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ABSTRACT

THE PURSUIT OF AN IDEAL COORDINATION ENVIRONMENT OF
THE CATALYTIC SITE FOR WATER SPLITTING

Aliyu Aremu AHMAD
M.S. in Chemistry
Advisor: Ferdi Karadas
July 2022

The construction of catalysts from cheap materials and exquisite tuning of the coordination
environment of the active site is pivotal to the development of a highly active sustainable water-
splitting catalyst. Although recent years have seen tremendous growth in the application of
Prussian Blue Analogues (PBAs) as non-noble catalysts for water splitting, the effect of the
structural coordination of the active sites on the activity of a Prussian blue (PB) catalyst is yet to
be explored. Herein, using two simple synthetic strategies, we show that manipulating the
coordination environment of the catalytic sites affects the morphology, electronic properties, and
eventually the catalytic activity of PBAs. Moreover, this study mimics natural photosynthesis by

using solar light as an energy source.

First, we demonstrate that the water oxidation activity and stability of a Co—Fe PBA can be tuned
by coordinating bidentate capping ligands to the catalytic cobalt sites. Structural characterization
studies reveal that the ligand decorated structures are of relatively lower dimensionality and they
retained their network structures even after photocatalysis. Photocatalytic water oxidation studies
indicate that coordination of one equivalent ligand group to the catalytic cobalt sites (CoL—Fe)
results in an enhancement of about 50 times in upper-bound turnover frequency (TOF), while
coordination of two equivalent ligand groups to the catalytic cobalt sites (CoL2-Fe) lead to an
inactivity, which is attributed to the lack of coordination of water molecules to the catalytic sites.
In addition, computational studies support experimental observation by showing that bidentate
pyridyl groups enhance the susceptibility of the rate-determining Co(IV)-oxo species to the

nucleophilic water attack during the critical O—O bond formation.

We found in the second study that the replacement of [Fe(CN)s]*~ unit with a square planar

[Ni(CN)4]* building block drastically changes the electronic environment and catalytic properties



by converting the PB structure from 3D to a 2D layered structure, and we utilized it for the first
time for photocatalytic hydrogen evolution reaction. We synthesized a 2D cyanide-coordination
compound [Co-Ni] and performed a complete structural and morphological characterization that
fully supports our synthetic claim. Relying on its exposed facets, layered morphology, and
abundant surface-active sites, [Co—Ni] can efficiently convert water and sunlight to H> in the
presence of a ruthenium photosensitizer with an optimal evolution rate of 30,029 umol g * h !,
greatly exceeding that of 3D PBA frameworks and top-ranked catalysts operating under the same
condition. Furthermore, [Co-Ni] retains its structural integrity throughout a 6-hour photocatalytic

cycle, which is confirmed by XPS, XRD and Infrared analysis.

Overall, these two strategies signify the importance of the coordination environment of the active

sites in exploiting structure/morphology and optimizing the activity of the catalyst.

Keywords: water oxidation, hydrogen evolution, Prussian blue analogues, ligand-engineered,
photocatalysis, catalysis, 2-dimensional cyanide compounds, coordination, bidentate pyridyl

ligand, active site.



OZET

SU AYRIMI ICIN KATALITIK SAHANIN IDEAL BIR KOORDINASYON
ORTAMININ ARISI

Aliyu Aremu AHMAD
Kimya, Yiksek Lisans
Tez Danismani: Ferdi Karadas

Temmuz 2022

Katalizorlerin ucuz malzemelerden yapimi ve aktif metal merkezinin koordinasyon ortaminin
tasarimi, oldukca aktif ve surdrdlebilir bir katalizériin gelistirilmesi suyun ayristirtlmasi iglemi
igin ¢cok Onemlidir. Son yillarda, Prusya Mavisi Analoglarmnin (PBA) suyun ayristirilmasinda
kullanan dogada bol bulunan yapitaglarindan olusan katalizorler olarak kullanilmasinda muazzam
bir yol katedilmis olsa da, aktif bolgelerin yapisal koordinasyonunun bir Prusya mavisi (PB)
katalizoriinliin aktivitesi tizerindeki etkisi heniiz arastirilmamistir. Bu tez ¢alismasinda, iki basit
sentetik strateji kullanarak, katalitik bolgelerin koordinasyon ortamini manipiile etmenin
morfolojiyi, elektronik ozellikleri ve nihayetinde PBA'larin katalitik aktivitesini etkiledigini
gosteriyoruz. Dahasi, bu caligma gilines 151811 bir enerji kaynagi olarak kullanarak dogal

fotosentezi taklit etmektedir.

[lk olarak, bir Co-Fe PBA'nin suyun yiikseltgenmesi islemindeki aktivitesinin ve stabilitesinin, iki
disli ligandlar1 katalitik kobalt bolgelerine koordine ederek ayarlanabilecegini gdsteriyoruz.
Yapisal karakterizasyon ¢aligmalari, ligand siislii yapilarin nispeten daha diisiik boyutluluga sahip
oldugunu ve fotokatalizden sonra bile ag yapilarim1 koruduklarin1i ortaya koymaktadir.
Fotokatalitik ¢aligmalar, bir esdeger ligand grubunun katalitik kobalt bolgelerine (CoL-Fe)
koordinasyonunun, st smir devir dongiisii katsayisinda (TOF) yaklagik 50 kat artigla
sonuclandigini, iki esdeger ligand grubunun katalitik kobalt bolgelerine (CoL2-Fe)
koordinasyonunun, su molekiillerinin katalitik bolgelere koordinasyon eksikliginden kaynaklanan
bir aktivasyon yoksunluguna yol ag¢tigin1 gostermektedir. Ek olarak, hesaplamali galismalar, iKi
digli piridil gruplarinin, kritik O-O bag olusumu sirasinda hiz belirleyici Co (IV)-0kso turlerinin

niikleofilik su saldirisina duyarliligini arttirdigini gostererek deneysel gézlemi desteklemektedir.



Ikinci c¢aliymada, [Fe(CN)e]*" yap1 tasinin kare duzlemsel [Ni(CN)4]>" yapr tasi ile
degistirilmesinin, PB yapisint 3D'den 2D katmanli bir yapiya dontistiirerek elektronik ortami ve
katalitik 6zellikleri biiyiik 6l¢iide degistirdigini ve ilk kez fotokatalitik hidrojen olusum tepkimesi
icin kullanilabilecegini gosterdik. Iki boyutlu bir siyaniir koordinasyon bilesigi [Co-Ni]
sentezledik ve sentetik iddiamizi tam olarak destekleyen eksiksiz bir yapisal ve morfolojik
karakterizasyon gerceklestirdik. Maruz kalan boyutlarina, katmanli morfolojisine ve bol miktarda
ylizey aktif bolgelerine dayanarak, [Co-Ni], 3D PBA malzemelerini biiyiik 6l¢iide asan, 30.029
pmol g 1 h™* optimal evrim hizina sahip bir rutenyum boyar madde varliginda suyu ve giines 151811
verimli bir sekilde Ho'ye donistiirebilir ve aynmi kosulda ¢alisan en iist diizey katalizorlerle
yarigabailecek performansa sahiptir. Ayrica, [Co-Ni], XPS, XRD ve Infrared analizleri ile

dogrulanan 6 saatlik bir fotokatalitik dongii boyunca yapisal biitiinliigiinii korumaktadir.

Genel olarak, bu iki strateji, aktif bolgelerin koordinasyon ortaminin yapi / morfolojiden

yararlanma ve katalizoriin aktivitesini optimize etmedeki énemini géstermektedir.

Anahtar Kelimeler: su oksidasyonu, hidrojen evrimi, Prusya mavisi analoglari, ligand-
miihendisligi, fotokataliz, kataliz, 2 boyutlu siyaniir bilesikleri, koordinasyon, bidentat piridil

ligand, aktif bolge.



“The superiority of the learned man
over the devout is like that of the moon,
on the night when it is full, over the rest of the stars.”

Prophet Muhammad, PBUH.
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CHAPTER 1

1.0 INTRODUCTION

Undoubtedly, one of the crucial challenges tackled by present-day scientists is the development of
clean and sustainable energy pathways. The US Department of energy projected a considerable
increase in energy consumption up to 8.1 x 10% J by 2040.[1] In addition, the world’s heavy
reliance on the use of fossil fuel as a source of energy has resulted in an accelerated increase in the
concentration of atmospheric CO., exceeding 800 ppm in 2015 for the first time in 800,000
years.[2]

The unusual increase in the global energy demands due to the continual increase in the world’s
population, coupled with the devastating environmental issues associated with the combustion of
fossil fuels, have raised a huge concern and triggered the scientific community to find a cheap,
abundant, efficient, and green source of energy. One of the most attractive ways to address this
crisis is to use the energy derived from sunlight to split water into oxygen and hydrogen, “solar
water splitting”. The hydrogen generated at the end of the water-splitting process has been

proposed as a clean and sustainable alternative energy to fossil fuels.[3]
1.1  Photocatalytic (Solar) Water Splitting

Given the natural abundance of water and sunlight, splitting water into molecular oxygen and
hydrogen with solar energy has proven to be a green and inexhaustible approach to addressing the
global energy crisis (Figure 1.1).[4] Although the intermittent nature of the sun limits its practical
application, the utilization of solar for energy production still holds a great promise since the
amount of energy radiated on the earth's surface by the sun in a day is far more than human energy
needs for the whole year.[5] For instance, a recent report from the US Department of Energy
reveals that suspended heterogeneous photocatalysts operating at 10% solar energy conversion
efficiency are theoretically able to produce hydrogen fuel at the cost of $1.63/kg H2,[6] which is
cheaper than the hydrogen generation from electrolysis estimated at the lowest cost of $2.3/kg
Ha.[7]



Solar Water Splitting

H,0 H, + 0,
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Figure 1.1: Schematic of solar water splitting using a suspended photocatalyst.

