairs as the initial step of the photocatalytic process (step 1). Photo-
generated electrons and holes migrate to the surface of the semiconductor (step 2). Then
the holes provide oxidation of water to O2 while the electrons reduce protons to H. (step 3)

[13], [14].

For the successful operation of this process, the CB minimum of the semiconductor has
to be located at a more negative potential than the H" to H> reduction potential (0 V vs.
NHE at pH 0). In comparison, the VB maximum must be more positive than the water
oxidation potential (+1.23 V vs. NHE at pH 0). This is the principle of the one-step
excitation photocatalytic system (Figure 3b). The minimum thermodynamic energy needed
for water oxidation is 1.23 eV, which corresponds to a wavelength of 1000 nm [13], [15]-

[17].
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Figure 3. (a) illustration of reactions during overall water splitting (Eg: bandgap of

semiconductor). (b) Energy diagram for photocatalytic water splitting.

The momentum (wave vector) of an electron in the VB maximum is identical to that of
an electron in the CB minimum in the case of a direct bandgap. As a result, by absorbing
photons with energies higher than the band gap energy, electrons are easily promoted from
the VB to the CB, with minimal change in their momenta (Figure 4a). For a semiconductor
with an indirect band gap, the states at the maximum of the VB and minimum of the CB
band do not have equal momenta. Thus, a significant change in the momentum of an

electron is required for excitation and to form an electron-hole pair in this case (Figure 4b).



The probability and rate of electron excitation are much lower in an indirect band gap

semiconductor compared to a direct one [18], [19].
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Figure 4. Photon absorption in (a) a direct bandgap semiconductor for an incident photon
with energy hv = E2 — E1 > Eg, and (b) an indirect bandgap semiconductor for a photon with
energy hv < E; — E1 and a photon with energy hv > E> — E1 (Reprinted with permission
from American Chemical Society, Ref. [19] Copyright © 2020, American Chemical
Society).

Colloidal semiconductor materials could be employed as: (i) a light-harvesting agent
(Figure 5a) or (ii) a semiconductor in dye-sensitized photocatalysis (Figure 5b). In case (i),
the colloid was used to both absorb light and transfer electrons/holes into a surface-
anchored molecular catalyst. In case (ii), however, the semiconductor participates in the
photoinduced process indirectly by facilitating the diffusion of charge from an additional
photosensitizer to the catalyst. In both cases, efficient sunlight absorption and the
generation of long-lived charges are necessary for a successful photocatalytic process [15],

[20].

In photocatalytic water splitting, co-catalysts have three different roles in improving
the activity and stability of the semiconductor: i) Co-catalyst provides redox reaction sites
that reduce the activation energy or overpotential of HER or OER reactions on the surface
of the semiconductor. The OER reaction is a complicated four—electron process, in which

the utilization of co-catalysts might enhance the efficiency of photocatalytic O production.
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il) A co-catalyst can facilitate electron—hole separation by consuming photoinduced charge
carriers. The formation of a suitable hetero—junction between the co-catalyst and the
semiconductor is essential for promoting charge migration and separation. iii) A co-catalyst
could protect the semiconductor surface from being oxidized by holes and improve its
durability. The co-catalyst loading amount has a remarkable impact on the performance of
the photocatalytic water splitting system. While the introduction of the catalyst onto the
semiconductor enhances the activity until reaching an optimum point, further loading will
drastically decrease the photocatalytic performance. Excessive co-catalyst loading not only
covers the active surface sites of the semiconductor and prevents their interaction with
sacrificial reagents or water molecules but also shields the incident light, thus lowering the

light absorption and generation of photogenerated electrons and holes [14], [21], [22].

.
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Figure 5. Schematic representation of the colloidal material used either as (a) a light

absorber or (b) a semiconductor.

1.2.2 Dye-sensitized Photocatalysis

In dye-sensitized photocatalysis (DSP), a molecular dye and a catalyst adsorb onto a
semiconducting particle, which is used as both a scaffold and as a solid-state electron
mediator (Figure 6). In a typical DSP, solar light irradiation generates an electron-hole pair
in the photosensitizer (PS), and then electrons are collected at the semiconductor. DSP
systems are easy to construct by mixing in an aqueous solution, whereby each component

and overall activity can be improved. The key parameter of this type of system is visible



light absorption by the PS and the efficient electron transfer into the CB of the
semiconductor. Thermodynamics of water splitting is challenging in DSP: for proton
reduction, for example, the semiconductor's CB must be more reducing than the proton
reduction potential. In-situ assembly is possible for DSP systems if both the molecular dye
and catalyst are water-soluble and bind to the semiconductor. Water-insoluble components

can be dispersed in an organic solvent (ex-situ) followed by mixing with the semiconductor

[23]-[25].
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Figure 6. DSP systems for (a) water oxidation, and (b) hydrogen evolution reactions (SC:

semiconductor; WOC: water oxidation catalyst; HEC: hydrogen evolution catalyst).
1.2.3 Photosensitizer-Catalyst Dyad Assemblies

When a PS dye is covalently attached to a catalyst, the resultant complex is known as
a dyad that can be adsorbed on the semiconductor surface in a manner similar to the DSP.
Both catalyst stabilization and efficient charge separation are aimed with this approach.
The proper connection between the PS and the catalyst is critical to achieving a high-

performance design [20], [26].

The initial step of photocatalysis is the generation of an excited state by absorption of
solar irradiation, which occurs within the light-harvesting chromophore. Up to now, none
of the studied chromophores satisfies all the conditions for an ideal light-harvesting
component, including broad absorption spectrum, long excited-state lifetime, appropriate

redox potentials, high photochemical stability, and flexible synthesis method. Thus, the



selection of chromophores is crucial in developing dyad assemblies to enable effective
energy transfer and panchromatic absorption. The charge recombination in the PS is
another problem that needs to be minimized. Thus, long-lived charge-separated states are
desired to ensure that each photon is converted into chemical energy by the photocatalytic

system. [27].

Several light-driven water splitting systems have successfully employed the ruthenium
trisbipyridil complex, [Ru(bpy)s]?*, and its derivatives as the light-absorbing unit (Figure
7). This family of photoactive complexes exhibits unique redox and photochemical

properties [28]-[30].

2+

Figure 7. Structure of the ruthenium-based PSs.

The photosensitized process can proceed via two mechanisms: oxidative or reductive
quenching. The use of stable oxide materials to design heterogeneous assemblies might be
a possible way to improve stability; however, the lack of complete control over metal ion

coordination in oxide chemistry restricts the construction of oxide-based dyads [20], [31].

1.2.4 p—n Heterojunction Photocatalytic System

Recently, combining a p—type and n—type semiconductor to fabricate a heterojunction
structure has attracted vigorous attention (Figure 8). Such a design creates an internal

electric field due to the flow of charge carriers. In this structure, electrons can move to the



CB of the n—type semiconductor, and holes can diffuse to the VB of the p—type
semiconductor. Hence, it can improve charge separation efficiency and promotes charge

carriers' lifetime, which results in an enhanced photocatalytic activity [32], [33].

P-type n-type
semiconductor semiconductor
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Figure 8. Band-bending and band alignment in p—n heterojunction semiconductors.
1.3 Two-dimensional (2D) Materials for Photocatalytic Water Splitting

Despite the rapid development of semiconductor photocatalysts for the water splitting
process, they suffer several challenges. Most of the active sites in bulk semiconductors are
not accessible and, thus, they cannot be efficiently used for the catalytic reaction.
Furthermore, the recombination reaction between electron and hole is one of the crucial
factors that reduce photocatalytic activity. The electron—hole pairs are generated when a
semiconductor is irradiated by light with an energy greater than the band gap. These charge
carriers must reach the surface of the semiconductor to carry out OER and HER reactions.
During this transfer process, they might be recombined or get trapped by the defect sites.
Although a semiconducting nanocrystal might be an ideal material for suppressing
recombination and providing a short travel distance, obtaining sufficient photon flux

density may be challenging to accomplish photocatalytic water splitting [34]-[36].

Two-dimensional (2D) materials can be used to minimize the recombination reaction

and shorten the travel distance for charge carriers. Moreover, the 2D architecture facilitates
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light absorption even at low photon flux density. A 2D crystal material, the so-called 2D
nanosheet, prepared by exfoliation of a layered compound reveals a significantly low
recombination rate due to an ultrathin thickness and a lateral dimension of several hundreds
of nanometers (Figure 9). These materials demonstrate the remarkable capacity of electron
confinement in their ultrathin layers, resulting in outstanding optical and electrical
properties. By adjusting the number of layers, the band gap and light absorption of a 2D
semiconductor can be modified. The layered structure also has a high specific surface area,

allowing surface reactions such as water splitting to occur efficiently [35], [37], [38].
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Figure 9. Comparison of bulk-type particles and 2D materials as photocatalysts.

Exfoliation of layered metal oxides forms unilamellar single-crystalline colloidal
nanosheets with a thickness of 1-2 nm. In recent years, metal oxide nanosheets such as
niobate have gained significant attention as a photocatalyst for the water splitting process
[39], [40]. Layered double hydroxides with 2D lamellar structure consist of positively
charged brucite-like layers and interlayer anions. Layered double hydroxides have a

moderate surface area and activity for water splitting due to the layered structure. Several
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studies on photocatalytic water splitting with layered double hydroxide-based materials

have recently been published, which is a rapidly growing field in water splitting [38].

1.4 Oxygen Evolution Reaction (OER)

One of the challenging steps for the construction of an overall water splitting system
operating with sunlight is the water oxidation process. The lowest energy path for water
oxidation reaction is a four-electron transfer process that is coupled to form O, from the
water molecule (Equation 1), reflecting its mechanistic complexity [41], [42].
Photocatalytic water oxidation using powder suspensions has been an appealing technique
since it offers a simple, relatively low-cost, and readily scalable method to harvest solar
light. These photocatalytic assemblies generally involve coupling a proper semiconductor
(SC) with a water oxidation catalyst (WOC). Despite the fact that hundreds of different
assemblies have been reported up to date, most of them are active primarily in the UV
region (< 400 nm), and/or WOCs are mainly based on precious metal oxides [6], [11], [20],
[43]. Therefore, developing an earth-abundant and visible-light harvesting SC-WOC
hybrid structure is one of the critical challenges for advancing scalable and efficient

photocatalytic water splitting systems.

1.5 COz2 Reduction Reaction (CO2RR)

The as-emitted carbon dioxide (CO2) has been continually accumulating in the
atmosphere in the last few decades due to the massive use of fossil fuels. At the same time,
considerable efforts have been made to develop alternative energy technologies. The
production of fuels from CO: is a promising yet challenging approach for clean energy

conversion and storage [44], [45].
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CO: is the ultimate chemical product of carbon oxidation and is a thermodynamically
stable compound. Each of the C=0 bonds in CO> has a bond dissociation energy (750 kJ
mol™Y) significantly larger than that of the C—C (336 kJ mol™) and C—H (441 kJ mol ™)
bond. Furthermore, the CO2RR is a thermodynamically uphill reaction and requires
remarkable energy input. Several different reaction pathways may occur during CO2
reduction generating various chemicals such as carbon monoxide (CO), formic acid
(HCOOH), methane (CHs), and ethylene (C2H4), which can make CO- reduction even more
complicated. The critical challenges in CO2RR, thus, involve sluggish kinetics and low

selectivity [46], [47].

1.5.1 Photocatalytic CO2 Reduction

The direct conversion of CO> into energy-rich carbon-containing compounds through
a photochemical process has gained great interest since intermediate energy carriers are not
necessary. The one-electron reduction of CO- is a thermodynamically unfavorable reaction
because the formation of unstable CO," radical (Equation 3) does not start at the potential
as negative as —1.9 V vs. NHE. However, the multi-electron reduction of CO. via chemical
reaction could be promising from the perspective of both low-energy light application and
stable reduction product. For instance, there is a 1.3 V difference in the potential for
converting CO. to CO and formic acid compared to the one-electron reduction of CO>

(Equations 4 and 5) [48]-[50].

COz+e — CO™ ~1.9 V vs. NHE 3)
CO, + 26 + 2H* — CO + H,0 ~0.52 V vs. NHE (4)
CO; + 2¢” + 2H* — HCOOH ~0.61 V vs. NHE (5)
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Note that both CO and HCOOH are beneficial chemicals and can be converted to fuels
via other processes. For instance, the Fischer—Tropsch reaction can be employed to convert
CO into a liquid hydrocarbon using H2 gas. Most of the reported photocatalytic CO>
reduction systems based on transition metal complexes contain a redox PS, a reductant (D)
so-called a sacrificial electron donor, and a catalyst. During the photocatalytic process, the
PS photochemically induces a one-electron transfer from the reductant to the catalyst.
Subsequently, the catalyst accumulates two electrons and reduces the CO2 molecule,

producing CO and/or HCOOH (Figure 10) [49].

/\ PS
CO/HCOOH

PS Catalyst

Electron

D co
2
ps* transfer

D0+

Figure 10. Schematic representation for photocatalytic CO2RR.

Electron transfer from D to the catalyst through photoexcitation in the photocatalytic
CO. reduction processes should be mediated by a redox PS. There are two types of reaction
mechanisms in the initial stage: i) Oxidative quenching and ii) reductive quenching. In the
oxidative quenching, the excited PS (PS”) transfers an electron to the catalyst, in which a
one-electron oxidized species of the photosensitizer unit (PS™) and a one-electron reduced
species of the catalyst unit (Cat™) are formed. Subsequently, a sacrificial donor (D) donates
one electron to PS™. In reductive quenching, however, PS™ is first reduced by a sacrificial
electron donor, resulting in a one-electron reduced species of the PS (PS™). Then the
unpaired electron is transferred from PS™ to the catalyst. The latter procedure was utilized
in the majority of the photocatalytic CO> reduction systems (Figure 11) [49], [51], [52].
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Figure 11. Oxidative and reductive quenching in a photocatalytic system (PS:

photosensitizer; Cat: catalyst; D: electron donor reagent).

Phthalocyanines [53], [54], MOFs [55]-[58], oxides [59], [60], LDHs [61], [62], and
most recently Prussian blue analogues have been utilized as heterogeneous catalysts for
photocatalytic conversion of CO., to CO [63]. Notably, the studies on metal
phthalocyanines reveal that capping ligands, which allow partial delocalization, play a
critical role in the catalytic activity and selectivity of the CO2 to CO conversion process

[64], [65].

1.6 Hydrogen Evolution Reaction (HER)

Large-scale generation of hydrogen from renewable solar energy using a catalytic
reaction is an ideal approach for sustainable energy production [31], [66]. Photocatalytic
water splitting is one of the methods for H2 production since it utilizes sunlight energy and

is a low-cost and environmentally friendly method [19], [67], [68]. The water splitting
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processes (HER and OER) at standard conditions have a high positive Gibbs free energy
and are thus thermodynamically unfavorable. Therefore, a suitable photocatalyst is required
for efficient photocatalytic H> evolution. First, solar light absorption is necessary for a
photocatalyst, and the ideal one should include the majority or the whole visible light
spectrum (ca. 400-800 nm, 43% in solar energy). Second, the CB edge of the
semiconductor photocatalyst has to be located at a more negative potential than the H»
evolution (0 V vs. NHE, pH = 0). Besides, effective charge separation, high chemical

stability, and noble metal-free are some other features that must be considered [69]-[71].

After Fujishima and Honda's 1972 discovery of light-driven PEC water splitting using
TiO> as a photocatalyst [72], several studies have been performed to develop an efficient
catalyst for H2 evolution. HER photocatalytic systems generally involve a catalyst, a PS,
and a sacrificial electron donor. The PS serves as both a light absorber and an electron
carrier for the catalyst. Various PSs have been developed, including organic and
organometallic chromophores [73]-[77]. The catalyst in photocatalytic HER receives
electrons from the excited state of the PS (oxidative quenching) or from the PS radical
anion formed by a sacrificial electron donor (reductive guenching). Although metallic
colloidal Pt or Pt-containing complexes exhibit excellent activity for H, generation, they
are rare and expensive [78], [79]. Therefore, noble-metal-free complexes based on cobalt,
nickel, iron, and copper have gained significant attraction over the past decade [11], [29],
[80], [81]. Tertiary amines, alcohols, and ascorbic acid are examples of commonly used
sacrificial electron donors that provide required electrons for HER. Decomposition of
electron donor reagents typically occurs after one-electron oxidation, which produces

protons. Thus, the sacrificial agent is not only the source of electrons but also protons [70].
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1.7 Prussian Blue Analogues (PBAs) for Water Oxidation

Prussian blue analogues (PBAs) are the most well-known cyanide-based compounds,
known as microporous coordination polymers with a 3D open framework structure. The
general formula of a PBA is AxnM 3-x[M’"(CN)e]2-nH20 (where A is an alkali metal cation,
and M and M’ are transition metals), which can be easily obtained by mixing a
hexacyanometalate complex with a 3d transition metal ion. Metal cations in PB structures
are linked together by cyanide bridging ligands, generating a cubic coordination network.
The incorporation of various 3d transition metal ions into PBAs allows for a systematic
study of the water splitting process [82]-[84]. Figure 12 shows the typical crystalline

structure of a cobalt-based PBA, cobalt-iron PBA (CoFe-PBA).
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Figure 12. Synthesis method and structure of CoFe-PBA (Reprinted with permission from
John Wiley and Sons, Ref. [84] Copyright © 2021, WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim).
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1.7.1 Cobalt—Iron PBA

A cobalt-based PBA was used as one of the first non-oxide heterogeneous WOCs in
2013 [85]. The metal ions that are connected through a cyanide group yield a rigid and
robust structure, which is stable even under harsh electrocatalytic and photocatalytic
conditions over a wide pH range, pH 1—13 [86]. The iron sites in a CoFe-PBA network,
which are coordinated with cyanide groups, are catalytically inactive. A cobalt cation is
surrounded by a combination of nitrogen atoms of cyanide groups and water molecules
(Figure 13). Since the cobalt ion in the PB structure is easily oxidized to higher oxidation

states, it is a suitable catalytic site for the oxidation of water [84].
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Figure 13. Characteristic features of each constituent in a CoFe-PBA (Reprinted with
permission from John Wiley and Sons, Ref. [84] Copyright © 2021 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim).