Water splitting reaction can be divided into two main half-reactions, namely oxygen evolution
reaction (OER) and hydrogen evolution reaction (HER).[8] The OER step involves the oxidation

of water:
2H20 > Oz + 4H* + 4e; E®=1.23 — 0.059 x pH V vs NHE Eqg. 1

The oxidation of water provides electrons and protons, which are then utilized in the HER step for

the reduction of protons:
2H* + 2 > Hy; E®=-0.059 x pH V vs NHE Eq. 2

The OER step is considered the bottleneck of this reaction since it involves a complex four-
electron/proton transfer pathway and a rate-limiting O-O bond formation, leading to a large
overpotential and, thus, limiting the efficiency of the overall reaction.[1] Nonetheless, performing
an overall water splitting reaction requires the water oxidation system to be coupled with an
efficient water reduction catalyst. Thereby, catalysts that can efficiently drive both of these

reactions are desired.

The state-of-the-art catalysts for the OER and HER are noble metals such as Pt, Ir, Ru, and their
oxides.[9]-[12] However, rarity and high cost greatly restrict their commercial applications.

Therefore, tremendous research efforts have been devoted to the development of a cheap, earth-



abundant, and robust catalyst that can drive water-splitting reaction efficiently for large-scale

applications.
1.2 Inspiration from Nature

From the beginning of time, nature has provided us with a fundamental knowledge of harnessing
the energy from sunlight for water splitting. In natural photosynthesis (Figure 1.2), light energy is
extracted by an enzyme complex known as the photosystem Il (PSIl) to oxidize water into
molecular oxygen, four electrons and four protons.[5] Upon excitation of the PSII system by light
with an optimum wavelength of 680 nm, the chlorophyll centre known as the Peso is oxidized
(forming a cation radical, Pego*), and a pheophytin molecule is reduced (forming an anion radical,
Pheo").[13] The electron generated with the excitation of Pego is transferred to an acceptor system
where it proceeds from a tightly bound quinone cofactor Qa to a weakly bound Qg to undergo a
two-electron/proton reduction. Then, through the cytochrome bef complex and photosystem I,

until COz is reduced in the Calvin-Benson Cycle.[14]

P700*
P680*
Pheo
Q. CO, reduction

B s .
o Calvin-Benson Cycle
= Qp
£
= Cyt bef
= E—
5 OEC
& — v PS1

P680 light

PSII

4H* + 0,

Figure 1.2: Electron transfer pathway in natural photosynthesis. All processes from PS | that lead

to the Calvin-Benson cycle where CO- is reduced are omitted and replaced with a dash line.

The key to water splitting is the donor system, where the strongly oxidizing Peso” (1.25 V vs NHE)
oxidizes a redox-active tyrosine molecule (Yz), which is in close proximity to the oxygen evolving

complex (OEC), MnsCa-cluster, for efficient charge transfer.[13] After four consecutive one-

3



electron oxidation steps of the OEC by the oxidized Pego” through So — S state transitions, two
molecules of water are converted into molecular oxygen, four protons, and four electrons.[5] While
the water splitting reaction of interest occurs in the donor system, it is important to note that the
rate-determining step for natural photosynthesis is the 2e /2H" reduction of Qg that takes places in

the acceptor system.[14]
1.2.1 Oxygen Evolving Complex (OEC)

It is pertinent to understand the detailed structure and coordination environment of the oxygen
evolving complex in order to uncover the mechanism of photocatalytic water oxidation and to
design a similar catalyst. The OEC is a tetra-manganese cluster consisting of one calcium and four
manganese atoms (MnsCa-cluster).[15] This is a cubane-like structure, consisting of three of the
manganese and the calcium atom arranged at the corners of a tetrahedron with three p-oxo bridges
on each atom (Mn3CaOs), while the fourth manganese is dangling and connected to the cubane by
a mono-p-oxo bridge (Figure 1.3a).[5] While earlier studies have shown that the OEC is mainly
coordinated to oxygen and nitrogen bonds within its first coordination sphere, later spectroscopic
investigations have revealed the presence of coordinating amino acid ligands in the extended
sphere, which provide a stable ligand environment for the metal cluster.[16]

A
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Figure 1.3: (a) Chemical structure of the OEC of photosystem Il obtained at 1.9 A resolution.
Colours: Mn, purple; Ca, yellow; bridging oxo groups, red; bound water molecules, orange.
Reprinted with permission from ref [15]. Copyright 2011 Elsevier B. V. (b) Catalytic (Kok) cycle
of the OEC from S to Sa.



The OEC catalyses water oxidation by cycling from the So — Sy state transition (Kok cycle).[17]
Each oxidation state of OEC is referred to as the S-state, where Sp is the most reduced state (the
cycle begins with Sp) and S is the most oxidized state (Figure 1.3b). The oxidation of the S-states
is induced by the strongly oxidizing Peso® group. Psso”™ is the most oxidizing species known in
biology, with an estimated reduction potential of 1.25 V vs NHE.[18] This potential is sufficiently
strong to drive water oxidation at pH 7 (E° = 820 mV), making this kinetic limiting water oxidation
proceed at a relatively fast rate. All these characteristics support that the OEC is an exceptionally
advanced water oxidation catalyst, reaching an optimal turnover frequency of 400 mol of O2 (mol
OEC) s [14]

1.3 Artificial Photosynthesis (Mimicking Natural Photosynthesis)

Artificial photosynthesis involves using the fundamental understanding of the complex biological
process taking place in natural photosynthesis to build synthetic systems that can perform identical
functions efficiently.[19] Researchers rely on these principles to construct and tune new materials
for solar water splitting. Similar to natural photosynthesis, an efficient artificial photosynthetic
system must possess three main components (Figure 1.4);[20] i) a light-absorbing component that
can absorb radiation from sunlight preferable in the visible region, ii) a water oxidation catalyst
that can efficiently oxidize water into oxygen, protons, and electrons, and iii) a water reduction
catalyst that can reduce the protons and electrons generated from the oxidation step into hydrogen.
A common strategy adopted for the development of catalysts is to investigate water oxidation and
reduction reactions separately in the presence of a sacrificial oxidant and reductant,
respectively.[19], [21]-[23]
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Figure 1.4: Diagram showing the key components of natural photosynthesis and a comparison

with an artificial design that mimics the natural functional components.
1.3.1 The Light Absorbing Component (Photosensitizer)

In agreement with natural photosynthesis, the first feature required for the design of an artificial
solar water splitting system is a light-harvesting chromophore or a photosensitizer. A good
chromophore should possess the following characteristics:(i) The ability to absorb light strongly
over a broad range since more than 47% of the solar spectrum is composed of visible radiation,
(i) a redox potential suitable for water oxidation or reduction reactions, (iii) a long excited-state
lifetime within nanosecond to microsecond range or lifetime long enough for charge-transfer
reaction to take place, (iv) a chromophore, which could be easily synthesized and with
excited/ground state properties that can be easily adjusted, and finally (v) a long-term stability.[24]
Light-harvesting components used so far include inorganic metal complexes, organic dyes, and
semiconductors.[25]-[28] The inorganic or organic dyes can also be coupled to a proper

semiconductor to form a dye-sensitized assembly.[29]-[31]
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Figure 1.5: Electronic transition (excitation and emission) in an inorganic metal complex, MLs,
in an On symmetry. LMCT: ligand to metal charge transfer; LC: ligand centered transition; MC:

metal centered transition; MLCT: metal to ligand charge transfer.