Because of many critical features, cobalt-based PBAs are ideal catalytic compounds for
water oxidation. PBA synthesis can be modified to provide a specific morphology for the
desired application using earth-abundant, non-toxic, and low-cost precursors. Unlike the
majority of typical oxide-based WOCs, PBAs are stable in acidic media. Since the cyanide
bridging group forms micro-channels with a diameter of around 5 A, PBAs are considered

as one of the earliest coordination polymers, which allow small molecules, including water
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and oxygen, to move through the structure. Moreover, fast electronic communication

between metal ions is provided by the short cyanide linker [84].

1.7.2 Photocatalytic Water Oxidation

It is important to note that PBA materials have a poor light-absorbing property. As a
consequence, the general strategy is to couple PBA with a suitable PS and/or semiconductor
to utilize them for the light-driven water oxidation process. In such a design, the VB of the
semiconductor (or HOMO level of the PS) is expected to be lower than the HOMO level
of the PBA structure for effective charge transfer. As a result, the hole generated in the VB
of the semiconductor upon excitation can be injected into the HOMO level of PBA to
activate the catalytic site. An electron acceptor in the electrolyte extracts the electron from

the CB for charge balance (Figure 14).
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Figure 14. An estimated band structure of an SC—PB hybrid assembly for water oxidation

process (pH = 7) involving the electron transfer mechanism.

The CoFe-PB structure offers an excellent catalyst for water splitting cells because its
HOMO level is placed at a lower energy state than the water oxidation potential. The
photocatalytic activity of CoFe-PB has been investigated in the presence of various

chromophores such as [Ru(bpy)s]?*, Ru—poly(4—vinylpyridine), and porphyrin derivative
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[85], [87], [88]. Besides, several semiconductors have been combined with CoFe-PB to

construct water oxidation photoanodes [89], [90].
1.7.3 Catalytic Mechanism

Similar to the oxide-based materials, the 4e” mechanism includes oxidation and
activation of the catalytic site through four proton-coupled electron transfer (PCET) steps
to achieve a high-valent metal-oxo species. A nucleophilic water molecule attacks this
active species to produce a peroxo species, which is ultimately liberated as an oxygen
molecule. The 4e” water oxidation process proceeds in a single cobalt site due to a relatively
long distance between two cobalt ions. Both oxidation of Co®* to a higher oxidation state
and the nucleophilic attack of the water molecule to a cobalt-oxo species are key steps, and
one of them could be assigned as the rate-determining step in the water oxidation process

(Figure 15) [84].

ES
b ES
/.\\/
PS* PS

2 i Fe!"Co''-OH, P o +H ]
“hona,, hy
hy PS
,> FeCo'''(4h*)-O-0O-

Fe"Co'"'(h*)-OH

ES
\ ES
_
\ . P’
H,0 e+ H* 3
/ 2 e +H s
Fe!"Co"(3h*)~O-OH == FclICo!V (2h 1)=0 :
v

e¢e” + H*

N
PS s’
\ )/.‘ )
hyv o \\
ES

Figure 15. The responsible PCET mechanism for photocatalytic water oxidation with
CoFe-PBAs (PS: photosensitizer, ES: electron scavenger; Reprinted with permission from
John Wiley and Sons, Ref. [84] Copyright © 2021, WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim).
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1.8 2D Semiconductors for Water Oxidation
1.8.1 Layered Double Hydroxides (LDHSs)

Layered double hydroxides (LDHs) or hydrotalcite-like compounds are a class of 2D
materials composed of positively charged layers. The general formula of LDHs can be
represented by [M12*My3*(OH)2]* [Axn]"™.mH20, where M?" and M3* are divalent and
trivalent metal cations coordinated octahedrally by hydroxyl groups in the layers. Water
molecules and charge-compensating anions (A"") are located in between the layers (Figure
16). In previous studies, numerous synthetic protocols such as hydrothermal/solvothermal
method, co-precipitation, electrodeposition, and ion-exchange approach have been
employed in the preparation of LDHSs, achieving successful progress. There is a growing
interest in these materials because of the compositional flexibility afforded by their
considerable tunability in terms of the variety of metal cations, the M?*/M3* molar ratios,
and the type of interlayer anions. LDHs have several applications in the field of
heterogeneous catalysis due to their vast range of physical and chemical properties [91]-

[94].
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Figure 16. The idealized structure of carbonate-intercalated LDHs.
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Delamination of LDHs is an interesting approach that yields positively charged thin
platelets with a thickness of a few atomic layers. Compared to other layered materials, the
exfoliation of LDHSs is more challenging. The high charge density of the LDHSs layers and
the high anion amount create strong interlayer electrostatic interactions between the sheets
and a prominent hydrophilic nature [95]. Nevertheless, LDHs have been widely used in
photocatalytic water splitting without exfoliation due to their abundant active metal centers,
efficient visible light harvesting property, and their proper band alignment with respect to

HER [96], [97], [106]-[108], [98]-[105].

Among the various transition metal LDHs, Zn-Cr LDH (ZnCr-LDH) is an n-type
semiconducting material with enhanced photocatalytic activity. Although LDHSs have been
extensively employed for photocatalytic water splitting, only a few studies have used ZnCr-
LDH as a narrow bandgap semiconductor for the photocatalytic water oxidation process
[109]. ZnCr-LDH has attracted the interest of several studies in the past few years, which
has been employed either as an individual photocatalyst [110]-[112] or as part of a
heterostructure consisting of a combination of semiconductors for overall water splitting
[113]-[115]. Although ZnCr-LDH possesses a proper band energy alignment for visible-
light-driven water oxidation, poor charge mobility in LDHs leads to unavoidable
recombination of photo-induced charge carriers, thus, inhibits their efficiencies [109]. For
this reason, various strategies to suppress photogenerated charge recombination and
improve the interfacial kinetics of LDH materials are necessary to promote LDH-based
water splitting technologies [116]-[119]. Although ZnCr-LDH has been coupled with other
semiconductors for photocatalytic applications, it has not yet been combined with a water

oxidation catalyst.

Such a design requires the coupling of two components with matching band energies
for efficient charge separation. CoFe-PBA has recently been acknowledged as an efficient
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and robust WOC, and could be an ideal co-catalyst to be coupled with a ZnCr-LDH since
i) it is a precious-metal-free compound, ii) it can be prepared via straightforward solution
chemistry, and iii) our previous studies suggest that CoFe-PBA is projected to have a proper
band energy alignment that can facilitate charge transfer from the valence band of ZnCr-

LDH to water oxidation reaction [87], [88], [120]-[122].

1.8.2 Niobate Nanosheets

The photocatalytic activity of a semiconductor can be enhanced by increasing the
crystallinity and surface area. High crystallinity decreases the number of structural defects
and vacancies that may serve as electron—hole recombination sites. Moreover, a large
surface area provides more active sites, which supplies more redox reactions on the surface.
However, it is difficult for typical bulk materials to achieve both high crystallinity and high
surface area. Metal oxide nanosheets offer many advantages that make them ideal for
photocatalytic applications compared to similar 3D materials. Nanosheets are generally
single-crystalline and have an extremely high surface-area-to-volume ratio, allowing them
to achieve both high crystallinity and a large surface area. In addition, the nanoscale
thickness promotes the migration of photogenerated electron—hole to the surface, which
enhances charge separation and suppresses recombination reaction. They can also be used
as building blocks for the development of new materials with long-range controlled

structure periodicity [40], [123].

2D layered perovskites have attracted attention since their electronic properties and
surface areas could be easily modified by ion exchange, intercalation, and reconstruction
of the layered structure after exfoliation [39], [123], [124]. One of the typical examples of
layered oxides, KCa2Nb3O1o (Figure 17), exhibits a Dion-Jacobson type layered perovskite

structure with negatively charged metal oxide sheets (Ca2Nb3O10") separated by potassium
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ions [123]. These perovskite sheets can readily be obtained after proton exchange and
exfoliation reactions. The dimensionality of the structure is reduced from a bulk one to 2D
nanosheets with the exfoliation process, which provides high surface area, improved
electrical properties, and enhanced photocatalytic activities [125]-[127]. Furthermore, 2D
nanosheets of exfoliated layered perovskites can be used as building blocks in the design
and development of novel materials for various applications. Dye molecules, oxides,
quantum dots, and even metallic nanostructures have previously been incorporated into the
layered niobates using the method mentioned above [128]-[135]. This approach holds the
potential not only to inhibit the recombination of electron—hole pairs by stimulating charge

separation but also to develop semiconductor—catalyst hybrid assemblies.

Figure 17. Structure of KCa2Nb3O10 (Reprinted with permission from American Chemical
Society, Ref. [136] Copyright © 2009, American Chemical Society).

Previous reports on layered niobates and CoFe-PBA reveal that they could collaborate
for a photocatalytic water oxidation process due to their proper energy level alignments
[84], [137]. Although bare layered niobates are suitable candidates for HER, they must be

either sensitized or coupled with a catalyst for the water oxidation reaction. It has been
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claimed in several studies that the exfoliation/restacking route is essential for oxygen
evolution from niobate sheets [40], [137]-[139]. Restocking increases the surface area and
improves the accessibility of reactant molecules, such as water, to catalytic sites on
nanosheets. Platinum nanoparticles, 3d metal oxides, and ruthenium trisbipyridyl
complexes have previously been intercalated into niobate oxide sheets [134], [135], [140].
On the other hand, CoFe-PBAs have previously been combined with PSs and/or
semiconductors for the light-driven water oxidation process. For the development of PB-
based photocatalytic hybrid assemblies, various components have been utilized, ranging
from ruthenium PSs to porphyrin derivatives, oxide-based semiconductors, LDHs [87],
[88], [120], [141]-[143]. Herein, we combine a layered niobate and a CoFe-PB structure to
develop a semiconductor—catalyst hybrid assembly for the photocatalytic water oxidation

process.

1.9 Ruthenium-based Photosensitizers

In the photocatalytic CO.RR and HER studies, [Ru(bpy)s]** (bpy = 2,2'-bipyridine)
complex and its derivatives have been the most commonly used redox PSs. These
photoactive complexes exhibit unique redox and photochemical properties.
[Ru(bpy)s]**complexe absorbs visible light very effectively due to the characteristic metal-
to-ligand charge transfer (*MLCT) from the d orbitals of the Ru(ll) center to the =~ orbital
of ligands. The singlet excited state (S = 0; “[Ru(bpy)s]**) created upon excitation rapidly
converts into a triplet state (S = 1; “[Ru(bpy)s]**), 3MLCT, through intersystem crossing
due to the strong spin—orbit coupling effect of ruthenium. With a t = 0.6 ps, this excited
state is long-lived enough to interact with other solute molecules before being deactivated.
The energy difference between the ground state and "[Ru(bpy)s]** is 2.12 eV. As an electron

is present in the 7~ antibonding orbital of one ligand, this excited state serves as a strong
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reducing agent with a standard potential of —0.86 V vs. NHE. Additionally, “[Ru(bpy)s]**
can also act as a powerful oxidizing agent with E° = 0.84 V vs. NHE due to the existence
of an unoccupied d orbital at the metal center (Figure 18). The reactivity of the excited state
as a reducing or oxidizing species is determined by the types and amounts of redox

components [29], [144]-[146].
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Figure 18. Molecular quantities of [Ru(bpy)s]** relevant for electron transfer processes.
Reduction potentials are referred to as NHE (Reprinted with permission from John Wiley
and Sons, Ref. [146] 2015, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim).

Photoexcitation of ruthenium-based PSs may lead to the decomposition and formation
of [[Ru(bpy):L2]™*—type complexes (L = solvent, CO, or CI). Since the decomposed
complex might act as a catalyst, photocatalytic CO2RR and HER occur even without the
catalyst. The combination of [Ru(bpy)s]** and transition metal complexes (as the catalysts)
improves electron transfer between two components for efficient catalytic reaction in the
presence of the sacrificial electron donor reagent. Since the HER competes with CO2RR,
the catalyst should have a low ability to evolve H.. Therefore, the HER must be suppressed

during the photocatalytic CO> reduction process [49], [51].
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1.10 Sacrificial Electron Donor

The selection of sacrificial electron donor (D) can significantly impact the
photocatalytic system's activity. Since the back electron transfer from PS™ to D** decreases
the efficiency of the photocatalytic system, the stability of D*" has a critical effect on the
activity, and it should be sacrificially decomposed to prevent the oxidation of PS™". Another
critical point for consideration is that the final oxidation product of the sacrificial electron
donor may react with the catalyst and PS intermediate species to decrease the photocatalytic
activity. Triethylamine (Eox = 0.96 V vs. SCE in benzene) and triethanolamine (Eox = 0.80
V vs. SCE in acetonitrile) are the well-known sacrificial electron donors for photocatalytic

CO2RR and HER [49].

1.11 Metal Dicyanamides for CO2RR and HER

Dicyanamide (dca), [N(CN)2] ", is an N—donor bridging group, which forms polymeric
compounds with transition metals by using its nitrogen atoms for coordination. It is
considered a pseudo-halide as it displays chemical and coordination properties similar to
group 17 anions [147]. The dca anion is a relatively weak field ligand compared to the
cyanide anion, which stabilizes high spin states. Unlike the well-studied cyanide ligand,
which can only accept one coordination mode, this ligand can adopt a variety of
coordination modes in its chemistry: i) monodentate via one of the nitrile nitrogen atoms
(Figure 19a), ii) bidentate through both nitrile N atoms (Figurel9b), or one nitrile and the
central amide N atom (Figure 19c¢), iii) tridentate through both nitriles and the amide N
atom (Figure 19d), and v) tetradentate, in which the central amide and one of the nitrile
nitrogen atoms are u—coordinated, and the remaining nitrile atom is bis-bidentate to two

separate metal ions (Figurel9e) [148], [149].
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Figure 19. Dicyanamide coordination modes.

The structure of Co(dca). contains 3D networks of octahedral metal ions connected by
p—dca ligands. The network is similar to that of rutile (TiO2), consisting of four nitrile
nitrogen atoms in the equatorial plane and two axially-bonded amide-N atoms from six
different dicyanamide ligands (Figure 20). The Co—N (amide) bonds are longer than the
Co-N (nitrile), while the difference is less than 0.1 A [150], [151]. Furthermore, a relatively
short dicyanamide bridging ligand allows magnetic and electronic communication between
metal ions. This communication also provides partial electron transfer between neighboring

metal ions, utilized for electrocatalytic and magnetic studies [147], [152].

While a single semiconductor may perform both light-harvesting and catalytic
functions, the majority of published systems consist of a light-absorber component
combined with a catalyst such as a metal complex, an enzyme, or inorganic particles [25].
For a long time, most studies in the field of visible-light-driven CO2RR and HER have used
ruthenium-based complexes as the PS due to their unique redox and photochemical

properties [49], [50], [153]-[160].
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(a) (b)

Figure 20. (a) Coordination of the triply coordinating dicyanamide anion to Co, (b) 3D

structure of Co(dca)2 (Color code: Co = blue; C = gray; N = orange).

Thus, the photocatalytic performance of several cobalt-containing compounds has been
evaluated in the presence of a [Ru(bpy)s]** (bpy = 2,2"-bipyridine) PS/a sacrificial electron
donor pair[55], [60], [168], [169], [76], [161]-[167]. Given the partial electron
delocalization and the proper coordination environment of cobalt ions in cobalt
dicyanamide (Co-dca), we aim to utilize a dicyanamide-based coordination polymer for
photocatalytic CO> reduction and hydrogen evolution for the first time. The photocatalytic
activity of a 3D coordination compound, Co(dca)., was investigated in the presence of
[Ru(bpy)s]** as the light-harvesting component and various sacrificial electron donor

agents.

1.12 Thesis Outline

Chapter 2 provides detailed information about the characterization methods used in this
thesis, including materials characterizations, optical characterizations, photocatalytic
experiments, and photoelectrochemical measurements. A brief explanation of the

theoretical background is also included.
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In chapter 3, ZnCr-LDH as the SC and CoFe-PBA as the WOC were combined to afford
an earth-abundant photocatalytic hybrid structure. The experimental parameters, including
the weight ratio of components, are investigated and optimized. Moreover, the band energy

structure of hybrid assembly is extracted from optical and electrochemical results.

In chapter 4, the CoFe-PBA water oxidation catalyst is coupled with Dion—Jacobson
type niobate nanosheets, which produces a p—n junction. The semiconductor—catalyst
hybrid structure is characterized, and photocatalytic performance is investigated.
Furthermore, photoelectrochemical studies are performed to understand the electron

transfer mechanism.

Chapter 5 presents our first study on the Co-dca coordination network as a catalyst. For
the first time, the catalytic activity of Co-dca for the CO2RR is evaluated in the presence of
a ruthenium-based PS. A series of photocatalytic experiments under various reaction
conditions are performed to display the role of the PS, the scavenger, and the solvent in the

selectivity and the activity of the catalyst.

In chapter 6, Co-dca is also studied as a hydrogen evolution catalyst in the presence of
a Ru PS and triethylamine as a sacrificial electron donor. We also explore the structural

and morphological effects of triethylamine on the Co-dca network.
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Chapter 2

Characterization Methods and Instrumentation

This chapter offers an overview of various experiments and characterization
techniques, along with the theoretical background required to understand the measurements

performed.
2.1 Material Characterizations

For structural characterization of as-synthesized and post-catalytic samples, we used

the following instruments:

X-ray diffraction (XRD): Crystallographic structures of materials were determined by
a Pananalytical X’PertPro multipurpose X-ray diffractometer (MPD) with Cu K, X-ray
radiation (A = 1.5405 A) operating at 45 kV/40 mA. The powder samples were pressed into
a silicon single crystal and placed in the diffractometer to be scanned within the range of

3—80° with a scan rate of 0.04 deg s 1.