Among these chromophores, the most studied are the inorganic metal complexes. Inorganic metal
complexes are favourable as photosensitizers due to their charge-transfer excited state transitions
(Figure 1.5).[24] They can undergo metal to ligand charge transfer (MLCT), which involves a
photo-induced electron transfer from the metal-centred tog orbital (HOMO) to the ligand-centred
7* orbital (LUMO).[32] This MLCT transition leads to a photo-induced one-electron oxidation of
the metal and one-electron reduction of the ligand. The redistribution of electron density
dramatically alters the excited states' redox potential and makes them a better oxidant and reductant
than the ground state.[33] The reactivity of the MLCT excited state facilitates a charge transfer
process similar to natural photosynthesis. Ru(ll) and Ir(I1) metal complexes have been explored as
efficient chromophores due to their exciting electronic and excited state properties.[32]
Isoelectronic Fe(ll) metal complexes have also emerged recently due to the desire to replace
expensive Ru(ll) and Ir(1l) complexes with earth-abundant ones.[34]

1.3.1.1 Ru(Il) Photosensitizers

The most investigated inorganic metal-complex photosensitizer is the Ru(bpy)s?* due to its rich
excited state photochemistry.[35] Ru(bpy)s** has a strong MLCT excitation in the visible region

(Amax = 452 nm in acetonitrile solution), which involves a one-electron transfer from the metal to



the ligand orbital as depicted in Eq 3. The MLCT excited state [Ru'"'(bpy )(bpy)2]**" is more
oxidizing and reducing than the ground state which enables it to be used in both reduction and

oxidation reactions.[24], [36]

[Ru'!(bpy)s]** —— = [Ru"" (bpy) (bpy),]** Eq.3

Upon visible light illumination, Ru(bpy)s?* is excited into a short-lived *MLCT excited state,
which relaxes rapidly within ~ 100 fs via intersystem crossing to the long-lived *MLCT excited
state (Figure 1.6).[33] The *MLCT undergoes a phosphorescent emission in solution at room
temperature (Aem = 620 Nm in acetonitrile solution).[33] The *MLCT excited state of Ru(bpy)s®*
has a long lifetime of about 1.1 ps.[37] Unique properties such as strong absorption in the visible
range, excellent redox properties of the excited state, and long excited state lifetime make
Ru(bpy)s?* and other Ru-type complexes one of the most widely used chromophores for photo-
redox catalysis.[5], [35]

Figure 1.6: Potential energy surface diagram for [Ru(bpy)s]?*showing the relevant electronic

states, transitions, and lifetimes
1.3.2 The Catalyst

Besides excitation of the chromophores and generation of excited state carriers (electrons and

holes), an efficient catalyst is required to handle the catalytic reaction process.[20] A solar water



splitting catalyst is accessed based on key parameters,[38] such as (i) cost: a catalyst that will
mimic natural photosynthesis should be inexpensive, (ii) stability: the stability of a catalyst is
accessed by subjecting the catalyst to long-term experiment and performing post-catalytic
characterization to ensure that the catalyst is not degraded, and (iii) activity: the activity of the
exposed catalytic sites can be evaluated from the turnover number (TON) or turnover frequency
(TOF).

no of H,/0, evolved

TON = - -
no of active site
Eq. 4
no of H,/0, evolved
O = . f .2/ 2 L 48
no of active sites X reaction time
Eq.5

Two catalytic systems are required for solar water splitting, namely; the oxidation catalyst where
oxygen evolution takes place and the reduction catalyst where hydrogen evolution reaction occurs.
To thoroughly investigate the structure-function relationship of a catalyst, an approach commonly
used by most studies is to catalyse these half-reactions separately in the presence of sacrificial

reagents.
1.3.2.1 The Water Oxidation Catalyst (WOC)

Water oxidation is a fundamental and key reaction in photosynthesis. It involves a four electron-
proton transfer (Eq. 1), and requires a thermodynamic potential of E° = —1.23 V vs RHE.[5], [8]
The mechanism of water oxidation proceeds through a four proton-coupled electron transfer
(PCET steps), beginning with the coordination of H2O to the reactive site, then the formation of
hydroxo species, followed by the formation of oxo-intermediate, the formation of oxyhydroxide
intermediate, and finally the removal of H* to produce O2.[39], [40] Classical mechanistic studies
have shown that the rate-determining step of this mechanism is the O—O bond formation step,
which primarily involves the attack of water molecules on the high valent oxo-intermediate
resulting in the formation of the oxy-hydroxide intermediate.[40] The water oxidation reaction is
regarded as the limiting step in overall water splitting due to the complexity of the kinetics and

thermodynamics involved in this process.[14]



Numerous catalysts, including homogeneous and heterogeneous systems have been investigated
for water oxidation. The benchmark catalysts for water oxidation are the high-performing IrOx and
Ru0..[41], [42] However, the high cost and rarity of the noble metals have restricted their practical
application and led to the search for low-cost catalysts such as the first-row transition metals (TM).
Inspired by nature, Mn-based catalysts similar to the OEC (MnsCa-cluster) have been studied and
shown to be active for water oxidation.[43] Various other first-row TM-based systems have been
used for the development of a low-cost and efficient water oxidation catalyst. In particular, the
catalysts made from cobalt have shown to be more promising as an alternative to the noble
metals.[19] The homogenous systems that have been investigated include metal polypyridyl
complexes, while the heterogeneous systems are metal oxides, metal hydroxides, metal nitrides,
metal-organic frameworks (MOFs), etc.[44]-[47] Metal-free catalysts such as graphene and

carbon nanotubes have also been studied for water oxidation.[2]

S,04*

Figure 1.7: Scheme of photocatalytic water oxidation cycle of a catalyst in the presence of

persulfate and a photosensitizer.

The Photocatalytic (solar-driven) water oxidation process could be investigated separately as a
half-reaction in the presence of sacrificial oxidants such as sodium persulfate (Na2S2Og) and silver
nitrate (AgNO3).[48], [49] The most commonly used sacrificial oxidant for water oxidation is
Na>S20s.[49] In a photocatalytic set-up containing Na>S20s, the excited photosensitizer is oxidized
by the persulfate ion, and then the oxidized PS oxidizes the WOC, which in turn oxidizes water

into O after four consecutive electron transfer steps (Figure 1.7).[50]
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1.3.2.2 The Reduction or The Hydrogen Evolution Catalyst

The other half of water splitting is the reduction of protons to hydrogen, which involves a two-
electron reduction (Eq. 2) with a thermodynamic potential of E° = 0 V vs RHE.[8] The classic
HER mechanism proceeds through the reduction of the reactive metal site, the formation of a
metal-hydride species, and finally, the evolution of H2.[51] Hydrogen (H>) is believed to be the
most promising alternative to fossil fuel, and therefore, the development of a highly-active catalyst

for this process is pertinent.

Platinum sits at the top of the ranks and is regarded as the best catalyst for HER,[52] but its
practical utilization is limited owing to its low abundance and high cost. Therefore, significant
attention has been paid to earth-abundant transition metal catalysts such as Co, Fe, Ni, and Mo.
Similar to water oxidation, Co-containing catalysts have been used and studied extensively due to
their exciting redox chemistry.[19] Earth-abundant TM catalysts such as metal sulfides, metal
selenides, metal nitrides, and MOFs have been used as heterogeneous catalytic systems,[4], [53]
while metal polypyridyl, cobaloximes, cobalt-corroles, and cobalt-dithiolenes have been
investigated extensively as homogeneous catalytic systems.[51], [54], [55] Notable of mention are
the highly active [FeFe], [NiFe], and [Fe] hydrogenases found in nature, which can catalyze
hydrogen evolution with turnover frequencies beyond 9000 s*.[56] While it is difficult to use
these enzymes directly in a non-natural environment, innovative and efficient catalysts mimicking

the hydrogenases have been developed recently for HER.[57]-[61]

A hydrogen evolution catalyst could be coupled with a water oxidation catalytic system for overall
photocatalytic water splitting. However, the hydrogen evolution catalyst can be studied
independently as a half-reaction in the presence of sacrificial reductants (SR) such as ascorbate,
triethanolamine (TEOA), triethylamine (TEA), acetic acid, and methanol.[21], [62]-[70] In a
three-component photocatalytic set-up containing the HEC, SR, and photosensitizer, the excited
photosensitizer can be quenched via two different electron transfer quenching pathways known as
the reductive quenching or oxidative quenching. In the reductive quenching pathway, the excited
photosensitizer is reduced by the SR, then the reduced PS reduces the HEC, which in turn reduces
H* into H. after two consecutive electron transfer steps (Figure 1.8a).[21] In an oxidative
quenching pathway, the excited photosensitizer reduces the HEC, which in turn reduces H* into

H> after two consecutive electron transfer steps, and the PS is regenerated by electron transfer from
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the SR (Figure 1.8b).[23] Under the experimental conditions of our HER experiment performed in
chapter four, the concentration of ascorbate which served as the SR is far greater than the catalyst
concentration. Thus, reductive quenching will be the dominating pathway as ascorbate will be the

primary quencher of the PS.

SR

SR* PS” HEC HZ
PS- HEC H,
PS 5
PS* 4
2x
SR
Ps+ HEC7 2]'[*
/v/ PS HEC= 2H*
|
SR*

Figure 1.8: (a) reductive quenching and (b) oxidative quenching pathway scheme of

photocatalytic hydrogen evolution cycle of a catalyst in the presence of sacrificial reductants and
a photosensitizer.