Attenuated total reflectance—Fourier transformed infrared (ATR—-FTIR)
spectroscopy: The ATR-FTIR measurements were carried out by a Bruker Alpha Platinum-
ATR spectrometer with a diamond sample holder. The spectra were collected in
transmittance mode with a resolution of 4 cm™, 64 scans/spectrum, and a wavenumber

range of 400 to 4000 cm 2.
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X-ray photoelectron spectroscopy (XPS): XPS measurements were performed using a
Thermo Scientific K-Alpha X-Ray Photoelectron Spectrometer system equipped with an
Al K, micro-focused monochromator source and accompanied by a flood gun for charge
neutralization. All spectra were conducted using the aluminum anode (Al K, = 1486.6 eV),
which operates at a 400 um spot size. The survey spectrum was obtained with a pass energy
of 200 eV and a step size of 1 eV. In order to get high-resolution spectra, pass energy of 30
eV was employed, with a step size of 0.1 eV. Powder samples were spread on a conducting

copper tape for measurement.

Scanning electron microscopy (SEM): The morphology and chemical composition of
the samples were examined by an SEM (FEI-Quanta 200 FEG ESEM) with an energy
dispersive X-ray spectrometer (EDS) analyzer. Powder samples were placed on carbon tape

for measurement.

Transmission electron microscopy (TEM): TEM, scanning transmission electron
microscopy (STEM), and high angle annular dark field (HAADF) imaging were carried out
at 300 kV using an FEI Technai G2 F30 transmission electron microscope. For the sample
preparation, powder samples were dispersed in ethanol and dropped on a carbon-coated
copper grid. For elemental analysis, EDX was performed with 100 keV incident electron

energy.

2.2 Optical Characterizations

The interaction between light and materials may also provide valuable information
about samples. To understand the light-dependent processes, we have employed below

optical methods:

Ultraviolet—Visible (UV—Vis) spectroscopy: The optical absorption properties of the

samples were studied via UV—Vis spectroscopy using a Cary 5000 UV-A-VIS—-NIR

32



spectrometer equipped with a Varian Cary 2500 Internal Diffuse Reflectance (DR)
accessory. The spectra were obtained in a wavelength range of 200—800 nm with a scan
rate of 600 nm min™*. The spectra of powder samples were recorded in diffuse reflectance

mode.

Kubelka—Munk transformation: One of the typical methods for determining the
optical band gap of materials is the diffuse reflectance technique, where the propagation of
light through inhomogeneous media results in light scattering [170]. For this aim, the
UV-Vis spectra of powder samples were collected in diffuse reflection mode, and the
Kubelka—Munk model extracted the absorption value of the materials. The well-known

Kubelka-Munk function F(Rx) is:

(1-R,)’ K
= (6)

FRD= R, =

- g Ram
In this equation, R,,=—22pc

standard

is the reflectance, K is the Kubelka—Munk absorption

constant, and S is the Kubelka-Munk scattering constant (The <o subscript indicates that the
sample is infinitely thick, which means that none of the irradiated light penetrates to the

bottom of the sample holder) [170]-[172].

Band gap energy determination: The optical band gap energy of materials can be

estimated by converting the Kubelka—Munk absorption data into Tauc’s plot using:

(ahv)'" = A(hv — Eg) (7

where a, h, v, A, and Egq are the absorption coefficients, Planck constant, light frequency,
the proportionality constant, and band gap energy, respectively. The exponent n indicates
the transition properties in a semiconductor, where n = 1/2 and n = 2 are used for direct and
indirect transitions, respectively. The band gap energy was found by extrapolating the

linear part of the curve to the x-axis [171].
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Photoluminescence (PL) spectroscopy: The PL spectra were conducted using a Jobin-
Yvon Horiba Fluorolog-3 equipped with a Hamamatsu R928 P detector and a 450 W ozone-
free Osram XBO xenon arc lamp. The spectra were recorded by dispersing samples in water

using a quartz cuvette.
2.3 Photocatalytic Experiments

In order to detect evolved gas during the photocatalytic experiments, a quartz round-
bottom flask capped with septa was used as the reactor. In a typical experiment, the reactor
was filled with an appropriate solution and a certain amount of materials (detailed
information about the solution and containing materials are explained in the experimental
procedure of each chapter). The reaction solution was degassed by bubbling N2 (for OER
and HER) or CO2 (for CO2RR) gas for 30 min before light irradiation. A Xe lamp
(Sciencetech, Model SLB-300B, 300 W; AM 1.5 global filter) was used to simulate
sunlight of 200 mW cm™2 (1 sun). A 420 nm long—pass filter was utilized for experiments
carried out under visible light. The amount of generated gas was determined by injecting
100 pL of the reactor headspace into an Agilent 7829A gas chromatograph (Agilent
Technologies, Wilmington, Delaware, USA). The GC was equipped with a thermal
conductivity detector (TCD), one split/splitless inlet (2:1 split ratio), and an Agilent
19095P-MSO0 column (30 m x 530 um x 25 um HP-PLOT MoleSieve 5 A). The oven
temperature was set to 40 °C; the temperatures of both the inlet port and the detector were
kept at 100 °C. Argon gas was used as the carrier gas at a flow rate of 4 mL/min. The
injection was performed by a Hamilton SampleLock syringe (1750SL, volume 0.5 mL,

needle size 22 ga bevel tip, and needle L 51 mm).
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2.4  (Photo)electrochemical Measurements

(Photo)electrochemical measurements were performed using a Gamry Instruments
Interface 1000 potentiostat/galvanostat. A standard three—electrode cell (Bob’s cell) was
used, with Ag/AgCl (3.5 M KCI) as the reference electrode, a Pt mesh as the counter
electrode, and a fluorine doped tin oxide (FTO; 1 x 2 cm; 2 mm slides with 7 Q sq* surface
resistivity and ~80% transmittance) as the working electrode. After the measurement, the
applied potentials (Eagiagci) Were converted to the normal hydrogen electrode (NHE) with

the Nernst equation:

EnHe = Eagiagel + E agiagel (8)

where Enue is potential estimated vs. NHE, Eag/agal is measured potential vs. Ag/AgCI
electrode, and E’ag/agcl = 0.205 V is the standard electrochemical potential of the Ag/AgCl

electrode.

Before electrode preparation, the FTO slides were washed by ultrasonication for 10 min
each in a basic soapy solution, deionized water, and isopropanol and then annealed at 300
°C for 30 min. The photoanodes were prepared by a drop-casting method. A suspension of
the photocatalyst powder (2 mg) and methanol (200 puL) was prepared by ultrasonication
for 30 min. Subsequently, 30 uL of the suspension was dropped uniformly on the FTO slide
(1 cm?), and dried at 75 °C. The KCazNbsO10—containing electrode was annealed at 300 °C
for 30 min. All (photo)electrochemical measurements were performed in 0.1 M phosphate
buffer solution (PBS; pH 7) containing 0.5 M Na>SO4 or 1 M KNO3 at room temperature.
Prior to each experiment, the electrolyte solution was bubbled with N2 gas for 15 min to

remove dissolved O».

Cyclic voltammetry (CV): This method involves applying an external voltage at a

specific scan rate and recording the output current as a function of this bias. Note that the
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applied potential is cycled, i.e., the electrode is alternately reduced and oxidized. This
technique demonstrates the typical oxidation and reduction peaks of materials, along with
their reversibility. CV measurements were accomplished under dark conditions and at a

scan rate of 50 mV s 1. 5 CV scans were performed to achieve a stable response.

Chronoamperometry (CA): The CA experiment measures the steady-state current at a
fixed voltage as a function of time. CA measurements were performed under chopped

illumination at a fixed potential of 1 V (vs. NHE).

Mott—Schottky Analysis: The flat band position of the samples can be determined by

Mott—Schottky analysis with the following equation:

1
@ B €0€,eNp

[V—Vpg — T] 9)

where C is the interfacial capacitance, €o is the vacuum permittivity, & is the dielectric
constant of the semiconductor, Np is the carrier density, V is the applied voltage, ks is
Boltzmann’s constant, T is the absolute temperature, and e is the electronic charge. The
interception point of the linear region of the 1/C? vs. the applied potential (V) curve with
the horizontal axis corresponds to Ves [173]. The Mott—Schottky experiments were
performed at frequencies of 0.5, 1, and 5 kHz (the 1 kHz result was reported) with the

voltage step of 50 mV, in which the Rs was assumed in series with C.
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Chapter 3

Photocatalytic Water Oxidation by a Layered
Double Hydroxide-Prussian Blue Analogue Hybrid
Assembly
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This chapter is based on the publication: S. S. Akbari and F. Karadas, “Precious Metal-
Free Photocatalytic Water Oxidation by a Layered Double Hydroxide-Prussian Blue
Analogue Hybrid Assembly,” ChemSusChem, vol. 14, no. 2, pp. 679-685, 2021
(Reproduced with permission from John Wiley and Sons, Ref. [142] © 2021, Wiley-VCH

GmbH).
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3.1 Experimental Procedure

3.1.1 Materials

Zinc(1l) nitrate hexahydrate (Zn(NO3z)2:6H20, Sigma Aldrich, 98%), chromium(lll)
nitrate nonahydrate (Cr(NO3)3-9H20, Sigma Aldrich, 99%), sodium hydroxide (NaOH
Sigma Aldrich, 99%), sodium carbonate (Na.COgz, Sigma Aldrich, 99%), cobalt(Il) nitrate
hexahydrate (Co(NOs3).-6H20, Alfa Aesar, 99.9%), potassium hexacyanoferrate(ll)
(K3[Fe(CN)s], Sigma Aldrich, 99%), sodium persulfate (Na2S20sg, Sigma Aldrich, >99%),
silver nitrate (AgNOs, Sigma Aldrich, 99%), potassium nitrate (KNOs, Sigma Aldrich,
99%), ethanol (EtOH). Potassium phosphate buffer solutions were prepared by 0.1 M
KH2PO4 and 0.1 M K>HPOg4 diluted in 500 mL deionized water with a pH close to 7.

Deionized water (resistivity: 18 M{/cm) is used in all experiments.

3.1.2 Sample Preparation

Synthesis of ZnCr-LDH: The co-precipitation method was used to synthesize ZnCr-
LDH, similar to the reported procedure with slight modifications [113]. Zn(NO3)2-6H.0
and Cr(NOz3)3-9H20 with a Zn:Cr molar ratio of 2:1 were dissolved in 30 mL of deionized
water (solution A). Then, solution A was titrated with another solution containing 1 M
NaOH and 1 M Na>CO3 (solution B) until reaching pH 7—8 under vigorous stirring at room
temperature. The resultant suspension was stirred for 4 h. Subsequently, the mixture was
aged at 85 °C for 22 h. The purple slurry was separated by centrifugation, rinsed with

deionized water, and finally dried at 75 °C.

Synthesis of CoFe-PBA: CoFe-PBA was synthesized by a precipitation method [174].
First, 2 mmol of K3[Fe(CN)s] was dissolved in 20 mL of deionized water. Then, an aqueous

solution of Co(NO3)2.6H20O (3 mmol in 20 mL water) was added dropwise to the above
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solution at room temperature. The obtained slurry was stirred for 1 h and left to stand
overnight. The final precipitate was collected by centrifugation and washed thoroughly

with water. The obtained solid was dried at 75 °C.

Synthesis of LDH-PBA assemblies: For the preparation of LDH-PB assemblies, LDH
and PBA powder samples with specific quantities were dispersed separately in a
water/ethanol (1:1, v/v) mixture and sonicated for 30 min. Then, solutions were mixed with
ultrasonication for 2 h. Subsequently, the mixture was stirred at 60 °C for 6 h (Figure 21).
The resulting materials with 1:1, 2:1, and 2:3 weight ratios are denoted as LDH-PB-1,

LDH-PB-2, and LDH-PB-3, respectively.

‘ NaOH ’ ‘ Zn2* 1 e X
Na,CO, Cr3t [ [

_‘_l
Aging for22 h Stirring
pH=7-8

Drying Drying

ZnCr-LDH CoFe-PBA

Figure 21. Schematic representation for preparing LDH-PB-n hybrid assemblies by mixing
ZnCr-LDH and CoFe-PBA at 60 °C with different weight ratios.
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3.1.3 Photocatalytic Experiments

The photocatalytic experiments for oxygen evolution were performed in a 21 mL Pyrex
reactor. Catalysts (28 mg; 14 mg for experiments involving bare PBA and LDH samples)
were dispersed in an aqueous buffer solution containing 5 mM NaS20s as a sacrificial
agent. The headspace of the flask was sealed with septa, and the reaction mixtures were
purged thoroughly with N2 to remove air. A Xe lamp (300 W; AM 1.5 global filter.) with
a UV cutoff filter (A > 420 nm) was used as a light source. The amount of evolved oxygen
was determined by injecting 100 pL of the reactor headspace gas into a GC. For each

sample, photocatalytic tests were repeated 3 to 5 times to achieve reliable results.

3.2 Results and Discussion

3.2.1 Structural and Morphological Characterization of Materials

ZnCr-LDHs and CoFe-PBAs have been prepared according to previously reported
synthetic methods. The compounds were then mixed at 60°C with different weight ratios
to afford hybrid assemblies symbolized as LDH-PB-n (n = 1, 2, and 3). All characteristic
peaks of an LDH and a PB structure were observed in powder XRD patterns of samples
(Figure 22a). The diffraction peaks at 11.7° and 23.5° that are observed for ZnCr-LDH are
assigned to (003) and (006) lattice planes of LDH structure, while the ones at 17.5° and
24.8° observed for CoFe-PBA correspond to (200) and (220) lattice planes of cubic PB
structure, respectively (Table 1) [112], [174]. These peaks are also observed for LDH-PB-
1 without any significant shift, which suggests a physical interaction between components
in LDH-PB-1. The relative intensities of the diffraction peaks that belong to PB structures
in LDH-PB-1 decrease, and they get broader compared to CoFe-PBA. The average particle
size for (200) plane of PB was calculated for LDH-PB-1 and CoFe-PBA samples by the

Scherrer equation:
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d=0.91/f cosb

9)

where B is the full width at half-maximum (FWHM) of the (200) plane, 6 is the diffraction

angle for the corresponding peak, and A is the X-ray wavelength [175]. The results indicate

that the particle size is reduced from 13 nm to 11 nm during the formation of the hybrid

assembly.
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Figure 22. (a) XRD patterns, and (b) ATR-FTIR spectra of LDH, PBA, LDH-PB-1, LDH-
PB-2, and LDH-PB-3 samples.

Table 1. Diffraction planes of samples and corresponding 26.

sample Diffraction planes of ZnCr-LDH (degree) | Diffraction planes of CoFe-PBA
(degree)

(003) | (006) | (009) | (110) | (113) | (200) | (220) | (400) | (420)

ZnCr-LDH | 11.7° | 23.5° 34.2° 59.5° | 60.8° - - - -
CoFe-PBA - - - - - 17.5° 24.8° | 35.1° | 39.6°
LDH-PB-1 | 11.6° | 23.5° 34.2° 59.4° | 60.7° 17.8° 25.2° | 35.1° | 39.6°
LDH-PB-2 | 11.6° | 23.5° 34.2° 59.4° | 60.7° 17.8° 25.3° | 35.1° | 39.6°
LDH-PB-3 | 11.7° | 23.6° 34.2° 59.5° | 60.8° 17.8° 25.2° | 35.1° | 39.6°

The FTIR spectra for ZnCr-LDH and LDH-PB-n reveal a broad band at 3370 cm™ and

a sharp one at 1632 cm™?, which are attributed to the M—O-H stretching mode and the

bending mode of H,O. The broadness of the O—H band indicates the presence of hydrogen
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bonds between water molecules and anions in the interlayer space of LDH. The two bands
at 1487 cm™* and 1348 cm™ are assigned to the asymmetric stretching of the carbonate
species placed in between the layers. The spectra for CoFe-PBA and LDH-PB-n reveal a
sharp band at 2110 cm™ with two shoulders at 2160 cm™ and 2070 cm™, which are
assigned to Co''-NC—Fe'', Co'"-NC-Fe"', and Co'"-NC-Fe'" coordination modes,
respectively. The relative decrease in the intensity of the shoulder at 2160 cm™* for LDH-

PB-n suggests an electron transfer from LDH to PBA structures (Figure 22b) [176], [177].

Figure 23. SEM images of (a) ZnCr-LDH, (b) CoFe-PBA, and (c) LDH-PB-1. (d) TEM
images of LDH-PB-1. (e) High-angle annular dark field (HAADF) image of the LDH-PB-

1 sample. The inset shows the selected area EDS elemental mapping.

The morphology and structure of the samples were investigated by SEM and TEM

images. The layered structure of ZnCr-LDH was confirmed with SEM analysis (Figure
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23a), which is surrounded by PB structures after mixing to produce hybrid assemblies
(Figure 23b,c). The morphology of LDH-PB-1 has also been investigated with TEM
analysis since it exhibits the highest photocatalytic water oxidation performance (Figure
23d). Scanning TEM (STEM) elemental mapping confirms that CoFe-PBA particles are

distributed on the surface of LDH layers in LDH-PB-1 (Figure 23e) [113], [178].

EDS elemental scanning reveals an elemental ratio of Co:Fe and Zn:Cr as 3:2 and 2:1,
respectively, which is consistent with our synthetic procedure. The decomposition of LDH
during the photocatalytic experiment, as evidenced by the reduced quantity of Zn and Cr
elements in the ZnCr-LDH post-catalytic sample, will be discussed in more detail in section
3.3.2. (Figure 24 and Table 2). EDS mapping indicates that the PB and LDH structures are

well-dispersed to form a uniform hybrid assembly (Figure 25).

O Ka
ZnLa

(a) (b)

CoKa

FeKa
Crka
: [t

ZnKa o
ZaLl | i Ka K Ka Ll
C Ka | CrEb
Y I R PSRN RS TIIT I T g

A { i [ x | Cokb
M PR o i

. ’ PPN A Vv . A LU LR T R AT TR 1T I T T T

1.00 2.00 3.00 4.00 500 6.00 7.00 8.00 9.00 10.00 keV 1.00 2.00 3.00 4.00 S5.00 6.00 7.00 8.00 9.00 10.00 keV

oK

(c

ZnK

Mty P Iy (.:-On | IaE

1.00 2,00 3.00 4.00 5.00 6.00 7.00 8.00 9.0010.0011.0012.0013.00 keV

Figure 24. SEM-EDS analysis of (a) ZnCr-LDH, (b) CoFe-PBA, and (c) LDH-PB-1

samples.
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Table 2. Atomic percent of elements for pristine and post-catalytic samples.