1.4 Prussian Blue Analogues as Water Splitting Catalysts

Prussian blue (PB) is an insoluble pigment initially discovered in the 18" century by a German
pigment manufacturer. The earliest studies performed by inorganic chemists recognized PB as a
mixed-valence Iron(ll11)hexacyanoferrate(Il) compound, Fes[Fe(CN)g]z*xH20 (x = 14 — 16).[65]
The pioneer single crystal study performed by Buser et al. in 1977 reported that PB belongs to the
face-centered cubic (fcc) unit cell in the Fm3m or Pm3m space group.[66] Subsequently, modern
inorganic chemists discovered that other transition metals could replace the Fe species in PB to

generate what is termed Prussian blue analogues (PBAS).

PBAs are a diverse class of three-dimensional coordination polymers with a general
formula, AxTy[M(CN)e]-zH20, where T and M are transition metals, and A is analkali oran
alkaline metal ion positioned in the tetrahedral interstitial sites (Figure 1.9).[67] It adopts a face-

centered cubic (fcc) structure in the Fm3m space group with a lattice parameter varying from 10.10
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to 10.25 A.[68]-[70] The two metal sites (T and M) are connected through cyanide bridging
ligands to afford an extended framework, in which M is connected from the C end, and T is
connected from the N end. The water molecules in the framework can either coordinate to the N-

ligated transition metals sites (T) or exist in the interstitial sites/vacancies.[67]

Figure 1.9: A simplified crystal structure PBA (AxTy[M(CN)s]-zH20) in the Fm3m space group.
The T site, M site, C, and N are represented by the green, violet, blue, grey, and blue spheres,
respectively. The A in the vacant interstitial sites are shown by the pink balls. The water molecules

also present in the interstitial sites are omitted due to clarity.

PBAs have garnered an intense research interest as water splitting catalysts due to their exiting
synthetic and structural characteristics: i) They have a facile synthetic procedure from cheap
precursors, which makes it economically affordable for large-scale water splitting. ii) They
constitute easily tuned metal sites. The structure could be easily modified with substrates that can
impart unique functionality, electronic properties, or morphology. iii) They exhibit porous and
robust network structures with the ability to retain their structural configuration under water
splitting catalysis at a wide pH range (pH 1 — 13). iv) They possess a fast electron transfer between
the metal sites through the short cyanide bridge.[71] In addition to water splitting catalysis, PBAS
have been used in various applications such as gas storage, batteries, electrochromism, magnetism,

and sensors.[72]
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1.4.1 Coordination Environment of PBAs for Water Splitting

Initial investigations on the tuning of the metal sites in PBAs and all the current works on the
application of PBAs for heterogeneous water splitting catalysis have shown that the cobalt
hexacyanometalate analogue, AxCoy[M(CN)s].zH20 (Co—M PBA), exhibits superior activity and
stability.[47], [69], [73], [74] These studies indicate that the cobalt sites with accessible sites,
which are on the surface or in the vacancies created to provide charge balance, are the active
catalytic sites for water splitting (Figure 1.10). The cyanometalate site does not serve as a catalytic
site due to the lack of an accessible coordination site, however, it plays an important electronic role
in enhancing the activity and the stability of cobalt sites. The structural coordination of the surface
catalytic cobalt sites in Co—M PBA mimics that of the highly active sites in natural photosynthesis
due to its ability to coordinate to water molecules or protons for water splitting catalysis without
being destroyed in the process and their judicious use of the cyanide linkage for efficient charge
transfer and stability. These interesting and unique chemistry makes PBAs an efficient bifunctional

heterogeneous catalyst that can catalyze both OER and HER processes.
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Figure 1.10: The octahedral coordination environment of the metal sites in Co—M PBA.
1.4.2 PBAs for Photocatalytic Water Oxidation

In contrast to homogeneous systems which suffers from instability under photocatalytic condition
and non-scalability, Prussian Blue (PB), Fes[Fe(CN)s]s, has been recognized as far back as the late
20" century as a highly stable heterogeneous catalyst. PB exhibited catalytic properties for water

oxidation in the presence of [Ru(bpy) s3]**/persulfate couple and displayed remarkable
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stability.[75], [76] Later in 2014, Galan-Mascaros and co-workers performed the first study on the

application of Co-PBAs for photocatalytic water oxidation in the presence of [Ru(bpy)

3]**/persulfate couple.[69] They found that Co—Fe and Co—Co analogues exhibit a maximum initial

TOF of 45 x 10* s and 8.1 x 10 s7%, respectively, which is higher than that of commercially

available Co3O0s (4.2 x 107 s71). The success of this work portrayed Co-M PBA as a competitive

candidate for photocatalytic water oxidation and inspired other research groups, including our

own, to study PBAs extensively for water splitting. The several works that have been done in this

field to enhance the photocatalytic water oxidation activity of PBAs could be divided into four

main strategies.

i)

Utilizing PBA as a pre-catalyst: Due to the insufficient number of surface-active sites
in PBAs, the majority of studies in enhancing the activity tend to use PBA as a
precursor and integrate it with other highly active and conductive materials, which
leads to reconstruction or decomposition of the cyanide network to their corresponding
oxides, phosphides, or selenides to form what is referred to as a “PB derived-catalyst”.
For instance, Guo et al. designed Co(OH)./CuO nanoparticles using Cu—Co PBA as a
precursor.[77] The derived catalyst showed long-term stability and superior
photocatalytic water oxidation performance in the presence of persulfate as an electron
scavenger.

Coupling PBA with a light-absorbing component: Another strategy commonly
employed in this field is to couple PBA with a proper semiconductor (SC) or a
photosensitizer. This strategy aims to achieve a proper energy level matching between
the valence band of SC and the HOMO of the catalytic site to boost the OER activity
and the stability of PB-based assembly. This strategy also significantly reduces
electron-hole recombination on the SC owing to its efficient hole transfer to the PBA
catalyst surface.[78] Several Co-Fe PBA catalyst/visible-light absorbing SC
assemblies have been designed by our group, e.g. using a simple co-precipitation
synthetic strategy, which prevents the decomposition of the cyanide network. A Co—Fe
PBA catalyst was coupled with a layered double hydroxide (LDH),[79] a niobate,[80]
BiVO4,[81] and brown-TiO,[82] in different studies. Each of these assemblies displays
a proper alignment of energy level, allowing an efficient hole transfer to the surface of

Co-Fe PBA catalyst for photocatalytic water oxidation. Besides our work, Shi et
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ii)

al. also designed an anisotropic PBA-TiO, Janus nanoreactor by growing TiO>
nanoflakes on an etched Ni—-Co PBA surface.[70] This assembly displayed improved
photocatalytic activity compared to ordinary PBA or TiO: attributed to the unique
Janus nanostructure.

Changing or tuning the cyanometalate precursor: another adopted strategy is to
chemically modify or tune the cyanometallate site, which will consequently have an
indirect electronic effect on the activity on the catalytic sites. Yamada et al. prepared
heteropolynuclear cyanide compounds by partially replacing the hexacyanocobaltate
precursor in Co—Co PBA with octahedral [Pt"V(CN)s]* or square planar [Pt"(CN)4]*>
complexes.[74] The compounds showed an increase in photocatalytic water oxidation
activity in the presence of [Ru(bpy) s]**/persulfate couple, attributed to the electronic
and structural modifications introduced by the Pt ions. In 2016, our group found that
replacing the hexacyanoferrate precursor in Co—Fe PBA with a polymer bound
pentacyanoferrate precursor results in the formation of an amorphous structure with 7
times increase in surface concentration of catalytic cobalt sites and consequently
leading to an enhancement in the activity.[73] Follow-up studies by Galan-Mascaros
group leveraged on comparative studies to understand the influence of ligands attached
to the pentacyanoferrate precursor of CoFe—L PBA on its photoactivity.[83] Further
investigations have elucidated the linkage of the pentacyanoferrate precursor to
chromophore groups for the development of a molecular sensitizer-heterogeneous
catalyst system. Kap and Karadas designed a heterogeneous PS-WOC dyad by
incorporating a Ru—P4VP consisting of a bridging polymer to the pentacyanoferrate
units of Co—Fe(CN)s.[84] The synthesized dyad displayed higher activity than the
physical mixture of CoFe PBA and Ru PS, and it retained its activity for at least 6
hours, which has not been achieved by a solution mixture of [Ru(bpy)s]** and catalyst
due to the instability of [Ru(bpy)s]**. In 2016, Karadas group designed the first earth-
abundant PB-based catalyst triad, [CoFe-TPyP], by connecting TPyP organic
chromophore to pentacyanoferrate precursor and then reacting with cobalt (ii) ions.[85]
[CoFe-TPyP] displayed excellent photocatalytic water oxidation performance in the
presence of persulfate ions as an electron scavenger, yielding an initial TOF of 4.5 x
10* s, which is compatible with studies utilizing rare [Ru(bpy)s]** as the
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photosensitizer. In addition, this molecular sensitized-PBA catalyst displayed
extraordinary stability with no change in activity over a minimum of three cycles,
which is difficult to attain in a ruthenium sensitized system due to bipyridyl poisoning.
Changing or tuning the catalytic sites: Early investigations on the effect of the type of
transition metals serving as the catalytic sites on the activity of PBA have shown the
cobalt hexacyanometalate analogue (Co—M) to exhibit superior activity and
stability.[69], [73] Few studies on directly tuning the catalytic cobalt sites without
decomposition in the cyanide network are focused on partially substituting or doping
with a different metal. Han and Galan-Mascar6s showed that doping or partially
substituting the catalytic cobalt sites in a Co-Fe PBA with Fe'""" resulted in an
enhancement in OER activity.[86] Furthermore, Yamada et al. revealed that the
introduction of small amounts of Ca?* into the vacancies of Co—Co PBA leads to an
increment in photocatalytic water oxidation activity in the presence of [Ru(bpy)
3]**/persulfate couple and maximum quantum efficiency of 200 % for O, evolution.[87]

1.4.3 PBAs for Photocatalytic Hydrogen Evolution

While substantial progress has been made on the utilization of PBAs for photocatalytic water

oxidation, comparatively less attention has been paid to exploiting PBAs as a hydrogen evolution

catalyst. PBAs exhibit an extremely low intrinsic HER activity compared to their heterogeneous

metal sulphides and phosphides counterparts due to a smaller number of surface-active sites and

low conductivity.[4], [88] Thus, high crystallinity and less accessible catalytic sites remain the

main challenges to developing highly active PBA catalysts for HER processes. The studies on

enhancing the photocatalytic hydrogen evolution activity are divided into two strategies.

i)

Coupling PBA to the surface of a SC: In this strategy, PBA serves as a co-catalyst for
efficient electron transfer and prevents charge carrier recombination. For instance, Pena
et al. reported 16 times increase in photocatalytic HER activity using methanol as an
electron donor when Cu—-Co PBA is employed as a co-catalyst on the surface of TiO>
compared to the bare TiO2.[89] Recently, a PB—Co/CdS hybrid material synthesized
by immobilizing Co—Co PBA on the surface of CdS reached a high photocatalytic HER
activity of 57,228 pmol g * h ! in the presence of lactic acid as a sacrificial electron

donor.[90] The superb increase in activity achieved in both cases is attributed to the
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faster charge transfer from the SC to the PBA, which is favoured by the bridging CN
ligands.

i) Decomposing the cyanide network by integrating with conductive materials to form a
PBA-derived catalyst: The PBA-derived catalyst possesses the inherent properties of
PBA and, in addition, enhanced electronic properties and surface-active sites. For
instance, Qi et al. synthesized iron nitride (Fe2N) nanoparticles by nitriding Prussian
blue nanocubes.[91] The derived Fe2N nanoparticles reached an optimal photocatalytic
HER of 88.7 umol g h ™! on g-C3N4 nanosheets using TEOA as a sacrificial electron
donor. In addition, the NixCdyS prepared by Cao et al. through the decomposition of a
Ni-doped Cd—Co PBA exhibit a 3 times increase in photocatalytic HER activity than

pure CdS in the presence of Na>S/Na>SOs solution as the sacrificial electron donor.[92]
1.5  Thesis Objectives

Understanding the structure-activity relationship of an active site has been a significant approach
toward the rational design of a high-performing catalyst for water splitting. Although extensive
studies have been performed on the investigation of PBAs as a water splitting catalyst, a clear
understanding on the effect of the structural coordination of the catalytic sites on the
morphology/electronic properties and the activity of PBAs is yet to be explored to date. To this
end, chapters three and four of this thesis focus on manipulating the structural coordination of the
catalytic sites in PBAs to enhance the photocatalytic activity (Figure 1.11), using the well-
established [Ru(bpy) s]** as the photosensitizer.
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H,0

Figure 1.11: Schematic drawing showing (i) the coordination tuning of the metal sites to achieve
an ideal catalytic cobalt environment for water oxidation and hydrogen evolution reaction. (ii)

electron transfer pathway between [Ru(bpy) s]** and the catalytic cobalt site.

Chapter three introduces a simple synthetic approach, referred to as “ligand-engineering”, to tune
the dimensionality of Co—Fe PBA through the coordination of donor-acceptor bidentate ligands to
their catalytic cobalt sites. Experimental and DTF computational investigations revealed the
relationship between the well-defined ligand environment of the catalytic sites and water oxidation
activity.

Chapter four presents the first application of a 2D layered cyanide coordination polymer for
photocatalytic hydrogen evolution reaction. This work elucidates the effect of changing the
precursor units from the typical [Fe(CN)s]*~ to a square planar [Ni(CN)4]*" on the morphology,

structural environment, electronic features, and catalytic properties of the active sites.
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CHAPTER 2

2.0 EXPERIMENTAL
2.1  Chemicals and Reagents

Cobalt(ll) nitrate hexahydrate Co(NO3)2.6H20 (Carlo-Erba, > 95%), Zinc(II) nitrate hexahydrate
Zn(NO3)2.6H20 (Sigma-Aldrich, > 98%), Potassium hexacyanoferrate(Ill) KsFe(CN)s (Sigma-
Aldrich, > 99%), Potassium hexacyanocobaltate(Ill) KsCo(CN)s (Sigma-Aldrich, > 97%),
Potassium tetracyanonickelate(Il) hydrate KoNi(CN)4-xH20 (Sigma-Aldrich, > 98%), Tris(2,2’-
bipyridyl)dichlororuthenium(ll) hexahydrate [Ru(bpy)s]Cl2-6H20 (Alfa-Aesar, > 98%), Sodium
hydroxide NaOH (Sigma-Aldrich, 98-100.5%), Trifluoroacetic acid CF3COOH (Merck, > 99%),
2,2’-bipyridine (Sigma-Aldrich, > 97%), 1,10-phenanthroline (Sigma-Aldrich, > 97%), Ascorbic
acid CeHgOs (Carlo-Erba, > 95%), Acetone (Sigma-Aldrich, > 97%) and Methanol (Sigma-
Aldrich, > 97%) were purchased and used without any further purifications. All the solutions were

prepared with Milli Q deionized water (resistivity: 18 MQ.cm).
2.2 Synthesis of PBAs

Ko.1Co29[Fe(CN)s]2 -12H20, [Co-Fe]. A 50 mL aqueous solution of 0.75 mmol
of Co(NO3)2.6H20 was added drop-wisely to an equal volume of an aqueous solution of 0.5 mmol
of KsFe(CN)s under constant stirring. The resulting solution was stirred vigorously for 2 hours,
centrifuged, washed with deionized water, and dried in the oven at 60°C to obtain a brown powder.
Anal. Calcd. (%) for C12H24N12012Ko.1C02.9Fe2: C, 17.69; H, 2.94; N, 20.61. Found: C, 17.19; H,
2.84; N, 19.52. EDX Co/Fe atomic ratio: 3/2.

Well-defined cubic shape Co—Fe PBA were synthesized following a previously reported method
with slight changes.[93] Briefly, A 50 mL aqueous solution of 0.75 mmol of Co(NO3)2.6H20 and
an equal volume of an aqueous solution of 0.5 mmol of KsFe(CN)e under were added
simultaneously at a drop-wise rate to 100 mL of de-ionized water under constant stirring at room
temp. After complete addition, the resulting solution was stirred vigorously for an additional 1
hour and allowed to stand overnight. Then, the obtained brown precipitate was centrifuged, washed

with de-ionized water, and dried in the oven at 60 °C.
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Ko0.1C02.9[C02(CN)s]2 -14.5H20, [Co-Co]. A 50 mL aqueous solution of 0.75 mmol
of Co(NO3)2.6H.0 was added drop-wisely to an equal volume of an aqueous solution of 0.5 mmol
of K3zCo(CN)e under constant stirring. The resulting solution was stirred vigorously for 2 hours
and allowed to stand overnight. Then, the obtained pink precipitate was centrifuged, washed with
de-ionized water, and dried in the oven at 60 °C. Anal. Calcd. (%) for C12H29N120145K0.1C04.9: C,
16.63; H, 3.35; N, 19.40. Found: C, 16.82; H, 3.03; N, 19.49.

Co[Ni(CN)4] -2.3H20, [Co-Ni]. A 50 mL aqueous solution of 0.5 mmol of Co(NOz)2.6H-0 was
added drop-wisely to an equal volume of an aqueous solution of 0.5 mmol of
K2Ni(CN)4-xH20 under constant stirring. The resulting solution was stirred vigorously for 2 hours,
allowed to stand overnight, centrifuged, washed with de-ionized water, and dried in the oven at
60 °C. A light-magenta precipitate that turned purple upon drying was obtained. Anal. Calcd. (%)
for C4aH46N40O23CoNiI: C, 18.24; H, 1.75; N, 21.28. Found: C, 18.31; H, 1.69; N, 21.49. EDX
Co/Ni atomic ratio: 1/1.