Sample Co Fe Zn Cr C N 0] K P
CoFe-PBA 22 13 - - 30 30 3 2 -
ZnCr-LDH - - 20 10 7 - 63 - -

LDH-PB-1 6 4 7 4 27 21 30 1 -

ZnerlDH-—) 1 s 7 | 6 | - |64 | 2 |6
postcat.
LDH-PB-1- | & | 4 6 3 | 23| 18 | 34 | 4 | 2
postcat.

Figure 25. SEM image and related EDS elemental mappings of Fe, Co, Cr, and Zn for
LDH-PB-1 sample.
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The possible electron transfer between LDH and PB is also observed in XPS studies.

Figure 26 shows corresponding binding energies for Co 2p, Fe 2p, N 1s, and C 1s, which

are in good accordance with the expected profiles of CoFe-PBA. The Fe 2p spectrum

consists of +2 and +3 oxidation states. The peaks at binding energies of 708.5 and 721.4

eV correspond to 2ps2 and 2pas2 of Fe?*, and the 2ps2 and 2pas of Fe3* are located at 710.1

and 723.6 eV, respectively [179].
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Figure 26. XPS spectra of the CoFe-PBA sample (a) Fe 2p, (b) Co 2p, (c) C 1s, and (d) N

1s. Circles and lines represent raw data and fitted curves, respectively.

The Co 2p32 and Co 2py2 signals have two main components with shake-up satellite

peaks at higher binding energies. These satellite peaks suggest the existence of a Co?*

oxidation state in the PBA sample [180]-[182]. According to previous studies, the values

of the 2p12—2par peak separation for Co(lll) and Co(ll) complexes are 16 and 15 eV,
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respectively [183]-[185]. The AE (AE = 2p12—2ps/2) value of Co 2p spectrum is about 15.3
eV for CoFe-PBA sample, which is intermediate between Co(ll) and Co(lll) complexes
[186]. These results indicate that cobalt cation involves both +3 and +2 oxidation states,
which is in agreement with the presence of Co"'-NC-Fe", Co"-NC-Fe"", and Co"-NC-

Fe'' coordination modes in the FTIR spectrum of CoFe-PBA sample.

The XPS spectra of bare ZnCr-LDH are shown in Figure 27. The Zn 2p spectrum
displays two distinct peaks of Zn 2ps/2 and Zn 2pu/, at binding energies of 1021.7 and 1044.9
eV, respectively. The Cr 2p doublet (Cr 2ps;2 and Cr 2py2) are located at binding energies
of 577.4 and 586.8 eV, respectively. Three peaks can fit the O 1s region: i) the lattice
oxygen (530.2 eV), ii) the hydroxyl group (531.3 eV), and iii) the carbonate oxygen (532.3

eV) [187].
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Figure 27. XPS spectra of the ZnCr-LDH sample (a) Zn 2p, (b) Cr (2p), and (c) O 1s.

Circles and lines represent raw data and fitted curves, respectively.

46



A comparison of XPS profiles before and after mixing indicates that the binding
energies of Zn 2p and Cr 2p exhibit slightly positive shifts after mixing [115]. On the other
hand, cobalt retains its +2 and +3 oxidation states, while the amount of Fe?* ions in the
mixed-valent iron sites increases upon mixing, suggesting an electron transfer from LDH
to PBA structures (Figure 28) [85]. These results are in accordance with FTIR analysis, in
which the intensity of the shoulder at 2160 cm™ (Co"-NC—Fe'" coordination mode)
decreases while the intensity of the band at 2110 cm™ (Co"'-NC—Fe" coordination mode)

increases after hybridization.
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Figure 28. XPS spectra of the LDH-PB-1 sample: (a) Fe 2p; (b) Co 2p; (c) N 1s; (d) Zn
2p; (e) Cr 2p; (f) O 1s. Circles and lines represent raw data and fitted curves, respectively.
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3.2.2 Photocatalytic Oxygen Evolution

The photocatalytic performances of bare LDH (14 mg) and LDH-PB-n (28 mg) samples
were evaluated by monitoring the amount of generated oxygen from water in the presence
of 5 mM NazS20s as a sacrificial agent under visible light irradiation (Figure 29a). ZnCr-
LDH exhibits a considerable photocatalytic activity, which decreases gradually in the
second cycle (0.64 mmol g* h™1). LDH-PB-1 exhibits a three-fold increase in activity (1.83
mmol gt h™*) compared to bare ZnCr-LDH and CoFe-PBA, which maintains its activity
even during the third cycle (Figure 29b). The trend in the photocatalytic activity clearly
shows that coupling a PBA structure as a WOC enhances not only the activity but also the
stability of LDH structures under photocatalytic conditions. The highest photocatalytic
activity and stability are obtained when the mole ratio of LDH to PBA is 1:1 (LDH-PB-1),

which maintains its activity during a 6 h photocatalytic experiment.
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Figure 29. (a) Bar diagrams of photocatalytic O, evolution of CoFe-PBA, ZnCr-LDH and
LDH-PB-1, LDH-PB-2, and LDH-PB-3 samples (mmol of produced O per g of catalyst)
in a pH 7 KPi buffer containing 5 mM Na2S20s as a sacrificial agent under visible-light
irradiation (A > 420 nm). (b) Rate of O2 generation in 3 consecutive cycles for LDH-PB-1.
After each cycle, 5 mM Na>S>0g was added to the reaction solution.
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When the mole ratio of the LDH component is two times higher than that of the PBA
one (LDH-PB-2), the activity decreases to approximately half its value (0.64 mmol gt h™),
which could be attributed to the decrease in the weight ratio of the catalyst in the assembly.
On the other hand, for LDH-PB-3, which has a mole ratio of 2:3, the activity is ca. 0.87
mmol gt h™* in the first cycle. The activity of LDH-PB-3 in the second cycle is, however,
poorer (0.63 mmol g* h™?) due to a possible photodecomposition. The lower stability in
LDH-PB-3 could be attributed to a higher degree of aggregation of excess PB particles,

which leads to a relatively inefficient electron transfer between components.

Furthermore, the physically mixed LDH+PBA sample displays a similar activity to
LDH-PB-1 over the first cycle, which decreases significantly in the second cycle (Figure
30) due to the decomposition of the ZnCr-LDH structure (Figure 31). These studies indicate
that both the synthetic method and the mole ratio of the components play an essential role
in tuning the physical interaction between the components and, thus, in the activity and

photostability.
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Figure 30. (a) Bar diagrams of photocatalytic O, generation of the physically mixed
LDH+PBA and LDH-PB-1 samples after 2 h. (b) Rate of gas generation in 2 cycles for the
physically mixed LDH+PBA sample.
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Figure 31. XRD pattern for post-catalytic of physically mixed LDH+PBA sample. “p” and
“1” represent CoFe-PBA and ZnCr-LDH peaks, respectively. The additional peaks suggest

the decomposition of the LDH structure.

We also studied the effect of the sacrificial agent by evaluating the photocatalytic
activity of ZnCr-LDH and LDH-PB-1 with AgNO3 as well. While ZnCr-LDH exhibits a
similar activity in the presence of different sacrificial agents, the activity of LDH-PB-1
depends highly on the type of electron scavenger. The activity of LDH-PB-1 is around two
times higher in S,0s?>~ compared to AgNOs (Figure 32). When an electron is added to
persulfate, sulfate (SO42") and a sulfate radical (SO4™) are formed. The intermediate sulfate
radical is a strong oxidant (S042/SO4™~, E°®> 2.4 V vs. NHE), and it can extract an electron

from the conduction band of a semiconductor. [188], [189].

Turnover frequency (TOF) is also an important indicator for comparing the activity of
the catalytic site, which is defined as the number of O2 or H per active catalytic site per
time [190], [191]. A rough molecular formula was extracted from EDS analysis for the

lower-bound TOF value estimation, and all the cobalt sites are assumed to be catalytically
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active. The TOF for LDH-PB-1 is obtained to be around 2.1x10~* s™*, which is comparable

to previously reported TOF values for PB-based systems [85], [87], [88].
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Figure 32. The comparison of AgNOs and Na>S>Og as the sacrificial agent. Bar diagrams
of photocatalytic O, evolution of ZnCr-LDH and LDH-PB-1 samples (a) mmol of produced

O per g of the total amount of catalyst, (b) mmol of produced O, per g of ZnCr-LDH
amount.

3.2.3 Optical Properties and Band Structure Estimation

The band structure and optical properties of ZnCr-LDH, CoFe-PBA, and mixed
samples were investigated with UV—Vis diffuse reflectance spectroscopy (DRS). As
plotted in Figure 33a, ZnCr-LDH exhibits two strong bands at 410 and 570 nm
corresponding to the *Azg — *T1g (F) and *Azg — “T2g (F) d—d transition of chromium ions,
respectively [109], [190], [192]. The absorption band initiated at 344 nm can be assigned
to the ligand to metal charge transfer (LMCT) from the O 2p orbital to the Cr 3d(eg) and
Zn 4s orbitals [193]. When it is coupled with CoFe-PBA, the background absorption of the
compound is significantly increased due to electronic coupling between ZnCr-LDH and
PBA structures. Two broad absorption regions in CoFe-PBA can be attributed to the charge

transfer in the structure [194].
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Figure 33. (a) Diffuse reflectance UV—Vis spectra (plotted as the Kubelka-Munk function
of the reflectance, R) of CoFe-PBA, ZnCr-LDH, and LDH-PB-1 samples. (b) PL spectra
of CoFe-PBA, ZnCr-LDH, and LDH-PB-1 samples (Aex = 290 nm) at room temperature.

The enhancement in the photocatalytic activity of the LDH-PB-1 sample is investigated
by PL spectroscopy. In Figure 33b, ZnCr-LDH displays a remarkable depression of PL
peaks upon hybridization with the PBA structure. Taking into account the higher visible
light absorption of the LDH-PB-1 sample compared to the pristine LDH, the PL results
suggest an efficient electron transfer between ZnCr-LDH and PBA components, which
could sufficiently suppress the recombination of photo-generated electrons and holes [109],

[195].

CV measurements and DRS results were evaluated to estimate the band energy
diagram. The literature is contradictory on the assignment of band energy levels of ZnCr-
LDH mainly due to the presence of 3d? states of Cr** ions in addition to conduction and
valence bands (Table 3). A cyclic voltammogram of ZnCr-LDH is utilized to assign the
position for the d(tog) level, which can be 1.64 V or 1.92 V vs. NHE. In both cases, the
d(tog) state of LDH is more positive than the HOMO level of CoFe-PBA, which is
positioned at 1.48 V vs. NHE (Figure 34). Cyclic voltammograms of CoFe-PBA and ZnCr-
LDH samples indicate that CoFe-PBA exhibits a much lower onset overpotential (~600

mV) for water oxidation than ZnCr-LDH (above 800 mV). Therefore, CoFe-PBA should
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be the water oxidation catalyst in this hybrid assembly. The bandgap of ZnCr-LDH is found

to be 3.97 eV based on the fitting of absorption data with Tauc’s plot (Figure 35).
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Figure 34. Cyclic voltammograms of (a) CoFe-PBA, and (b) ZnCr-LDH in KPi buffer 1
M KNOj solution at pH = 7 and 100 mV.s™ sweep rate.
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Figure 35. Tauc’s plot of ZnCr-LDH for the estimation of the band gap.
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Table 3. Band gap energy estimation of ZnCr-LDH in previous studies.

Photocatalyst Estimated band gap energy Ref.
ZnCr-LDH/titanate ~ 3 eV (d-d transition of Cr®*) [109]
ZnCr-LDH (From Cr-3d-tzg to Cr-3d-eg) [111]
ZnCr-LDH/graphene ~ 3 eV (From O 2p to Cr 3deg) [116]
ZnCr-LDH/POM ~ 3 eV (From O 2p to Cr 3dey) [117]
ZnCr-LDH/graphene 2.12 eV (From Cr-3d-t2g to Cr-3d-eg) [196]
ZnCr-LDH/CdSe 245eV [118]
Tb-ZnCr-LDH 2.3eV [112]
ZnCr-LDH/g-C3Ns 2.76 eV (From O 2p to Cr 3deg) [197]
ZnCr-LDH/Cu,0 2.52 eV [114]
ZnCr-LDH 2.63 eV (From O 2p to Cr d orbitals) [104]
(Theoretical)

ZnCr-LDH/Co(OH). 2.5eV (From O 2p to Cr 3d tz) [113]
ZnCr-LDH/Cu20 3.9 eV (MMCT from Cr 3d(tzg) to Zn 4s) [193]
ZnCr-LDH/MOF 2.6 eV (From O 2p to Cr 3d tzg) [119]

WO;-x/Ag/ZnCr LDH 2.5 eV (d-d transition of Cr®") [115]
ZnCr-LDH 1.93 eV [198]
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As illustrated in Figure 36, the HOMO level of PBA is located at a higher energy level
compared to the d(tzg) level of ZnCr-LDH. The electrons in d(tzg) orbitals of LDH are
excited to the unoccupied interband states by absorbing visible light. As a result, the
photogenerated holes can be injected into the HOMO level of PBA, which causes an

efficient charge separation.
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Figure 36. A schematic illustration for the estimated band structure of the LDH-PB-1
sample (pH = 7), when the d(t2g) level of LDH is assumed to be located at (a) 1.64 V, and
(b) 1.92 V vs. NHE.

3.2.4 Post-catalytic Studies

The robustness of the hybrid assembly is elucidated with XPS and XRD studies
performed on post-catalytic powder samples. For the Cr 2p and Zn 2p bands, a slight shift
to higher binding energy was observed. On the other hand, the corresponding Fe®" peaks
are diminished significantly, while those of Fe?* remain unchanged. These results support
the thesis that electron transfer occurs between LDH and PBA during the photocatalytic
water oxidation process, reducing Fe** to Fe?*. No significant change in the Co 2p profile
is observed in pristine and post-catalytic samples, indicating the stability of the Co?* sites

(Figure 37a-d).

XRD patterns were also studied for pristine and post-catalytic powder samples of CoFe-

PBA, ZnCr-LDH, and LDH-PB-1. Similar to previous studies, the CoFe-PBA sample was
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observed to be stable during the photocatalytic water oxidation process based on the
comparison of XRD profiles of pristine and post-catalytic CoFe-PBA samples (Figure 38a).
ZnCr LDH, however, exhibits additional peaks in the post-catalytic sample, which reveals
that it decomposes partially to K2ZnsO(Cr0O4)4.3H20 under photocatalytic conditions
(Figure 38b). The decrease in the activity of ZnCr-LDH in the 2nd cycle could, thus, be
attributed to its low stability. On the other hand, for LDH-PB-1, all the peaks obtained in
the pristine and post-catalytic samples correspond to those for PB cubic and LDH structures
(Figure 38c). It should be noted that a possible decomposition to an amorphous structure

cannot be ruled out merely based on XRD studies.
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Figure 37. XPS spectra of (a) Zn 2p, (b) Cr 2p, (c) Fe 2p, and (d) Co 2p for pristine (black
line) and post-catalytic (red line) of LDH-PB-1 sample.
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Figure 38. XRD patterns of (a) CoFe-PBA, (b) ZnCr-LDH, and (c) LDH-PB-1 for pristine

(black line) and post-catalytic (red line) samples.

The steady profile of the photocatalytic activity throughout several cycles with LDH-
PB-1 and XRD studies performed on pristine and post-catalytic CoFe-PBA, ZnCr-LDH,
and LDH-PB-1 samples reveal that the LDH structure exhibits a remarkable enhancement
in the stability once it is coupled with CoFe-PBA to form LDH-PB-1. No additional peaks
that can be attributed to a decomposed product are observed in the Infrared spectra of

pristine and post-catalytic samples for ZnCr-LDH and LDH-PB-1 (Figure 39).
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Figure 39. ATR-FTIR spectra of (a) ZnCr-LDH, and (b) LDH-PB-1 for pristine (black
line) and post-catalytic (red line) samples. Inset: The cyanide stretch mode for bare and
post-catalytic samples. The band at 1020 cm™ in post-catalytic samples corresponds to the

stretching modes of remaining phosphate anions of KPi buffer.

The FTIR spectrum of the LDH-PB-1 sample after the photocatalytic experiment shows
an increase in the intensity of the band at 2160 cm™ (Co''-NC—Fe'' coordination mode)
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while the shoulders disappear. These results reveal an electron transfer process between

LDH and PBA, which is consistent with XPS investigations.

3.3  Summary

In summary, the strengths of LDHs and PB structures were combined to develop an
entirely earth-abundant semiconductor-catalyst assembly for the visible-light-driven water
oxidation process. We systematically changed experimental parameters including the
mixing temperature and weight ratio of components and optimized the synthetic
methodology to obtain a combination of enhanced activity and stability. The summary of
photocatalytic performances of previously reported ZnCr-LDHs listed in Table 4 indicates
that LDH-PB assembly exhibits a remarkable activity among LDH-based systems. ZnCr-
LDH is an efficient visible light-absorbing semiconductor, while CoFe-PBA plays an active
role in catalytic water oxidation. The photocatalytic assembly is easy-to-prepare and is
composed of earth-abundant components. The well-placed energy level of the CoFe-PB
structure between the water oxidation and the valence band of ZnCr-LDH makes it an ideal
catalyst for efficient hole transfer from the semiconductor to the water oxidation process.
This efficient electron transfer not only reveals a three-fold enhancement in the
photocatalytic performance compared to bare LDH but also improves its stability under
photocatalytic conditions. We also observed that the mole ratio of LDH and PB components

could be tuned to enhance the activity and stability of LDH-PB assemblies.
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Table 4. A comparison study between the LDH-PB-1 sample in this work and previously

reported photocatalysts for visible-light water oxidation.