Zn[Ni(CN)4] -0.4H20, [Zn—Ni]. A 25 mL aqueous solution of 0.5 mmol of Zn(NO3),.6H>0 was
added drop-wisely to an equal volume of an aqueous solution of 0.5 mmol of
K2Ni(CN)4-xH20 under constant stirring. The resulting solution was stirred vigorously for 2 hours
and allowed to stand overnight. Then, the obtained white precipitate was centrifuged, washed with
de-ionized water, and dried in the oven at 60 °C. Anal. Calcd. (%) for C4aHosN4Oo.4ZnNi: C, 20.40;
H, 0.34; N, 23.80. Found: C, 20.24; H, 0.34; N, 23.52. EDX Zn/Ni atomic ratio: 1/1.

2.3 Synthesis of Cobalt Precursors

mono(2,2’-bipyridine)dichlorocobalt(l1), CobpyClz. 2 mmol of 2,2’-dipyridyl in 20 ml of
acetone was mixed with a solution containing 2 mmol anhydrous cobalt (1) chloride in 20 ml of
acetone. The resulting solution was stirred for two hours, filtered, and dried in a desiccator to
obtain a light-blue precipitate. Yield: 486.5 mg (85%). Anal. Calcd. (%) for C10HsN2Cl.Co: C,
41.94; H, 2.78; N, 9.79. Found: C, 43.27; H, 2.86; N, 9.96.

mono(1,10-phenanthroline)dichlorocobalt(ll), CophenClz. 2 mmol of 1,10-phenanthroline
monohydrate in 20 ml of acetone was mixed with a solution containing 2 mmol anhydrous cobalt

(11) chloride in 20 ml of acetone. The resulting solution was stirred for two hours, filtered, and
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dried in a desiccator to obtain a blue precipitate. Yield: 600.8 mg (85%). Anal. Calcd. (%) for
C12HsN2Cl>Co: C, 46.43; H, 2.58; N, 9.02. Found: C, 47.22; H, 2.85; N, 8.79.

bis(2,2’-bipyridine)dichlorocobalt(l11), Cobpy2Clz. 4 mmol of 2,2’-dipyridyl in 20 ml of acetone
was mixed with a solution containing 2 mmol anhydrous cobalt (11) chloride in 20 ml of acetone.
The resulting solution was stirred for two hours, filtered, and dried in a desiccator to obtain an
orange-red precipitate. Yield: 817 mg (90%). Anal. Calcd. (%) for C20H1sN4Cl.Co: C, 54.26; H,
3.62; N, 12.66. Found: C, 53.50; H, 3.52; N, 12.45.

bis(1,10-phenanthroline)dichlorocobalt(ll), CophenzClz. 4 mmol of 1,10-phenanthroline
monohydrate in 20 ml of acetone was mixed with a solution containing 2 mmol anhydrous cobalt
(1) chloride in 20 ml of acetone. The resulting solution was stirred for two hours, filtered, and
dried in a desiccator to obtain a red precipitate. Yield: 1065.5 mg (90%). Anal. Calcd. (%) for
C24H16N4Cl2Co: C, 58.73; H, 3.26; N, 11.42. Found: C, 57.88; H, 3.19; N, 11.19.

2.4 Synthesis of Ligand-Engineered PBAs

All the ligand-engineered cyanide-bridged complexes used as catalysts were prepared using a

similar method. Therefore, only the synthesis of [Cobpy—Fe] will be discussed in detail.

Ko.1[Co(bpy)]29[Fe(CN)s]2 .7.5H20, [Cobpy-Fe]. 20 mL aqueous solution of CobpyCl> (0.6
mmol) was added to 20 mL aqueous solution of KsFe(CN)s (0.4 mmol). The resulting solution
was stirred for one hour and allowed to stand overnight. Then, the obtained green precipitate was
centrifuged, washed, and dried in the oven at 50°C for approximately 20 hours. Yield: 285 mg
(60%). Anal. Calcd. (%) for Ca1Hsg2N17.8 O75Ko.1C029Fe2: C, 41.45; H, 3.21; N, 20.99. Found: C,
41.84; H, 2.85; N, 20.16. EDX Co/Fe atomic ratio: 3/2.

Ko.2[Co(phen)]z2.s[Fe(CN)s]2 .7.5H20, [Cophen-Fe]. CophenCl, was used as the cobalt precursor
and a similar procedure as [Cobpy—Fe] was followed to obtain a green precipitate. Yield: 256 mg
(52%). Anal. Calcd. (%) for Ca2Hs7.4N17.6 O75Ko.2Co28Fez: C, 44.25; H, 3.02; N, 19.92. Found: C,
43.17; H, 2.80; N, 18.98. EDX Co/Fe atomic ratio: 3/2.

{[Co(bpy)z]s[Fe(CN)s]2}[Fe(CN)s]1/3.14.5H20, [Cobpy2-Fe]. Cobpy-Cl, was used as the cobalt

precursor and a similar procedure as [Cobpy-Fe] was followed to obtain a blue precipitate. Yield:
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348 mg (55%). Anal. Calcd. (%) for C74Hs3N26029C03Fe23: C, 47.49; H, 4.06; N, 19.47. Found:
C, 46.08; H, 3.72; N, 18.53. EDX Co/Fe atomic ratio: 3/2.4.

{[Co(phen):]3s[Fe(CN)e]2}[Fe(CN)s]13 Clo.11.17.5H20, [Cophen2—-Fe]. Cophen,Cl, was used as
the cobalt precursor and a similar procedure as [Cobpy—Fe] was followed to obtain a light-blue
precipitate. Yield: 413 mg (59%). Anal. Calcd. (%) for CgeHs9N26035Clo.11C0sFe23: C, 49.81; H,
4.01; N, 17.57. Found: C, 47.58; H, 3.23; N, 17.28. EDX Co/Fe atomic ratio: 3/2.3.

2.5 Instrumentation
2.5.1 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectra were recorded on Bruker Alpha Platinum—ATR Spectrometer model. The spectra

were recorded in transition mode within the wavenumber range of 400 — 4000 cm™! for 64 scans.

2.5.2 UV-Vis Spectroscopy

UV-Vis absorption spectra of the solutions were obtained on an Agilent Cary 5000 UV-Vis-NIR

spectrophotometer, using a quartz cuvette with a path length of 1 cm.
2.5.3 Diffuse-reflectance UV-Vis Spectroscopy

The UV-Vis absorption spectra of insoluble powder samples were obtained on an Agilent Cary
5000 UV-Vis-NIR spectrophotometer equipped with a diffuse reflectance accessory. The samples

were measured within the wavelength range of 250 — 800 nm.
2.5.4 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) was carried out on a Q500 thermogravimetric analyzer within
the temperature range of 28 °C to 800 °C operating under a nitrogen atmosphere at a heating rate

of 5°C min2.
2.5.5 CHN Elemental Analysis

The elemental analysis of carbon, hydrogen and nitrogen was carried out on Thermo Scientific
FLASH 2000 Series CHNS/O elemental analyzer. The measurements were performed using 2,5-
Bis(5-tert-butyl-benzoxazol-2-yl) thiophene (BBOT) as a standard and V205 as a catalyst.
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2.5.6 X-ray Photoelectron Spectroscopy (XPS)

XPS analysis was performed on Thermo Fisher Scientific K—Alpha X-ray photoelectron
spectrometer, using Al Ka micro-focused monochromator as the X-ray source and equipped with
a flood gun for charge neutralization. All peaks were shifted with reference to C 1s peak position
(284.8 eV).

2.5.7 Powder X-ray Diffraction (PXRD)

PXRD patterns were obtained using a PANalytical X’pert PRO X-ray diffractometer using Cu Ka
radiation (1.5406 A). The diffraction patterns were recorded in the 20 diffraction angle within the
range of 5 —80°, using a step size of 0.02.