) Incident
Light ) O, Evolved
Photocatalyst Light A Scavenger Ref.
Source (mmol gth?)
(nm)
200 W Xe
ZnCr-LDH > 400 0.01 M AgNOs 1.06 [199]
lamp
ZnCr- 450 W Xe
] > 420 0.01 M AgNOs 1.18 [109]
LDH/Titanate lamp
ZnCr- 450 W Xe
> 420 0.01 M AgNOs 1.2 [116]
LDH/Graphene lamp
450 W Xe
ZnCr-LDH/POM > 420 0.01 M AgNOs 2.4 [117]
lamp
Tb doped ZnCr- 150 W Xe
> 420 0.01 M AgNOs 1.02 [112]
LDH lamp
300 W Xe
ZnCr-LDH/Cu,O > 400 Pure water 0.022 [114]
lamp
ZnCr- 125 W Xe
> 420 0.05 M AgNO; 14 [113]
LDH/Co(OH), lamp
ZnCr-LDH/CoFe- 300 W Xe This
> 420 5 mM NazS;0s 1.60
PBA lamp Work
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Chapter 4

Photocatalytic Water Oxidation with a CoFe
Prussian Blue Analogue—Layered Niobate Hybrid

Material

This chapter is based on the publication: S. S. Akbari, U. Unal, and F. Karadas,
“Photocatalytic Water Oxidation with a CoFe Prussian Blue Analogue—Layered Niobate
Hybrid Material,” ACS Appl. Energy Mater., vol. 4, no. 11, pp. 12383-12390, 2021
(Reproduced with permission from American Chemical Society, Ref. [200] Copyright ©

2021, American Chemical Society).
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This work was carried out in collaboration with the group of Assoc. Prof. Ugur Unal

(Department of Chemistry, Kog¢ University).

4.1 Experimental Procedure

4.1.1 Materials

Niobium(V) chloride (NbCls, Alfa Aesar, 99.999%), calcium carbonate (CaCOs, Alfa
Aesar, 99.9%), potassium carbonate (K2COs, anhydrous, Alfa Aesar, 99%), anhydrous
citricacid (CA, Sigma Aldrich, ACS Reagent 99.5%), ethylene glycol (EG, Sigma Aldrich,
>99%), nitric acid (HNOs, Sigma Aldrich, 70%), tetra(n-butyl)ammonium hydroxide
(TBA, Aldrich, 40 wt % in H20), cobalt(ll) nitrate hexahydrate (Co(NOz)2-6H20, Alfa
Aesar, 99.9%), potassium hexacyanoferrate(lll) (Ks[Fe(CN)s], Sigma Aldrich, 99%),
sodium persulfate (NazS20s, Sigma Aldrich, >99%), sodium sulfate (Na;SQO4, Acros
Organics, 98%), methanol (MeOH). Potassium phosphate buffer solutions were prepared
by 0.1 M KH2PO4, and 0.1 M K>HPO4 diluted in 500 mL deionized water with a pH close

to 7. Deionized water (resistivity: 18 MQ/cm) is used in all experiments.

4,1.2 Sample Preparation

Synthesis of layered KCa2NbzO10: Dion-Jacobson phase KCazNbsO1o layered structure
was synthesized by a complex polymerization method [140]. NbCls (3.06 g), CaCOs (0.77
g), K2COs (0.30 g), anhydrous citric acid (CA; 21.83 g), and ethylene glycol (EG, 25.40)
were used as precursors materials. In a typical synthesis, NbCls was dissolved in 113.43
mL of methanol. Then, appropriate amounts of CaCO3z and K>CO3z were added to the
solution in a ratio to sustain charge neutrality with continuous stirring. Anhydrous citric
acid was used as a chelating agent so that [NbCls]/[CA] ratio was 0.1. Moreover, ethylene

glycol was added to the mixture in a [CA)/[EG] ratio of 4. An excess of K2CO3 (10 mol %
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of K) was added to the solution to compensate for volatilization in the calcination step. The
reaction mixture was heated at ~100 °C for 6—8 h on a hot plate stirrer. The as-obtained
transparent solution was heated to ~300—350 °C to promote polyesterification between EG
and CA in a heating mantle. The mixture yielded a glassy resin first, and black powder was
obtained at the end of the carbonization reaction. The black powder was calcined at 650 °C
for 6 h in an Al.O3 crucible to remove the residual organic content. The obtained white

precursor was then further calcined at 800—1200 °C for 2-5 h in an Al>.O3 crucible.

Preparation of the proton—exchanged powders: Proton exchange was carried out in
an aqueous nitric acid (6 M) at room temperature for 3 days. The products were collected
by vacuum filtration, washed extensively with double distilled H2O, and dried at 80 °C

overnight.

Preparation of the nanosheets: Exfoliation of the as-prepared proton-exchanged
materials was performed using aqueous tetra(n-butyl)ammonium hydroxide (TBA) at room
temperature as reported by Maeda et al. [140]. The powder was shaken in an aqueous
solution containing TBA for 1 week with the molar ratio [TBA]/[H*]=1. The reaction was
performed on a shaker for 7 days. Final nanosheet solutions were obtained by storing the

supernatant after centrifugation of the solutions at 3000 rpm for 30 min.

Preparation of Niobate/PB hybrid assembly: For the preparation of the hybrid
structure, 0.18 mmol of Co(NO3)..6H20 was dissolved in 10 mL of deionized water, added
dropwise to a solution containing exfoliated CaoNbsO10~ layers at room temperature, and
stirred for 1 h. The Co/[Ca2NbzO10 ] precipitate was collected by centrifugation and washed
with water. The obtained pinkish solid was dispersed in deionized water and sonicated for

20 min. Subsequently, an aqueous solution of Ks[Fe(CN)e] (0.12 mmol in 10 mL water)
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was added dropwise to the above solution and stirred for 18 h. The final precipitate was

separated by centrifugation, rinsed with deionized water, and dried at 75 °C.
4.1.3 Photocatalytic O2 Evolution

The photocatalytic experiments were carried out in a 16 mL Pyrex reactor at room
temperature. A 5 mg portion of the catalyst was suspended in 10 mL of deionized water
containing 5 mM NaS20s as a sacrificial agent. The reaction solution was degassed by
bubbling N2 gas for 30 min before light irradiation. A Xe lamp (300 W; AM 1.5 global
filter.) was used as a light source. The amount of generated O, was determined at 1 h
intervals by injecting 100 uL of the reactor headspace gas into GC. Two rubber septa were
used to seal the reactor, where the space between them was purged with N2 gas to avoid a

possible Oz leak during the measurements.
4.2 Results and Discussion
4.2.1 Synthesis and Characterization of Materials

KCazNbsO10 compound was synthesized and exfoliated according to the reported
procedures in the literature [140], [201]. The exfoliated calcium niobate nanosheets were
restacked by cobalt ions and subsequently reacted with a solution of [Fe(CN)s]* to afford
a hybrid assembly (abbreviated from now on as Niobate/PB), which is composed of niobate
nanosheets and uniform CoFe-PB cubic structures (Figure 40a). Figure 40b shows XRD
patterns of the pristine KCaxNb3O10 and the Niobate/PB samples. The XRD pattern of
KCaxNbzO1o exhibits no impurity phase and shows that the layered structure was
successfully prepared. The combination of niobate sheets with PB results in a shift of the
(020) peak of the layered niobate structure to 4.8°, which corresponds to an interlayer

distance of around 18.2 A. Other peaks at 26 = 23.09°, 32.88°, and 47.14° belong to the
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(110), (112), and (040) lattice planes, respectively. The loss of other peaks belonging to the
layered KCa2Nb3Oio structure and the broad peak at 20 = 4.8° show that the
exfoliation/restacking process and formation of PB arrange Ca;NbzO10 nanosheets in a
stratified structure. The diffraction peaks on the diffraction pattern of the hybrid structure
at 17.5°, 24.8°, 35.2°, and 39.5° correspond to (200), (220), (400), and (420) lattice planes
of a cubic PB structure. The XRD pattern of Niobate/PB, thus, indicates that the PB

structure was prepared successfully on the niobate nanosheets [85].

(a)
e v Exfoliation
- -
v - ‘ o
Ca;Nb;04"
v K Restacking
_ with Co?*
Co?
W & Fe(CN)s™

. CoFe-PB . . . h

. * - CoFe-PBA (b) Niobate/PB (c)
* . ;“

.;:. Niobate/PB s KCa,Nb,0,,
s 3
z AN
@ E 3
7] E 2
— a8
= ! g

o E

- =

KCa,Nb,0,,
2400 2300 200 2100 2000 1500 180
Wawvenumber (em™}

T T T T T T T T
10 20 30 40 50 60 70 80 4000 3500 3000 2500 2000 1500 1000 500
20 (Degree) Wavenumber (cm-1)

Figure 40. (a) Schematic representation for the in-situ synthesis of CoFe-PB on exfoliated
CazNbzO19 nanosheets at room temperature. (b) XRD patterns of KCa:NbsO1o and
Niobate/PB samples. (¢) ATR-FTIR spectra of KCa2NbzO1o and Niobate/PB samples.
Inset: the cyanide stretching mode.
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FTIR spectrum of Niobate/PB, the strong band at 585 cm™ can be assigned to the
asymmetric stretching vibration of central Nb—O bonds in the NbOs octahedron of the
perovskite layer. The asymmetric stretching vibration of the bridge Nb—O in the terminal
NbOg group results in a peak at 778 cm ™, whereas the peak at 939 cm ™ can be assigned to
the stretching vibration of the terminal Nb—O [202], [203]. Once the niobate nanosheets
are coupled to PB particles, the intensity of the band at 778 cm ™ decreases, which could be
attributed to the interaction of terminal Nb—O bonds in the perovskite layer with PB
structures. The broad band at 3386 cm™ and the sharp one at 3641 cm™ are attributed to
the OH stretching of water molecules on the surface of PB particles. Another sharp band at
1606 cm™* can be assigned to the bending mode of water molecules inside the PB structure
[177]. The two bands at 2110 cm ™ and 2162 cm ™ are attributed to Co(I11)-NC—Fe(ll) and

Co(I1)-NC-Fe(l11) coordination modes, respectively (Figure 40c) [176].

The structure and morphology of the samples were also studied by SEM and TEM
images. SEM images reveal the presence of a platelike layered structure of calcium niobate
nanosheets in KCa2NbzO1o (Figure 41a-c). Niobate/PB also displays lamellar morphology,
while the size of its layers is relatively smaller than that of KCa,NbsO1o, suggesting a
decrease in size of the layered niobate during the exfoliation—restacking route (Figure 41d-
). While exfoliation drastically reduces the thickness of layered perovskites, restacking can

re-increase their thickness to some degree.

The atomic ratio of Co:Fe:Nb for the hybrid sample is found to be around 5:3.5:4.2 by
an EDS analysis (Figure 41g,h). EDS elemental mapping of the Niobate/PB sample reveals
that the PB structure is well-dispersed on calcium niobate layers to form a uniform hybrid

assembly (Figure 42).
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Figure 41. SEM images of (a-c) KCa2NbsO1o, and (d-f) Niobate/PB samples. SEM-EDS
analysis of (g) KCazNbsO1o, and (h) Niobate/PB samples. Inset: The atomic ratio of all

elements for the Niobate/PB sample.

TEM analysis of the Niobate/PB sample indicates the formation of a cubic Prussian

blue structure with a size of 20—50 nm on the niobate layers (Figure 43). Moreover, STEM

images and corresponding EDS elemental analysis confirm the presence of Co and Fe

elements in the structure of produced cubes (Figure 44).
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Figure 42. SEM image and related EDS elemental mappings of Nb, Ca, O, Co, Fe, and N
for the Niobate/PB sample.

Figure 43. (a) The TEM image of the Niobate/PB sample. (b) HAADF image of the
Niobate/PB sample.
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Figure 44. (a-c) HAADF-STEM images of the Niobate/PB sample. (e-d) EDS elemental
analysis of selected areas.

4.2.2 Photocatalytic Activity and Band Structure

The optical properties of KCa,NbsO1o and Niobate/PB samples were studied with
UV-Vis diffuse reflectance spectroscopy (Figure 45). The characteristic absorption band
of KCa2Nbh3O1o extends up to 350 nm, which is associated with the electronic transition
from the VB consisting of the O 2p orbitals to the CB consisting of empty Nb 4d orbitals
[139]. On the other hand, the Niobate/PB sample exhibits a broad background absorption
in the 350—800 nm region due to the electronic interaction between the calcium niobate
nanosheets and PB particles. This can be confirmed by the difference in the color of the
white bare niobate nanosheets and the dark purple hybrid sample. Two broad absorption
regions in the 350-800 nm range illustrate the characteristic charge transfer in CoFe-PB

structures and prove that the hybrid system is active in the visible region [194]. However,
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the niobate layers' inherent band structure remains unchanged in the hybrid structure since

the crystal and chemical structures of the niobate layers are not modified.
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Figure 45. Diffuse reflectance UV—Vis spectra (plotted as the Kubelka—Munk function of
the reflectance, R) of KCazNbzO10 and Niobate/PB samples.

The photocatalytic oxygen evolution performance of KCa:Nb3O10 and PB-modified
calcium niobate samples were evaluated under UV—Vis irradiation in the presence of 5 mM
Na2S20s as a sacrificial agent (Figure 46). A set of four cycles, each with a 3 h duration,
was performed. The Niobate/PB hybrid sample exhibits an enhanced water oxidation
photocatalytic activity (89.5 umol g h™?) in the 1% h of each cycle, which is ca. 6.5 times
higher than that of KCazNb3O1o (13.4 pmol g~ h™1). During all four cycles, the activity
decreases gradually after the 1%t h, which could be attributed to the consumption of the
electron scavenger. Before each cycle, S20s* was added to the suspension. The similarity
of all cycles suggests the hybrid assembly maintains its activity and stability duringa 12 h
experiment. This enhancement could be attributed to a more effective charge separation

process in comparison to the bare niobate sample in addition to the large surface area
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provided by the exfoliation—restacking route, which maintains its activity even during the

4" cycle.
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Figure 46. Photocatalytic oxygen evolution activities of persulfate, KCazNbzO10, and
Niobate/PB samples (umol of generated O2/g of catalyst) in water containing 15 mg of the
catalyst and 5 mM Na»S.0g as the sacrificial agent under UV—Vis irradiation (300 W Xe

lamp). After each cycle, 5 mM Na2S20g was added to the reaction solution.

The photocatalytic activity of restacked KCazNbsO1o sheets has previously been
reported to be 14 pmol gt h™t in the presence of 103~ ions. RuO,—loading was realized as
an effective method for promoting water oxidation activity (126 pmol gt h™*) [139]. Pt
intercalation could also improve the photocatalytic activity of calcium niobate layers (75
umol gt h™) [134]. Hybrid assemblies incorporating earth-abundant catalysts, however,
exhibit much lower activities. For example, the photocatalytic activity of niobate
nanosheets was reduced to 10 pmol g h™* when they were coupled with CoOx [138].
Photocatalytic experiments with a 420 nm cutoff filter were also performed to determine
the activity of the bare niobate and the Niobate/PB sample under visible light illumination

(Figure 47). While bare niobate nanosheets are not active under visible light irradiation, an
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activity of 48.6 umol g~ h™*, although around two times lower compared to the “no filter”
case, is observed with the Niobate/PB sample. The lower activity under visible light
irradiation suggests that the hybrid assembly is active in both the UV and visible regions.
CoFe-PB, thus, serves not only as a water oxidation catalyst but also as a visible-light

absorber in the hybrid sample.
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Figure 47. Photocatalytic oxygen evolution activity of KCa;NbzO19 and Niobate/PB
samples in water containing 5 mM Na2S,Os as the sacrificial agent under light irradiation,
without filter (purple and orange lines) and with a 420 nm long—pass filter (red and blue

lines).

PEC experiments were carried out to understand the charge transfer process and the
electron—hole separation efficiency of bare niobate and hybrid samples (Figure 48a). The
enhanced photocurrent response of Niobate/PB compared to KCazNbzO1o suggests a much
higher migration and separation rate of photogenerated electrons and holes under UV—Vis
light illumination. The Mott—Schottky plots of KCa;Nb3O19, CoFe-PB, and Niobate/PB
electrodes were also obtained, as shown in Figure 48. The positive slope obtained for the
KCa2NbsO1o electrode reveals that the niobate nanosheets are n-type semiconductors. The
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flat band potential of niobate nanosheets is estimated as —0.6 V (vs. NHE), which is

consistent with a previous report (Figure 48b) [173]. It is assumed that the conduction band

edge potential of the n—type metal oxide semiconductor is 0.1-0.4 eV more negative

relative to the flat band potential [204]. According to the literature, this value is assumed

to be 0.4 eV for niobate semiconductors. Therefore, the conduction band edge for niobate

nanosheets was obtained as —1 V (vs. NHE) [173], [205]. The p-type semiconducting

character of the PB structure is evidenced by the Mott—Schottky analysis and a previous

study (Figure 48c) [206].
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Figure 48. (a) Transient photocurrent responses of KCa>Nb3zO1o and Niobate/PB samples
in 0.1 M PBS (pH = 7) containing 0.5 M NaSO4 under UV—Vis irradiation (300 W Xe
lamp). Mott-Schottky plots of (b) KCa:NbzOio, (c) CoFe-PB, and (d) Niobate/PB

electrodes.
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As seen in Figure 48d, the flat band potential for the Niobate/PB shifted to more
positive potentials, suggesting a decrease in the bending of the niobate band edges. The
reverse V—shaped Mott—Schottky plot for the Niobate/PB system is typical evidence for a
p—n junction formation, which clearly explains the increase in the photocurrent and
photocatalytic water oxidation activity for the Niobate/PB sample [207]-[209]. The
formation of the p—n junction results in a strong electric field within the space charge region
and decreases the charge transfer resistance at the interface, which enhances the charge
carrier dynamics at the electrode/electrolyte interface. The alignment of bands makes the

hole transfer through the p—type PB beneficial for the water oxidation reaction.