2.5.8 Transmission Electron Microscopy (TEM)

TEM was performed on FEI Tecnai G2 F20 X-TWIN. The TEM samples were prepared by
dropping 3 pL of the sample solution (2mg of sample dispensed into 1 mL methanol/water (1:1)

mixture) onto the cupper grid (carbon film, 400 mesh).
2.5.9 Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray (EDX)

SEM was performed on FEI QUANTA 200 FEG ESEM operating at a beam voltage of 5 kV and
a spot size of 3.0. The SEM powder samples were coated with Pt/Pd before measurements to make
them conductive. The SEM instrument is equipped with an Ametek EDAX Energy Dispersive X-
ray (EDX) system for elemental composition analysis. The instrument is operated at a beam

voltage of 15 kV and a spot size of 5.0 during EDX analysis.
2.6 Electrochemistry
2.6.1 Electrochemical measurements

Electrochemical experiments were carried out on a Gamry Instruments Interface 1000
potentiostat/galvanostat at 25 °C. Using the conventional three-electrode setup, with Pt mesh as
the counter electrode, Ag/AgCl (3.5 M KCI) as the reference electrode, and fluorine-doped tin
oxide (FTO) coated electrode (~80% transmittance; 2 mm slides with 7 Q-sq~! surface resistivity

and 1 x 2 cm size) as the substrate for working electrode.
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Cyclic voltammetry experiments were performed at different scan rates (25 — 250 mV-s!) to
obtain the surface concentration (I') of active cobalt sites from the electrochemical linear plot of

the peak current (lp) of the Co®*/Co?" reduction wave versus the scan rate (v).[68]

Electrocatalytic HER activity was evaluated by linear sweep voltammetry experiments performed
in a potassium phosphate buffer (KPi) solution at pH 7 containing 1 M KNO3 as the supporting

electrolyte.
2.6.2 Working Electrode Preparation

1 x 2 cm FTO electrode was used as the working electrode, but only 1 x 1 cm of the conducting
surface was coated with the catalyst. Prior to coating the FTO surface, the electrode was adequately
cleaned by sonicating for 10 mins in a basic soapy solution, deionized water, and isopropanol, then
annealed at 350 °C in the furnace for 30 mins. After activation, the surface of FTO was coated with

the catalyst using two different methods:

Q) Drop-casting method: Briefly, 5 mg of the catalyst was added to a mixture of ethanol (400
pL), de-ionized water (100 puL) and Nafion solution (10 uL; 5 wt%), and then the solution was
sonicated for 30 min to obtain a uniform ink. Finally, 5 pL of the obtained ink was drop-casted on

the FTO surface, air-dried and kept in the desiccator until measurement.

(i) Two-step in situ method: Briefly, 1,000 pL of 0.05 M aqueous solution of hexacyanoferrate
was spin-coated on FTO at 500 rpm for 150 seconds, air-dried, and dipped into a 0.075 M aqueous
solution of Co?* precursor for 15 min. This procedure was repeated three times. Finally, the
electrode was dried in the oven at 60 °C for about 10 min., washed with deionized water, air-dried,

and kept in the desiccator until ready for use.
2.7  Photocatalysis
2.7.1 Photocatalytic OER experiment

Photocatalytic experiments were conducted in a Pyrex flask totally sealed with a septum. A 30 mL
0.1 M potassium phosphate buffer solution (PBS) containing 10 mg catalyst, 5 mM sodium
persulfate (Na2S20g), and 1 mM ruthenium photosensitizer ([Ru(bpy)s]Cl2) were prepared. PBS
was prepared by mixing aqueous solutions of KH2POs (0.1 M) and K:HPO4 (0.1 M).
The Pyrex flask was covered with aluminum foil before adding the ruthenium complex to prevent
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an early light-induced reaction. Initially, the mixture was purged with N2 gas thoroughly for 25—
30 min. The photocatalytic experiment was carried out for 1 hour, and the amount of oxygen
evolved was determined by injecting 100 uL of the headspace gas at a 15-minute interval into a
gas chromatograph (Agilent 7820 A, a gas chromatograph equipped with a molecular sieve and a
thermal conductivity detector (TCD), using argon as the carrier gas). The experiment was

conducted at least twice for each catalyst to obtain a reproducible result.
2.7.2 Photocatalytic HER experiment

Photocatalytic experiments were performed in a Pyrex flask sealed with a septum. 1 — 10 mg
catalyst and 1 mM ruthenium photosensitizer ([Ru(bpy)s]Cl.) were dispersed into a 10 mL aqueous
solution of 0.1 M ascorbic acid (pH 5). The pH of the ascorbic acid solution was adjusted using a
3 M NaOH solution. The Pyrex flask was covered with an aluminum foil before adding the
ruthenium complex to prevent an early light-induced reaction. Prior to light irradiation, the mixture
was purged with N2 gas thoroughly for 25 — 30 mins. The photocatalytic experiment was carried
out for 3 hours, and the amount of hydrogen gas evolved was determined by injecting 100 uL of
the headspace gas at 1-hour interval into a gas chromatograph (Agilent 7820 A, agas
chromatograph equipped with a molecular sieve and a thermal conductivity detector (TCD), using
argon as the carrier gas). The experiment was carried out at least twice for each catalyst to obtain

a reproducible result.
2.7.2.1 Cycle HER experiments

Before starting a new cycle, the solution containing the used catalyst was centrifuged and washed
with deionized water. Then, it is suspended in a fresh solution containing ruthenium
photosensitizer and ascorbic acid. The solution is purged with N2 gas thoroughly for 25 — 30 mins,

and the experiment is continued for another 3 hours.
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CHAPTER 3.

3.0 LIGAND-ENGINEERED PRUSSIAN BLUE ANALOGUES FOR
PHOTOCATALYTIC WATER OXIDATION

3.1 Preface

This chapter of the thesis is based on the publication “Ahmad, A. A.; Ghobadi, T. G. U
Buyuktemiz, M.; Ozbay, E.; Dede, Y.; Karadas, F. Light-Driven Water Oxidation with Ligand-
Engineered Prussian Blue Analogues”. Inorg. Chem. 2022, 61, 3931— 3941. Adapted (or
“Reproduced in part”) with permission from Ref. [70]. Copyright 2022. American Chemical

Society.
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3.2 Introduction

Water oxidation is considered to be the crucial half of water splitting because of the slow kinetics
caused by the multi-electron/proton transfer steps, the critical rate-determining O-O bond
formation, and a large overpotential is often required to achieve a high performance in water
oxidation. The benchmark noble IrO; and RuO; catalysts have limited use in practical applications
due to their less abundance and high cost. Therefore, extensive research efforts have been devoted
to replacing these noble catalysts with low-cost, abundant and highly efficient ones. CoFe Prussian
blue analogues (Co—Fe PBA) are highly ranked as one of the alternatives for the noble catalyst due
to their simple synthetic methodology, impressive stability, tuneable metal sites and fast electron
transfer from Fe to catalytic Co sites through the short cyanide bridge. Several methods have been
reported to tune the activity of Co—Fe PBA; however, the methods reported so far to directly tune
the catalytic cobalt site usually lead to a decomposition of the cyanide framework and
reconstruction into its corresponding oxides, phosphides, and chalcogenides.

Herein, using a simple synthetic strategy, we designed the catalytic cobalt sites of Co—Fe PBA
with bidentate pyridyl ligands. A series of characterization techniques confirms the preservation
of the cyanide coordination environment. Finally, we showed a relationship between the well-
defined catalytic ligand environment and activity using experimental photocatalytic studies and

computational DFT calculations.
3.3  Results and Discussions
3.3.1 Synthesis

We first prepared the cobalt precursors by coordinating appropriate equivalent bpy or phen ligands
to the cobalt sites, following a previously existing protocol.[94], [95] Complexation of one
equivalent of bidentate ligand to the cobalt sites gave the desired CobpyCl. and CophenCl: at a
high yield, while coordination of two equivalents bidentate ligands to the cobalt sites generated
Cobpy2Cl, and CophenzCl> with a good yield. A visible colour change was observed upon
complexation. The UV-Vis spectra of the cobalt precursors are shown in Figure 3.1a, an MLCT
band (~475 nm) which is caused by the electron transfer from the d—orbital of the Co to the n'—
orbital of the ligands, is evident in the visible region, while the ligands n—" and n—n" transitions

are responsible for the remaining bands below 350 nm.[96] The absorption spectra of
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CobpyClz and CophenCl; are similar in the visible region, indicating that a cobalt complex with
one pyridyl ligand is effectively produced. Cobpy2Cl, and Cophen,Cl, follow a similar pattern.
The synthesis of the cobalt precursors was also verified using FTIR spectroscopy (Figure 3.1b,c),
the bands in the fingerprint region correspond well with the bpy and phen ligands (Table 3.1), with
a minor shift confirming the complexation with cobalt.
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Figure 3.1: (a) UV-Vis absorption spectra of an aqueous solution of CobpyClz, Cobpy.Cl.,
CophenCly, and Cobpy-Cl.. Inset: absorption bands in the visible region of the spectra (400 — 600
nm). (b) FTIR spectra of bipyridine (bpy) and their corresponding cobalt bipyridine precursors. ()

FTIR spectra of phenanthroline (phen) and their corresponding cobalt phenanthroline precursors.

After the synthesis of the cobalt precursors, all the compounds used as catalysts ([Co—Fe],
[Cobpy-Fe], [Cophen-Fe], [Cobpy2—Fe], and [Cophen2-Fe]) were prepared by reacting three
equivalents of cobalt precursor with two equivalents of hexacyanoferrate precursor in a co-

precipitation method (Figure 3.2).
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Table 3.1: IR bands on the cobalt precursors and their assignments.

IR bands (cm™?)