Layered niobate has a proper band structure for both hydrogen and oxygen evolution
reactions similar to that of various wide band gap metal oxide semiconductors [40], [210].
The bulk structure of the 2D layered niobate, however, is not an efficient photocatalyst
when compared to its individual nanosheets obtained after exfoliation. In addition, the long
diffusion length for electron—hole pairs in bulk structures increases the probability of
electron—hole recombination, which, in turn, decreases the photocatalytic activity of the
semiconductor [40], [211]. Exfoliation, on the other hand, separates the metal oxide
building blocks of the layered structure into its individual nanosheets, which produce a
larger surface area. Exfoliated nanosheets of the layered structure also behave as a single
crystalline structure with much shorter diffusion lengths for electron—hole pairs [124],
[211]. Another advantage of exfoliation is that the band gap of a nanosheet is greater than
that of the bulk structure due to the confinement effect. The increase in the water oxidation
photocatalytic activity after the exfoliation/restacking route for the Niobate/PB system can
also be attributed to the higher surface area, short diffusion length for electron/hole pairs,
and greater availability of reaction sites on both PB structure and individual nanosheets. In

addition, the strong electric field established at the p—n junction formed by niobate
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nanosheets and PB particles enhances the photocatalytic water oxidation activity. The band

gap of niobate nanosheets was estimated to be 3.54 eV by fitting the absorption data with

a Tauc plot (Figure 49) [205], [212].
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Figure 49. Tauc’s plot of KCa2Nb3zO1o for the estimation of the band gap.

A cyclic voltammetry measurement reveals the HOMO level of the PB structure to

be around 1.41 V vs. NHE (Figure 50).
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Figure 50. Cyclic voltammetry (CV) curves for the Niobate/PB electrode in 0.1 PBS
(pH=7) containing 0.5 M Na>SO; at the scan rate of 50 mV/s.
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Since the VB of the niobate nanosheets is at a more positive potential in comparison to
that of PB, the hybrid assembly exhibits a proper band energy alignment for efficient hole

transfer from the niobate nanosheets to the PB structure during the water oxidation process

(Figure 51).
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Figure 51. Schematic representation of the Niobate/PB p—n junction and charge-transfer

mechanism under light irradiation.

4,.2.3 Catalyst Stability Tests

An XPS analysis was performed to study the chemical composition of the Niobate/PB
sample. The Nb 3d spectrum for the pristine sample exhibits two peaks at binding energies
of 207.4 and 210.1 eV, corresponding to Nb 3ds;2 and 3ds, respectively (Figure 52a). The
Ca 2p spectrum is deconvoluted to two strong peaks at 347.3 and 350.8 eV, which are
assigned to Ca 2pz2 and Ca 2pi12 binding energies, respectively (Figure 52b). The O 1s
region displays a strong peak at a binding energy of 530.4 eV, corresponding to the lattice

oxygen. At higher binding energies, two additional peaks at 531.8 and 532.9 eV are
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observed, which can be attributed to the surface-adsorbed hydroxyl and carbonate groups

(Figure 52c¢) [187], [213].
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Figure 52. XPS spectra of the Niobate/PB sample (a) Nb 3d, (b) Ca 2p, (c) O 1s, (d) Fe 2p,
(e) Co 2p, and (f) N 1s.

The Fe 2p spectrum reveals the presence of both +2 and +3 oxidation states in the hybrid

sample. The peaks at 708.2 and 721.2 eV are assigned to Fe?* 2psz and Fe?* 2pip,
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respectively. Another doublet with slightly higher binding energies can be ascribed to 2ps/.
(709.9 eV) and 2p1s2 (723.4 eV) signals of the Fe3* cation (Figure 52d) [179]. The Co 2paz
and Co 2pu/2 signals are deconvoluted into two main components in addition to shakeup
satellite peaks at higher binding energies. The appearance of these satellites confirms the
presence of Co?* cations in the PB structure [180]-[182]. In general, the binding energy
differences between 2pi» and 2pzp peaks (AE = 2pio—2p3p) are 15 and 16 eV for
diamagnetic Co'' and paramagnetic Co" complexes, respectively [183]-[185]. The
presence of Co'" in the Niobate/PB sample is supported by AE = 15.4 eV, which is
intermediate between the values of Co" and Co"' complexes (Figure 52¢) [186]. The
copresence of +2 and +3 oxidation states for cobalt cations is also consistent with the FTIR
results of the Niobate/PB sample, in which both Co(l11)-NC—Fe(I1) and Co(11)-NC—-Fe(l1I)

coordination modes were observed.

A comparison of XPS profiles of the Niobate/PB sample before and after the
photocatalytic reaction reveals that the Nb 3d, Ca, 2p, and N 1s peaks remain unchanged
during the photocatalytic experiment (Figure 53). As shown in Figure 53c, the peaks at
531.8 and 532.9 eV in the post-catalytic sample are more intense, indicating the adsorption
of more hydroxyl and sulfate groups (from the decomposition of persulfate as the sacrificial
agent) on the surface of Niobate/PB during the photocatalytic experiment [213], [214]. The
amount of Fe?* cations in the PB structure increases during the photocatalytic reaction
(Figure 53d). The reduced intensities of Co 2ps2 and 2pu/. satellites and the lower value of
spin—orbit splitting (AE = 15.2 ¢V) in the post-catalytic sample compared to the pristine
one support the thesis that the Co?* ions are partially oxidized to higher oxidation states

during the photocatalytic process (Figure 53e) [180], [185].
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Figure 53. XPS spectra of (a) Nb 3d, (b) Ca 2p, (c) O 1s, (d) Fe 2p, (e) Co 2p, and (f) N 1s
for pristine (purple line) and post-catalytic (red line) Niobate/PB samples.

These results are also in agreement with post-catalytic FTIR of the Niobate/PB sample,
where the intensity of the band at 2160 cm™ (Co(I1)-NC—Fe(Ill) coordination mode)
decreases compared to the one at 2110 cm™* (Co(l11)-NC—Fe(l1) coordination mode; Figure

54).
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Figure 54. ATR-FTIR spectra of the Niobate/PB sample for pristine (purple line) and post-
catalytic (red line) samples. Inset: the cyanide stretch mode for pristine (purple line) and

post-catalytic (red line) samples.



The stability of the hybrid assembly is also confirmed by an SEM analysis of the post-
catalytic sample (Figure 55). The layered structure of niobate nanosheets was preserved

throughout the photocatalytic experiment.

Figure 55. (a-d) SEM images of the post-catalytic Niobate/PB sample.

4.3 Summary

A CoFe-PBA was prepared in situ on niobate nanosheets to afford a
semiconductor—catalyst hybrid assembly. The assembly is composed of niobate nanosheets
and PB nanostructures with a particle size of around 50 nm. Photocatalytic water oxidation
studies were performed on both bare niobate nanosheets and the hybrid assembly in the
presence of an electron scavenger, S;0s>", to reveal that the hybrid assembly exhibits an

enhanced activity throughout a 12 h photocatalytic experiment. Characterization studies on
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the post-catalytic sample suggest that not only that the hybrid assembly retains its structural

integrity, but also an electron transfer occurs between the niobate and PB components.

In conclusion, the hybrid assembly represents one of the first efficient p—n junction type
niobate hybrid assemblies with an earth-abundant cocatalyst since it exhibits a catalytic
activity of around 6.5 times higher than that of a bare niobate sample. The p—n junction
feature allows the hybrid assembly to be active in the visible and UV regions. Easy
structural tuning of both the niobate nanosheets and Prussian blue particles with metal
doping allows several facile strategies to explore the niobate/PB interaction further, which

are currently under investigation.
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Table 5. A comparison study between the Niobate/PB sample in this work and previously

reported photocatalysts for water oxidation.

Photocatalyst | Cocatalyst | Incident | Scavenger @ O:2 Ref.
Light A Evolved
(hm) (umol g

h1)
KCa:NbsO1wo | - UV-Vis  AgNOs | 8 [215]
KCa2Nb3O10 | RuOx UvV—-Vis | - 156.7 [216]
KCa:NbsO1o | - UV-Vis  NalOs 14 [133]
KCa2Nb3O10 | RuO: UV-Vis NalO3 126
KCa2NbsO1o | Pt UV—-Vis | Nal 75 [134]
KCa:NbsO1wo - UV-Vis  NalOs 16 [138]
KCazNb3O10 = MnOx UV-Vis NalO3 4
KCazNb3O10 = CoOx UV-Vis | NalOs 10
KCa2Nb3O10 = RhOx UV-Vis | NalOs 38
KCa2Nb3O10 | IrOx UV-Vis | NalOs 110
KCa2Nb3O10 = RuOx UV-Vis | NalOs 546
KCa2NbsO10 | Pt UV—-Vis | Nal 74.8 [135]
KCa2NbsO10 | Pt UV—-Vis | KI 24
KCa2NbsO10 | Pt UV—Vis | KSO4 4.4
KCa2NbsO1o | Pt UV—Vis | NaxSO4 40
KCazNb3O1o | - UV-Vis  NaxS:0g 13.4 This
KCazNb3O1o | CoFe-PB UV-Vis | NaxS:0g 89.5 work
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Chapter 5

Selective Photocatalytic CO2 Reduction by Cobalt

Dicyanamide

This chapter is based on the publication: S. S. Akbari and F. Karadas, “Selective
photocatalytic CO> reduction by cobalt dicyanamide,” Dalt. Trans., 2022. vol. 51, no. 33,
pp. 12569-12575, 2022. (Reproduced with permission from Royal Society of Chemistry

Ref. [217] Copyright © 2022, Royal Society of Chemistry).
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5.1 Experimental Procedure

5.1.1 Materials

Sodium dicyanamide (NaN(CN)., Acros Organics, 97%), cobalt(I1) nitrate hexahydrate
(Co(NOz3)2:6H20, Alfa Aesar, 99.9%), tris(2,2'—bipyridyl)ruthenium(Il) dichloride
hexahydrate ([Ru(bpy)3]Cl2-6H20, Sigma Aldrich, 99%), potassium hexacyanoferrate(ll)
(K3[Fe(CN)s], Sigma Aldrich, 99%), acetonitrile (MeCN, Sigma Aldrich, >99.9%),
triethanolamine (TEOA, Acros Organics, 97%). Deionized water (resistivity: 18 MQ/cm)

is used in all experiments.

5.1.2 Sample Preparation

Synthesis of Co-dca: Typically, an aqueous solution (4 mL) of NaN(CN)2 (9 mmol)
was added dropwise to a solution containing Co(NO3z)2.6H20 (4 mL, 4.5 mmol) at room
temperature. After 4 h stirring, the resulting light-pink precipitate was collected by

centrifugation, rinsed thoroughly with water, and dried at 75 °C.

Synthesis of CoFe-PB: For the synthesis of CoFe-PB, Ks[Fe(CN)s] (2 mmol) was
dissolved in deionized water (20 mL), then an aqueous solution of Co(NO3),.6H20 (3 mmol
in 20 mL water) was added to the above solution at room temperature. The obtained slurry
was stirred for 1 h and collected by centrifugation after rinsing with water. The obtained

solid was dried at 75°C

5.1.3 Photocatalytic CO2 Reduction Experiment

The photocatalytic experiments were carried out in a 16.5 mL Pyrex reactor at room
temperature. Typically, 10 mg catalyst, 3.74 mg [Ru(bpy)s]Cl2-6H20 (0.5 mM), 8 mL

MeCN, and 2 mL TEOA as the sacrificial agent were added to the reactor. The reaction
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solution was purged with CO> gas for 30 min before light irradiation. A Xe lamp (300 W;
AM 1.5 global filter) equipped with a UV filter (A > 420 nm) was used as a light source.
The amount of generated gas was determined by injecting 100 pL of the reactor headspace

gas into a GC.

5.2 Results and Discussion

5.2.1 Synthesis and Characterization of Co-dca

Co-dca was prepared by a straightforward precipitation method [149]. Each cobalt site
is coordinated to six [N(CN)2]™ ligands via the four nitrile nitrogens and two central amido
nitrogens. The octahedral cobalt sites are slightly elongated, in which the two axial amido
nitrogens are located slightly farther from the metal center than the four equatorial nitrile
nitrogens [151]. Cobalt sites on the surface, thus, exhibit coordination environments similar
to those in CoFe-PBAs and cobalt phthalocyanines since they are surrounded by a

combination of water molecules and nitrogen atoms of the dicyanamide groups [84].

The structure of Co-dca is elucidated with FTIR spectroscopy and XRD. The FTIR
spectrum of Co-dca reveals absorption bands in the 2030—2420 cm™ range, which
correspond to the asymmetric and symmetric stretches of v(C=N). Two bands are also
observed at 963 cm™* and 1314 cm™, which can be assigned to vs(N—C) and vas(N—C),

respectively (Figure 56 and Table 6) [152], [218], [219].
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Figure 56. ATR-FTIR spectra of Co-dca sample and NaN(CN)2 between (a) 400—4000
cm %, and (b) 1800—2600 cm ™.

Table 6. ATR- FTIR data of Co-dca sample.

Vibration Wavenumber (cm™)
O0(N—-C=N) 502
y(N-C=N) 526
3(N-C=N) 681
v(N-C) 963
v(N-C) 1314
v(C=N) 2207
v(C=N) 2270

The obtained experimental powder XRD pattern is identical to a previously reported
Co(dca), crystal structure (CCDC 117729), in which octahedral cobalt sites are surrounded
by dicyanamide ligands to form a 3D coordination network (Figure 57a). Dicyanamide
ligand uses both its nitrile (-CN) and amide (NC—N—-CN) nitrogen atoms for coordination

(Figure 57b) [149], [152].
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Figure 57. (a) Experimental and calculated (CCDC 117729) XRD patterns of Co-dca. (b)
(b) 3D structure Co(dca)2 (Color code: Co = orange; C = gray; N = blue).

The morphology and structure of the sample were studied by SEM and TEM analysis.
SEM and TEM images reveal that the Co-dca is constructed with cubic brick subunits with
a micrometer size (Figures 58 and 59a-c). The chemical composition of Co-dca was
determined by EDS, and the Co:C:N elemental ratio was found to be 7.7:38.7:52.1, which

is in agreement with the stoichiometric ratio of Co-dca (Figure 59d).
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Figure 58. (a-b) TEM images of Co-dca.
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Figure 59. (a-c) SEM images and (b) SEM-EDS analysis of Co-dca. Inset: the atomic ratio
of all elements for the Co-dca.

An XPS analysis was carried out to investigate the chemical composition of the Co-
dca. In the C 1s spectrum, the three peaks at 284.8, 287.1 and 288.6 eV correspond to C—C,
carbon bonded to N in the dicyanamide (N—C=N), and the surface C=0 bond, respectively
(Figure 60a) [220], [221]. The N 1s region is deconvoluted to two peaks at 398.7 and 399.9
eV, which are assigned to the nitrile nitrogen and the central amido nitrogen in the
dicyanamide structure, respectively (Figure 60b) [222], [223]. The Co 2p spectrum exhibits
two broad peaks at 781.8 and 797.9 eV, ascribed to Co 2pz;2 and Co 2pip, respectively.
Another doublet at slightly higher binding energies can be attributed to shake-up satellite
peaks (Figure 60c). Previous studies reveal that the Co 2ps>—Co 2p1/2 spin-orbit splitting is

15 eV for diamagnetic Co(lll) complexes and 16 eV for paramagnetic Co(ll) complexes
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[185]. Moreover, cobalt(ll) complexes show broader 2ps> and 2p1/2 lines with more intense
satellite peaks than cobalt(l11) complexes [180], [183]. The presence of satellite peaks,
broad 2ps2 and 2p1. lines, and spin-orbit splitting of 16.1 eV suggests that cobalt cations

are mainly in their +2 oxidation states in Co-dca [180], [224].
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Figure 60. XPS spectra of (a) C 1s, (b) N 1s, and (c) Co 2p for pristine Co-dca.
5.2.2 Photocatalytic Reduction of CO2

The photocatalytic activity of Co-dca was evaluated in the presence of a ruthenium PS
(Ru PS), [Ru(bpy)z]Cl2-6H20 (bpy=2’2—bipyridine), and an electron donor, TEOA, under
visible light irradiation. A series of control experiments were performed to determine the
role of each component in the photocatalytic CO> reduction process (Figure 61a-b). In the
presence of the PS and catalyst (10 mg), CO2 was reduced into CO with a rate of 2.54 umol
h™ and Hz with a rate of 0.7 pmol h™%, which yields a selectivity of 79% (entry 1). The
complete inhibition of the activity without a Ru PS or without light irradiation (dark
condition) proves that the CO. reduction process involves the excitation of the
photosensitizer by the absorption of light (entries 2 and 3). When the catalyst, Co-dca, is
not present, the amount of produced CO is reduced drastically from 2.54 pmol h™* to 0.37
umol h™* and an approximately three-fold increase is observed in the amount of evolved
Hz. In other words, HER dominates over CO.RR when Co-dca is absent, indicating the

critical role of Co-dca as the catalyst in selective photocatalytic CO2RR (entry 4). To
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examine the effect of dca ligand on the catalytic activity of [Ru(bpy)s]**, bare dca was
employed in the photocatalytic CO- reduction (entry 5). The total production of CO and H>
was significantly decreased, which reveals that the interaction between dca and
decomposed Ru PS does not lead to an active catalyst for CO2RR and HER. Co(NOs3), was
also replaced with Co-dca to elucidate the effect of dca groups on the catalytic activity
(entry 6). When Co(NO3)2 is used as the catalyst, a similar CO production rate is obtained
to the “without catalyst” case, entry 2, while HER activity increases up to around 8.1 pumol
h™1. The dramatic difference in the selectivity indicates that a cobalt site surrounded with
nitrogen atoms of dca ligand is selective towards CO2RR, while the dominant process is
HER when a bare cobalt ion is surrounded with oxygen atoms [225], [226]. Our
photocatalytic experiments also confirm that CO.-to-CO conversion is not observed when
TEOA is replaced with triethylamine (TEA; entry 7). Under the N, atmosphere, no
generation of CO was observed, confirming that CO is derived exclusively from CO3, as

expected (entry 8).

We further studied the effect of the concentration of Ru PS on photocatalytic
performance (Figure 61c). The H> evolution rate increases with increasing the
concentration of the Ru PS. The activity of CO2RR reaches a maximum in the presence of
0.5 mM Ru PS. However, the selectivity for CO2-to-CO conversion is gradually reduced
with increasing the amount of Ru photosensitizer, and the highest selectivity is obtained

when 0.1 mM Ru is used (93%).

When the amount of catalyst is varied, CO2RR activity reaches a maximum value of
254 pmol g~ h™* when 10 mg catalyst is used (Figure 61d). In contrast, the Hz production
rate is gradually reduced with increasing the amount of catalyst, revealing that Co-dca is
more selective towards CO; reduction than Hz evolution. The selectivity profiles in Figure
61c,d, thus, suggest that catalytic HER mainly occurs on the ruthenium sites, which are
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produced by the decomposition of molecular [Ru(bpy)s]** complexes during

photoexcitation [49], [227], [228].
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Figure 61. (a) Rates of CO and H evolution, and (b) corresponding selectivity of
photocatalytic CO2 to CO conversion over Hz evolution. The reactions are performed with
Co-dca, [Ru(bpy)s]**, and TEOA (entry 1), without [Ru(bpy)s]** (entry 2), without light
(entry 3), without Co-dca (entry 4), when bare dca ligand is used as the catalyst (entry 5),
when Co-dca is replaced with Co(NO3)2 as the catalyst (entry 6), when TEOA is replaced
with TEA (entry 7), and when the measurement is performed under N2 atmosphere in place
of CO2 (entry 8). Regular reaction conditions: 10 mg catalyst, 3.74 mg [Ru(bpy)3z]Cl2,6H-0
(0.5 mM), 8 mL acetonitrile, and 2 mL TEOA at 25 °C, 30 min purging with CO2 under
visible light irradiation (A > 420 nm). (¢) The effect of the concentration of [Ru(bpy)3]Cl2
on the evolution of CO, H», and the selectivity of CO over H> under photocatalytic
conditions. (d) The effect of the quantity of Co-dca on the evolution of CO, H», and the
selectivity of CO over Hz under photocatalytic conditions.

Studies on the reaction time reveal a linear relationship between the amount of CO and

the irradiation time during the 1% hour of the photocatalytic process. The activity is,
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however, gradually lost and the CO production rate significantly decreases during the 2"

cycle (Figure 62).
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Figure 62. Yields of H2 and CO from the CO> under visible light irradiation over 2 cycles.
Reaction conditions: 10 mg Co-dca, 3.74 mg [Ru(bpy)s]Cl2.6H20 (0.5 mM), 8 mL
acetonitrile, 2 mL TEOA, 25 °C, 30 min purging with CO2, under visible light irradiation
(A >420 nm). After the first cycle, the catalyst was dispersed in a fresh solution, and 3.74

mg of Ru photosensitizer was added.

The catalytic activity of Co-dca was compared with CoFe-PB, which has recently been
studied for photocatalytic CO2RR in the presence of Ru PS. The maximum activity for
CoFe-PB was obtained when the concentration of the Ru PS was 1 mM. Co-dca exhibits a
CO generation activity of 2.38 umol h™* in the 1% hour, which is ca. 3.5 times higher than
that of CoFe-PB (Figure 63a). The higher selectivity of CO2RR obtained for Co-dca
compared to CoFe-PB reveals that cobalt is more selective towards CO2RR when it is

surrounded with dicyanamide groups compared to cyanide groups (Fig. 63b).
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Figure 63. Comparison of (a) the photocatalytic CO and H: evolution activity and (b)
corresponding selectivity of photocatalytic CO2 to CO conversion over Hz evolution of Co-
dca and CoFe-PB. Reaction conditions: 10 mg catalyst, 7.48 mg [Ru(bpy)z]Cl2.6H-0 (1
mM), 8 mL acetonitrile, 2 mL TEOA, 25 °C, 30 min purging with CO2, under visible light

irradiation (A > 420 nm).

Previous studies on CO2RR report that water should be used for photocatalytic CO-
reduction [49]. Our results, however, demonstrate that Co-dca exhibits a higher

performance in the absence of water (Figure 64).
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Figure 64. Photocatalytic CO> reduction activity of Co-dca sample without water
(MeCN/TEOA, 4/1, viv) and with water (MeCN/H2O/TEOA, 3/1/1, vIvIv).
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5.2.3 The Solvent Effect on Co-dca

Co-dca was dispersed in various solvents to understand the effect of the solvent
molecules on the structure of the catalyst (Figure 65a). Co-dca exhibits a pink color in H20
and MeCN similar to its color in the powder form, a red color in TEOA and H2O/TEOA,
and a dark green color in MeCN/TEOA and MeCN/H2O/TEOA solutions. Note that Co-
dca is not soluble in MeCN. When the transparent solution of Co-dca in the MeCN/TEOA
solution is bubbled with CO> and stirred for 2 h, the dark greenish color turns to a cloud
due to the formation of a precipitate (Figure 654b). Infrared studies performed on this
precipitate reveal that the coordination environment of cobalt sites is altered slightly as

cyanide stretch modes shift to lower wavenumbers compared to pristine Co-dca powder

(Figure 65c).

- . "
Co-d Co-d Co-dca Co-d Co-dca Co-dca / Co-dca Co-dca
Hzoca Meccr;a TEOA HzO/TEc;A MeCN/TEOA MeClg(/):,O/ MeCN/TEOA Mec”{)'fo‘v

Co—dca
-;'—”"’;'f

-~ % ¥ ' ‘{ —’\/\‘\//—, dca

o Co-d

© PN —_— _———— Co-dca

~ N { ﬁ!q \ . ‘/

(] / b

Qe “, W /

\

m v

E Co-dca

g (x6) 2144 1658 (MeCN/‘TEOA/COZ)

©

= (x 6)

= w //\/v\\,,_. TEOA

4000 3500 3000 2500 2000 1500 1000 500 2600 2400 2200 2000 1800 1600
Wavenumber cm-1) Wavenumber cm-1)

Figure 65. (a) Co-dca powder dispersed in different solutions. (b) Co-dca powder dispersed
in MeCN/TEOA solution with and without CO- bubbling. ATR-FTIR spectra of dca, Co-
dca, Co-dca in MeCN/TEOA/CO:; solution, and TEOA between (c) 400—4000 cm™?, and
(d) 1550—2600 cm L.
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Previous studies indicate that TEOA serves not only as a scavenger but also participates
actively in the catalytic mechanism by binding to the catalytic metal center to assist the
activation of CO2 molecules [229], [230]. The color change with the addition of TEOA
could, thus, be attributed to the coordination of TEOA to the cobalt sites and the formation
of a precipitate after purging with CO- is due to the binding of TEOA groups to the CO>
molecule. The C=0 stretching vibration at 1658 cm™ is observed for Co-dca in
MeCN/TEOA/CO;, which supports the assumption that TEOA may react with CO2 (Figure

65d) [231].

The UV—Vis absorption spectra of Co-dca in H.O and MeCN/TEOA solutions were
investigated (Figure 66). The clear color change and different absorption profile in TEOA

could be attributed to the coordination of TEOA molecules to accessible cobalt sites.

MeCN/TEOA
——H,0

3

S

(O]

O

[

©
o

(@]

2]
0
<

300 400 500 600 700 800
Wavelength (nm)

Figure 66. The UV—Vis absorption spectra of Co-dca (10 mg) in MeCN/TEOA and H20
solutions. Inset: Co-dca powder dissolved in MeCN/TEOA and H20O solutions.
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5.2.4 Post-catalytic Characterizations

The chemical structure of the post-catalytic sample was investigated with FTIR, XPS,
UV-Vis absorption, and TEM techniques. The post-catalytic Co-dca sample exhibits CN
bands similar to the Co-dca in MeCN/TEOA/CO: solution, suggesting that the dca is still
retained in the structure after the photocatalytic experiment. The additional bands in the
spectrum can be attributed to TEOA (Figure 67a). Moreover, the post-catalytic sample

exhibits the C=0 stretching vibration at 1656 cm™ (Figure 67b).
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Figure 67. ATR-FTIR spectra of Co-dca, post-catalytic Co-dca, and TEOA between (a)
400—4000 cm™?, and (b) 1550—2600 cm™2.

Co 2pz2 and 2py2 peaks get narrower, and the spin—orbit splitting (AE = 15.6 eV) is
reduced slightly compared to the pristine Co-dca, which indicates that Co?* ions are
partially oxidized to Co®" during the photocatalytic process, as proposed for cobalt-based
CO2RR (Figure 68a) [232]. The UV—Vis absorption spectra of Co-dca and [Ru(bpy)s]?* in
MeCN/TEOA (8 mL/2 mL) solution and the supernatant solution of the post-catalytic
sample are demonstrated in Figure 68b for comparison. [Ru(bpy)s]>* displays a
characteristic absorption at 453 nm attributed to the MLCT, along with a sharp band at 287

nm [233]. The UV—Vis absorption profile for the post-catalytic supernatant solution is
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essentially the same as [Ru(bpy)s]?*, suggesting that Co-dca forms a precipitate during the

photocatalytic process.
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Figure 68. (a) XPS Co 2p spectra of pristine and post-catalytic Co-dca. (b) UV—Vis
absorption spectra of Co-dca (10 mg), [Ru(bpy)z]Clz (0.5 mM), and supernatant solution
of the post-catalytic sample. (All spectra were recorded in a solution containing 8 mL
acetonitrile and 2 mL TEOA).

TEM images and EDS analysis reveal that Co-dca particles have been coated with
slightly thick Co-TEOA layers, which could form by leaching of cobalt ions to coordinate
to TEOA from multiple sites (Figure 69) [234]-[236]. The decrease in the activity of Co-
dca in the 2" cycle could, thus, be attributed to the transformation of active cobalt sites to

inactive Co-TEOA layers.

Furthermore, the TEOA coordinated cobalt cations are significantly active in HER
[225], [226], which could be the reason for the higher H, production selectivity of the
photocatalytic system in the 2" cycle (Figure 70). Overall, we suggest that TEOA
coordinates to cobalt sites, which are active toward the CO2RR process. TEOA binds
further to cobalt sites during the photocatalytic process to produce Co-TEOA particles,

which are inactive towards CO2RR.
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Figure 69. (a-b) TEM images, and (c) HAADF-STEM images of Co-dca for post-catalytic
sample. (d) EDS elemental analysis of selected areas. The signal for Cu is from the TEM

grid.
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Figure 70. The amount of Hz evolved during the first and second cycles.
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5.3  Summary

In summary, a Co-dca coordination compound was successfully synthesized via a
straightforward precipitation method. Characterization studies reveal that the compound
exhibits an extended network structure, in which the cobalt sites are surrounded with the
nitrogen atoms of the dicyanamide ligands. Photocatalytic studies indicate that Co-dca
exhibits a CO,-to-CO conversion rate of 254 pmol h™* g™ (0.5 mM Ru PS) and selectivity
of as high as 93% CO (0.1 mM Ru PS). We also observed that the CO production activity
of Co-dca s ca. 3.5 times higher than that of CoFe-PB, which has recently been investigated
for photocatalytic CO2RR. Characterization studies on the post-catalytic sample reveal the

formation of the Co-TEOA particles, which are inactive towards CO2RR.
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Chapter 6

Photocatalytic Hydrogen Evolution by Cobalt

Dicyanamide
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6.1 Experimental Procedure

6.1.1 Materials

Sodium dicyanamide (NaN(CN)., Acros Organics, 97%), cobalt(I1) nitrate hexahydrate
(Co(NOs3)2-6H-0, Alfa Aesar, 99.9%), tris(2,2'—bipyridine)ruthenium(ll)
hexafluorophosphate ([Ru(bpy)s](PFs)2, Sigma Aldrich, 98%), acetonitrile (MeCN, Sigma-
Aldrich, >99.9%), triethylamine (TEA, Carlo Erba reagents, 99.5%). Deionized water

(resistivity: 18 MQ/cm) is used in all experiments.

6.1.2 Sample Preparation

Synthesis of Co-dca: The synthesis procedure of Co-dca is similar to the 5.1.2 section.

Preparation of Co-dca/TEA: For the preparation of Co-dca/TEA, 60 mg of as-
synthesized Co-dca powder, 7.6 mL MeCN, 0.4 mL H20, and 2 mL of TEA were mixed
and vigorously stirred for 20 h at room temperature. Then, the as-obtained precipitate was

centrifuged, washed with distilled water, and dried at 75 °C overnight.

Synthesis of Co-dca-TEA: Typically, 4 mmol of NaN(CN), and 2 mmol of
Co(NO3)2-6H20 were separately dissolved in 3 mL of H,O/TEA (2/1, v/v) mixed solution.
Then, the former solution was added dropwise to the latter one and stirred for 4 h. The final
precipitate was collected by centrifugation and washed thoroughly with water. The

obtained solid was dried at 75°C.

6.1.3 Photocatalytic H2 Evolution

The Hz evolution studies were performed in a 16.5 mL round-bottom flask capped with
a septum at room temperature. In a typical experiment, the reactor was filled with a mixed

solution of 8 mL MeCN/H.O (19/1; viv) and 2 mL TEA containing 8.6 mg
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[Ru(bpy)s](PFs)2 (ImM), and 1 mg of catalyst. The reaction solution was purged with N2
gas for 20 min before light illumination. The mixture was continuously stirred and
irradiated under a 300 W Xe lamp (300 W; AM 1.5 global filter) with a 420 nm cutoff filter.
100 pL from the headspace of the reactor was injected into a GC to determine the amount

of evolved Ho.

6.2 Results and Discussion

6.2.1 Synthesis and Structural Characterization of Materials

Co-dca was synthesized by a facile precipitation method (similar to the 5.1.2 section)
[149], and the structure was investigated by Infrared, XRD, SEM, TEM, and XPS analysis.
Cobalt ions are coordinated with dicyanamide groups to form a 3D network with a cubic
brick morphology (Figure 71). All characteristic peaks of the Co(dca). structure were
observed in powder XRD analysis (Figure 72a) [237]. Absorption bands in the 2030-2420
cm ! region of the FTIR spectrum of Co-dca correspond to the asymmetric and symmetric
stretches of v(C=N) (Figure 72b). The details of structural, chemical, and morphological

characterization of Co-dca are described in the 5.2.1 section.

Figure 71. (a-b) TEM, and (c) HAADF-STEM images of Co-dca.
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Figure 72. (a) Experimental and calculated (CCDC 117729) XRD patterns of Co-dca. (b)
ATR-FTIR spectra of Co-dca and NaN(CN); in the 1800-2600 cm™* region.

Co-dca was dispersed in MeCN/H2O/TEA solution (abbreviated as Co-dca/TEA) to
study the influence of the TEA on the structure of the catalyst. Figure 73 illustrates the
XRD patterns of both as-prepared Co-dca and Co-dca/TEA powders. A considerable
decrease in the intensity of the crystalline peaks is clearly observed for the Co-dca/TEA
sample. Previous studies reveal that metal dicyanamides form a network with low

crystallinity when combined with proper N-containing co-ligands [238], [239].
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Figure 73. XRD patterns of Co-dca and Co-dca/TEA.
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According to the Infrared analysis of Co-dca/TEA, cyanide stretch modes shift to lower
wavenumbers in comparison to the pristine Co-dca, which could be attributed to a change
in the coordination environment of cobalt sites (Figure 74). The stretching vibration of
saturated C—H bonds (2800—-3000 cm™) and the bending vibration of N—H bonds
(1060—1385 cm™Y) are the characteristic bands of TEA [240], which are not observed in the
FTIR spectrum of Co-dca/TEA, suggesting that TEA is not present in the cobalt
dicyanamide network. According to the literature, tertiary alkylamines have almost no

tendency to coordinate to metal salts unless stabilized by chelation [241].
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Figure 74. ATR-FTIR spectra of Co-dca, Co-dca/TEA, and TEA between (a) 400—-4000
cm?, and (b) 1800-2600 cm 2.

In the Co 2p spectrum of Co-dca, two prominent peaks at 782.1 and 798.3 eV are
assigned to Co 2ps2 and Co 2pus2, respectively. Another doublet at slightly higher binding
energies can be attributed to shake-up satellite peaks. The Co 2ps2 and Co 2p12 peaks of
the Co-dca/TEA sample are located at 780.9 and 796.6 eV, respectively (Figure 75). While
the Co 2p profile of Co-dca reveals that the majority of cobalt ions are in +2 oxidation

states, the narrower Co 2ps» and 2pi» peaks and lower spin—orbit splitting energy
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difference compared to Co-dca verify that the cobalt cations are partially oxidized to Co™

in Co-dca/TEA [180], [224].
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Figure 75. XPS Co 2p spectra of Co-dca and Co-dca/TEA.

TEM studies (Figure 76) depict that Co-dca/TEA is composed of a typical layered-like
morphology. Moreover, the average particle sizes of Co-dca/TEA are relatively smaller
than as-synthesized Co-dca. Overall, we suggest that the 3D network of Co-dca transforms
into a 2D layered structure in the presence of a MeCN/H>O/TEA mixed solution, which
provides more active sites for the HER process. The reduction in crystallinity of Co-
dca/TEA indicates that the TEA treatment decreases the dimensionality of the Co-dca
structure. Furthermore, the coordination environment of cobalt cations is slightly altered in

this condition.

For further investigation, Co-dca was synthesized in the mixed solution of H.O/TEA
instead of an aqueous solution (symbolized as Co-dca-TEA). Figure 77 shows the XRD
patterns of Co-dca, Co-dca-TEA, and various Co(OH). structures using the International

Centre for Diffraction Data (ICDD) database. Co-dca-TEA XRD lines are matched to those
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of Co(OH)z, although the lines at 11.1° and 29.5° are not present in the cobalt hydroxide

structure.

Figure 76. (a-d) TEM images of Co-dca/TEA.
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Figure 77. XRD patterns of Co-dca, Co-dca-TEA, and Co(OH) structures.
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The cyanide stretching mode of Co-dca-TEA is located in a slightly lower wavenumber
than that of Co-dca (Figure 78). Similar to Co-dca/TEA, the characteristic bands of TEA
are not found in the Co-dca-TEA spectrum, confirming that TEA is not present in the
structure. A sharp band at 3630 cm™ can be assigned to the stretching mode of O—H groups,
probably due to the formation of Co(OH).. The XRD and FTIR results suggest the

copresence of Co(OH). and Co-dca in the Co-dca-TEA structure.
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Figure 78. ATR-FTIR spectra of Co-dca, Co-dca-TEA, and TEA between (a) 400—4000
cm?, and (b) 1800-2600 cm 2.

The surface morphology and particle size of Co-dca-TEA were investigated by the
TEM technique (Figure 79). The Co-dca-TEA possesses a 2D sheet-like structure with
lateral dimensions in the range of 50-500 nm. Moreover, Co-dca-TEA exhibits a thin
nanosheet structure, which significantly differs from the mainly dense and stacked cubes
of Co-dca. The EDS elemental analysis reveals the existence of Co, C, O, and N elements

in the layers (Figure 80).
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Figure 79. (a-d) TEM images of Co-dca-TEA.
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Figure 80. EDS analysis of Co-dca-TEA. The signal for Cu is from the TEM grid.
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6.2.2 Photocatalytic HER Performance

The photocatalytic hydrogen-evolving ability of Co-dca was studied in a MeCN/H20
(19/1 v/v) solution, in the presence of Ru PS, [Ru(bpy)s](PFes)2, and a sacrificial electron
donor under visible light irradiation. We conducted several control experiments to optimize
reaction conditions. First, we investigated the influence of different sacrificial electron
donors by evaluating the photocatalytic activity of the catalyst with TEA, TEOA, and
ascorbic acid (AA). The highest catalytic activity was obtained when TEA was used, which
is around 2 times higher than that obtained for TEOA and 16.8 times higher than that of
AA in the MeCN/H20 mixed solution, which affords the following trend: TEA > TEOA >
AA. Furthermore, the rate of H> evolution decreases significantly with the increase in the
water content (100%, by volume) in all electron donors. Note that Co-dca evolves no
hydrogen gas when water is employed as the only solvent in the presence of TEOA (Figure
81a). Replacing MeCN with N,N-Dimethylformamide (DMF) in the reaction solution leads
to a remarkable decrease in catalytic activity for both TEA and TEOA, which suggests
MeCN plays an important role in the photocatalytic process (Figure 81b). Due to its

superior catalytic performance, TEA is selected as the sacrificial electron donor.

We further performed photocatalytic experiments by varying the quantity of the catalyst
(Figure 81a). When 1 mg Co-dca is used, the activity reaches a maximum value of 65100
umol g after 3 h of visible light irradiation. The value is the mean of four repeated
experiments with a corresponding error bar. In contrast, the catalytic activity is reduced by

increasing the amount of catalyst.
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Figure 81. Rates of Hz evolution (a) in the MeCN/H20 (19/1 v/v) mixed solution (blue
bars) and 100% (volume %) water (green bars) in the presence of TEA, TEOA, and AA as
the electron donors, and (b) in the MeCN/H2O (green bars) and DMF/H>O (blue bars)
mixed solutions in the presence of TEA and TEOA as the electron donor reagents. The
reactions are performed using 1 mM [Ru(bpy)z](PFs)2 and 10 mg of Co-dca under visible
light irradiation for 2 h.

A series of control experiments were also performed to determine the role of each
component in the HER process (Figure 82b). When the photocatalytic reaction was
operated using the Ru PS, Co-dca, and TEA, the hydrogen generation rate was 65.1 pumol
after 3 h irradiation (entry 1). Experiments in entries 2 and 3 indicate that HER could not
occur if the Ru PS or light were excluded from the system, which proves that hydrogen
evolution is dependent on the excitation of the photosensitizer by light absorption. Without
a catalyst, the system yields a much lower H> evolution activity (16.2 pmol), confirming
the critical role of Co-dca as a catalyst (entry 4). Co(NO3)2 was replaced with Co-dca to
evaluate the role of dca group on the catalytic activity (entry 5). Co(NOz)2 evolves
hydrogen with a significantly lower rate compared to Co-dca (22.7 umol). The comparison
of activities suggests that the activity of the cobalt site is enhanced when it is coordinated
to dca ligands. Similar experiments were also conducted with TEOA as the sacrificial

electron donor reagent (Figure 82b). While TEOA exhibits an identical profile to that of
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TEA, the amount of produced hydrogen is lower in all cases, indicating that TEA is a more

suitable sacrificial electron donor for the HER process.

TOF, which is defined as the number of evolved H; per active catalytic site per time, is
also an essential indicator for comparing the activity of the catalyst. All the cobalt sites are
presumed catalytically active for the estimation of the lower bound of TOF values. Co-dca
evolves 25 pmol of hydrogen in the 1% h of the photocatalytic experiment, which

corresponds to a TOF of 1.33 x 10 3s™2.
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Figure 82. (a) The effect of the quantity of Co-dca on the Hz evolution. (b) Rate of H:
evolution with Co-dca, [Ru(bpy)s]?*, and electron donor (entry 1), without [Ru(bpy)s]**
(entry 2), without light (entry 3), without Co-dca (entry 4), when Co-dca is replaced with
Co(NOa3)2 as the catalyst (entry 5). The reactions are performed in the presence of TEA
(orange bars) and TEOA (yellow bars) as the electron donor. Reaction conditions: 1 mg of
catalyst, 1 mM of [Ru(bpy)z](PFs)2, 8 mL MeCN/H20 (19/1, v/v), and 2 mL of sacrificial
electron donor under visible light irradiation (A > 420 nm) for 3 h.

Long-term HER measurement for Co-dca is displayed in Figure 83. The catalyst
displays an enhanced hydrogen evolution activity in the first 3 h of the photocatalytic
experiment. After this period, a decay in the hydrogen evolution was observed, which could
be attributed to the decomposition of Ru PS or consumption of the sacrificial electron donor
[167], [169], [242]. To elucidate the origin of the decay in the activity, first, an additional

portion of Ru PS (1 mM) was added to the reaction solution (point 2). Then, after 1 h
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irradiation, 2 mL fresh TEA was added at point 3. While recharging the solution only with
Ru PS (8-9 h interval) restores 42% of activity, replenishing it with both Ru PS and TEA
(9-10 h interval) regenerates 86% of activity. The similarity of photocatalytic performance
after point 1 and point 3 suggests that the catalyst maintains its activity and stability during

a 12 h experiment.
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Figure 83. Long-term H: evolution rate for Co-dca under visible light under visible (A >
420 nm) irradiation. (1) Starting conditions: 1 mg of catalyst, 8.6 mg of [Ru(bpy)s](PFe)2
(ImM), 8 mL MeCN/H20 (19/1, v/v), and 2 mL of TEA, (2) 8.6 mg of [Ru(bpy)s](PFs)2
(ImM) added; (3) 2 mL of TEA added.

In addition to Co-dca, the catalytic performance of Co-dca/TEA was also studied under
the same conditions. The activity of the Co-dca/TEA for photocatalytic H> production was
similar to that of Co-dca, which maintains its activity at least for 2 consequence cycles
(Figure 84a,b). Therefore, the catalytic activity of Co-dca after treatment with a
MeCN/H2O/TEA mixed solution is unaffected. TEM analysis was also used to track the

morphological change of the cobalt dicyanamide. While Co-dca initially displays a 3D
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coordination network (Figure 84c), it obviously transforms into a 2D layered structure at
the end of 3 h of photocatalytic reaction (Figure 84d), which is analogous to Co-dca/TEA
morphology (Figure 84e). These observations suggest that the presence of TEA causes a

rapid transformation from 3D to 2D structure in Co-dca, which is the catalytically active

species.
70 Co-d " Co-dca/TEA
—e— Co-dca —s— Co-dca
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Figure 84. The time courses of hydrogen evolution for (a) Co-dca, and (b) Co-dca/TEA
(for the second cycle catalyst was dispersed in a fresh solution containing Ru PS). Reaction
conditions: 1 mg of catalyst, 1 mM of [Ru(bpy)z](PFs)2, 8 mL MeCN/H20 (19/1, v/v), and
2 mL of TEA under visible light irradiation (A > 420 nm). TEM images of (c) as-synthesized
Co-dca (point 1), (d) Co-dca at the end of 3 h photocatalytic experiment (point 2), and (e)
Co-dca/TEA (point 3).
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Figure 85 shows the H> evolution activity of all prepared catalysts, which is 65.1, 62,
and 60 pumol after 3 h experiment for Co-dca, Co-dca/TEA, and Co-dca-TEA, respectively.
Co-dca structure interacts with TEA in three distinct ways: i) only during the photocatalytic
experiment as the electron donor, ii) treatment with TEA-containing solution for 20 h prior
to the photocatalytic experiment (Co-dca/TEA), iii) in the synthesis procedure (Co-dca-
TEA). These results reveal that the incorporation of TEA is essential for the transformation

of C-dca to a more active species and that this transformation is rapid.
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Figure 85. H> production data for Co-dca, Co-dca/TEA, and Co-dca-TEA. The reactions
are performed using 1 mM [Ru(bpy)s](PFs)2 and 1 mg of Co-dca under visible light

irradiation for 3 h.
6.2.3 Post-catalytic Characterization of Co-dca

FTIR, XPS, and TEM methods were employed to analyze the chemical and
morphological structures of the post-catalytic Co-dca sample. In FTIR spectra, it is shown
that cyanide stretching modes shift to a lower wavenumber compared to the pristine sample
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(Figure 86a-b). Moreover, XPS spectra display that the Co 2ps2 and 2p12 peaks become
narrower, and the spin—orbit splitting (AE = 15.7 eV) slightly decreases, indicating that
Co?* ions are partly oxidized to Co®" during the photocatalytic experiment (Figure 86c).
Note that infrared and XPS profiles of the post-catalytic Co-dca sample are similar to those

of the Co-dca/TEA.

W

Co2p 2pap

—
L)
—
—
o
—
—
(2]
—

E) 5 =

=
& AL (x10) (4]
o Py 2
2 2 2 | Co-dca (post-cat.)
£ E 2
E |Co-dea (post-cat.) = o
g £ £
c c (x 10)
5 [TeA 8 | A
(= =

Co-dca
4000 3500 3000 2500 2000 1500 1000 500 2600 2400 2200 2000 1800 810 805 800 795 790 785 780 775
Wavenumber (cm™) Wavenumber (cm™) Binding Energy (eV)

Figure 86. ATR-FTIR spectra of Co-dca, post-catalytic Co-dca, and TEA between (a)
400-4000 cm™t, and (b) 1800-2600 cm™*. (c) XPS Co 2p spectra of pristine and post-

catalytic Co-dca.

6.2.4 Effect of Solution on Co-dca Structure

A dispersed solution Co-dca in various solvents was investigated with Infrared
spectroscopy to explore the effect of solvent molecules on the transformation process of
the catalyst. (Figure 87). The FTIR profile of Co-dca in bare MeCN or TEA is identical to
the pristine sample, suggesting no change in the structure of Co-dca, despite the presence
of MeCN or TEA. The cyanide stretching modes of the Co-dca spectra shift to lower
wavenumbers when the compound is dispersed in MeCN/TEA or MeCN/H>O/TEA, which
suggests that the co-presence of MeCN and TEA is required for the structural

transformation of Co-dca.
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Figure 87. ATR-FTIR spectra of Co-dca dispersed in different solutions (a) 400—4000
cmL, and (b) 1800—2600 cm ™.

6.3 Summary

The cobalt dicyanamide coordination network was prepared successfully with a

precipitation method. Co-dca has significant photocatalytic activity as a hydrogen

evolution catalyst, with activity as high as 25000 pmol h™* g. A long-term experiment

indicates that Co-dca is stable for at least 12 h under photocatalytic conditions. Moreover,

we changed the synthesis methodology and photocatalytic experiment conditions to obtain

a combination of enhanced activity and durability. Three approaches were used to examine

the role of TEA on the structure and photocatalytic activity of Co-dca: i) TEA was

employed as the electron donor in the photocatalytic experiment, ii) for treatment of Co-

dca before the photocatalytic experiment (Co-dca/TEA), iii) in the synthesis procedure (Co-

dca-TEA). These results reveal that the presence of TEA is critical for superior HER
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activity of Co-dca. Furthermore, the 3D network of Co-dca was transformed into 2D

layered morphology when TEA was used.

Table 7. A comparison study between Co-dca and previously reported photocatalysts for
HER.

Catalyst Photosensitizer | Hz evolved (umol h™) | TOF (h™) | Ref.
[M0sS13]*~ [Ru(bpy)s]* 380 335 [243]
Co(dmgH)zpyCI [Ru(bpy)s]* 9.4 54 [166]
FeFe-Hase [Ru(bpy)s]* 10.8 [244]
CoGGH [Ru(bpy)s]* 1.6 62.9 [169]
[CosLeCls(H20)6]Cls |  [Ru(bpy)s]* 16 [165]
This

Co-dca [Ru(bpy)s]* 25000 4.8
work
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Chapter 7

Conclusions

7.1 Summary and Outlook

Acrtificial photosynthesis can be realized by a colloidal photocatalytic system since it
offers a simple, relatively low-cost, and easily scalable method to harvest solar light. These
photocatalytic assemblies generally involve the coupling of a suitable light-harvesting
component with a catalyst. However, the design of an efficient, durable, and cost-effective
hybrid assembly imposes a challenge and is considered the bottleneck step for the

development of a commercially feasible system for water splitting.

In this doctoral thesis, 2D semiconductors, ZnCr-LDH and niobate nanosheets, which
are well-known layered materials, were modified with CoFe-PB as the water oxidation
catalyst. 2D architecture semiconductors can reduce electron—hole recombination and
shorten charge carrier traveling distance. Initially, ZnCr-LDH and CoFe-PB were
combined with a facile synthetic method to develop an entirely earth-abundant SC-WOC
assembly (LDH-PB) for the visible light-driven water oxidation process. By adjusting the
atomic ratio of components, the photocatalytic activity of SC-WOC assembly was
enhanced. Optical and electrochemical studies reveal that the HOMO level of PB structure

is placed in a position, which can efficiently extract holes from LDH for water oxidation.
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This efficient charge separation leads to a three-fold increase in photocatalytic activity
compared to the bare LDH. Moreover, the PBA modification as a WOC enhances the
stability of LDH under photocatalytic conditions. Furthermore, we observed that the
activity and stability of LDH-PB assemblies could be improved by changing their weight

ratio.

The exfoliation/restacking route is significantly beneficial for boosting the catalytic
activity of layered materials due to the large surface area and high accessibility of reactant
molecules, including water, to the reaction sites. Therefore, CoFe-PB was synthesized by
exfoliation/restacking route on niobate nanosheet (Ca:NbsOi0) to design another
SC-WOC hybrid assembly (Niobate/PB) for the water oxidation process. The assembly
creates an efficient p—n junction, resulting in a photocatalytic activity that is about 6.5 times
greater than the pristine niobate sample, which maintains its activity for 12 h. The p—n
junction feature not only improves the charge transfer between the niobate and PB
components but also extends the activity of Niobate/PB in the visible region as well as the
UV region. The high photocurrent response of Niobate/PB in the photoelectrochemical
experiment compared to KCazNb3zO1o confirms a much faster migration and separation rate
of photogenerated electrons and holes under UV—vis light illumination. Characterization
studies on the post-catalytic sample suggest that the hybrid assembly retains its structural

integrity.

Co-dca was used for the first time in this study as a catalyst for both HER and CO2RR.
A 3D Co-dca coordination compound was easily prepared by a precipitation method, in
which the cobalt sites are coordinated by the nitrogen atoms of the dicyanamide ligands.
The photocatalytic activity of Co-dca for both HER and CO2RR was evaluated in the
presence of a ruthenium-based PS and a sacrificial electron donor under visible light
illumination. Several control experiments were performed to optimize the amount of

118



catalyst, Ru PS, and other photocatalytic conditions. Photocatalytic studies reveal that the
CO,-to-CO conversion rate and CO selectivity of Co-dca are 254 umol h™ g™ (0.5 mM Ru
PS) and 93% (0.1 mM Ru PS), respectively. Additionally, we found that the CO generation
activity of Co-dca is about 3.5 times higher than that of CoFe-PB, which has recently been
reported for photocatalytic CO2RR. The formation of Co-TEOA during the photocatalytic
experiment is evidenced by post-catalytic characterization, which is inactive toward CO>
reduction. As a hydrogen evolution catalyst, Co-dca exhibits high photocatalytic activity
of 25000 pmol h™* g%, which is stable for at least 12 h. Moreover, we changed the synthesis
methodology and photocatalytic experiment conditions to obtain a combination of
enhanced activity and durability. These results reveal that the presence of TEA as the
electron donor agent is critical for high activity. Moreover, the 3D network of Co-dca was

transformed into 2D layered morphology during the photocatalytic experiment.

7.2 Future Work

ZnCr layered double hydroxide and niobate nanosheets as 2D semiconductors were
successfully modified with CoFe-PB to design hybrid assemblies for the water oxidation
process. On the other hand, nickel-based PBAs can be suitable candidates for HER.
Therefore, the combination of these PBAs with appropriate 2D semiconductors, such as g-
C3N4 with unique optical and electrical properties, should be investigated to determine
whether it operates as an HER hybrid assembly or not. This might create new opportunities
for the development of low-cost PBA-based hybrid structures with high activity for overall

water splitting.

This study reveals that Co-dca is an active and robust catalyst for hydrogen production.
The results are promising; however, the Ru PS needs to be replaced with other organic

chromophores due to the high cost and poor long-term stability of ruthenium-based
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photosensitizers. Eosin Y, which has been used as an organic dye in several HER studies,
can be an ideal candidate to couple with Co-dca for the development of a PS—Cat dyad
assembly or dye-sensitized photocatalyst for hydrogen evolution. Thus, the Co-dca-based

noble metal-free hybrid systems should be further investigated and optimized.
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