Assignment

2,900 - 3,100

C—H stretch

~1,600 C=N/C=C stretch
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Figure 3.2: Schematic illustration for the synthesis and structural units of compounds: All five
compounds are derived from the same precursor, KsFe(CN)e. The resulting cyanide coordination
compounds differ in their Co precursors; (top) 3D crystalline [Co—Fe], (middle) low-dimensional
[Cobpy-Fe] and [Cophen—Fe], and (bottom) molecular [Cobpy2-Fe] and [Cophen2-Fe]
compounds. The curved lines represent bpy and phen ligands framed by the blue circles. Reprinted
with permission from Ref. [70]. Copyright 2022. American Chemical Society.
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3.3.2 Catalysts Characterization
3.3.2.1 SEM-EDX

At a magnification of 10 um, SEM images demonstrate that [Co—Fe] has a different surface
topography than the other compounds (Figure 3.3). [Co-Fe] semi-cube-like crystal in
agglomerated form. Whereas [Cobpy-Fe] and [Cophen-Fe] exhibit amorphous nature with a
rough surface. The morphology of [Cobpy2-Fe] and [Cophen2—Fe] show aggregation into
clusters.

Figure 3.3: SEM micrographs of (a) [Co—Fe], (b) [Cobpy-Fe], (c) [Cobpy2-Fe], (d) [Cophen-
Fe], and (e) [Cophen2-Fe]. Scale bar: 10 pm. Reprinted with permission from Ref. [70].
Copyright 2022. American Chemical Society.

EDX elemental analysis revealed the atomic ratio of all the elements in the compound as shown
in Table 3.2. The Co:Fe atomic ratio of 3 to 2 is confirmed by EDX evaluation.
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Table 3.2: EDX elemental analysis of CoFe compounds and their obtained chemical formulas.

Compound EDX Atomic % TGA Chemical Formula
Y% Water
Co Fe c N 0 K cl
molecule

[Co—Fe] 201 201 585 2828 743 01 - 26.58 Ko1C0zo[Fe(CN)e]z <12H,0
[Cobpy—Fe] 297 204 6862 237 194 031 - 11.87 Koa[Co(bpy)]2s[Fe(CN)s], +7.5H,0
[Cophen-Fe] 363 26 7021 2144 106 053 - 11.34 Ko2[Co(phen)]2s[Fe(CN)gz +7.5H,0

Co(b Fe(CN Fe(CN
[Cobpy2-Fe] 179 147 6813  27.61 055 - - 1432 {LCo(bpy) L [Fe(CN)el:HFe(CN)elvs

*14.5H,0

Co(phen),];[Fe(CN Fe(CN

[Cophen2-Fe] 211 165 7579  18.09 113 - 062 1548 {[Colphen)al:{Fe(CN)elHFe(CN)ely

3 C|0_11 *17.5H,0

3.3.22TGA

Thermogravimetric analysis was used to determine the number of water molecules contained in

each compound (Figure 3.4). The loss of coordinated and non-coordinated water molecules is

attributed to the thermal event from 30 °C to 175 °C, while the rest of the thermal decomposition

at temperatures above 250 °C is due to the decomposition and reconstruction of the cyanide

network to oxides.[97] The combination of TGA and EDX elemental analysis was used to

determine the chemical formula of the compound as shown in Table 3.2.
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Figure 3.4: Thermogravimetric curves of CoFe compounds. Reprinted with permission from Ref.
[70]. Copyright 2022. American Chemical Society.

3.3.2.3 CHN elemental analysis

CHN elemental analysis was used to ascertain the as-derived chemical formula of the compounds.
As shown in Table 3.3, the elemental ratio of carbon, hydrogen and nitrogen revealed by CHN

analysis accord with those calculated from the chemical formula.

Table 3.3: CHN elemental analysis of the CoFe compounds.

Compound Chemical Formula Calculated / Found (CHN)

%C %N %H
[Co-Fe] Ko.1C02.9[Fe(CN)s]2 *12H20 17.69/17.19 20.61/1952 2.94/2.84
[Cobpy-Fe] Ko.1[Co(bpy)]2.s[Fe(CN)s]2 ¢7.5H.0 41.45/41.04 2099/20.16 3.21/2.85
[Cophen—Fe] Ko.2[Co(phen)]2s[Fe(CN)s]2 *7.5H20 44.25/43.17 19.92/18.98  3.02/2.80
[Cobpy2—Fe] {[Co(bpy)2]s[Fe(CN)e]2}[Fe(CN)e]ws *14.5H20 4749/46.08 19.47/1853  4.06/3.72

[Cophen2—Fe] {[Co(phen)2]s[Fe(CN)s]2}[Fe(CN)s]uz Clo11#17.5H.O  49.81/47.58 17.57/17.28  4.01/3.23
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3.3.24FTIR

The FTIR technique is primarily used to analyze the nature of the cyanide bond and also whether
or not the pyridyl groups is retained in these compounds. [Cobpy-Fe], [Cophen-Fe], [Cobpy2—
Fe], and [Cophen2—Fe] are clearly differentiated from [Co—Fe] by the presence of pyridyl bands
in the fingerprint area of the FTIR spectra (Figure 3.5a). Distinctive cyanide stretching vibration
(v(CN)) in the 2,000-2,200 cm ! region is observed for the compounds (Figure 3.5b), and the
assignment of the bands according to literature is given in Table 3.4.[98]-[100]

a b
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3: A Cobpy-Fi
8 |icobpy-Fe] : [Cobpy-Fe]
o )
Q R [Cophen—Fe]
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Figure 3.5: ATR-FTIR spectra of CoFe compounds at room temperature showing (a) the full
spectrum from 4,000-400 cm region. (b) the cyanide stretching region of the compounds with
four different assignments: (I) terminal Fe?*~CN, (II) terminal Fe**~CN & bridging Fe?*~CN—
Co?*, (1) bridging Fe**~CN—Co%*, and (1V) bridging Fe**~CN—Co?* coordination mode. (b)
PXRD patterns of compounds. Reprinted with permission from Ref. [70]. Copyright 2022.

American Chemical Society.
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Table 3.4: Cyanide stretching frequencies, v(CN), of the CoFe compounds and their assignments.

Compound v(CN) (cm™) Assignment
2162 Fe**-CN-Co?*
[Co-Fe]
2098 Fe?*—-CN—-Co?*
Cobpy—Fe] 2058 (very broad) Fe?*-CN & Fe?*-CN-Co®*
[Cobpy: y
2156 Fe**-CN-Co?*
[Cophen-Fe] 2058 (very broad) Fe?*-CN & Fe?*-CN-Co®*
2156 Fe**-CN-Co?*
2063 Fe’*-CN
[Cobpy2-Fe] 2098 Fe3*—CN
2135 Fe*-CN-Co%*
2063 Fe’*-CN
[Cobpy2-Fe] 2098 Fe3*—CN
2135 Fe*-CN-Co%*
3.3.2.5 XRD

The diffraction patterns obtained from PXRD (Figure 3.6) revealed the crystal structure of the
synthesized compounds. [Co—Fe] display sets of diffraction peaks at 14.77°, 17.30°, 24.56°,
35.02°, and 39.30° which are ascribed to the (111), (200), (220), (400), and (420) reflection planes
of a face-centered cubic structure, respectively.[101] The PXRD patterns of [Cobpy-Fe] and
[Cophen-Fe] revealed an amorphous nature with three main broad and weak intensity peaks at
17.63, 25.10, and 35.91, which are attributed to the characteristic (200), (220), and (400) reflection
planes of cubic PB. These imply that these compounds are low-dimensional structures. [Cobpy2-
Fe] has PXRD peaks that perfectly match a reference molecular compound previously described
by Berlinguette et al. (Figure 3.6b).[102] [Cobpy2—Fe] consists of a {[Co(bpy)2]s[Fe(CN)s]-}"
cation and a [Fe(CN)s]*> counter anion. Although [Cophen2-Fe] and [Cobpy2-Fe] are trigonal
bipyramidal compounds (Figure 3.6¢),[103] when compared to [Cobpy2—Fe], the position of the
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diffraction peaks is somewhat altered and is broader in [Cophen2-Fe], which could be attributable

to the variation in ligand size and potentially the type of counter ions.
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Figure 3.6: (a) PXRD patterns of [Co-Fe], [Cobpy-Fe], and [Cophen-Fe]. (b) PXRD patterns
of [Cobpy2-Fe] and [Cophen2—-Fe] matched with a reference compound. The reference is a
previously synthesized molecular trigonal bipyramidal CosFe; cluster
{[Co(bpy)2]3[Fe(C.N.)s]2}[Fe(C.N.)e]13.[102] (c) Trigonal bipyramidal molecular structures of
[Cophen2-Fe] and [Cobpy2-Fe]. Reprinted with permission from Ref. [70]. Copyright 2022.

American Chemical Society.
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3.3.2.6 XPS

The chemical composition of the compounds and oxidation states of the transition metals was
determined using XPS measurements. As shown in Figure 3.7a-c, The C1s (284.8 eV), N1s (397.9
eV) and O1s (532.4 eV) signals are observed in all the compounds. The presence of C1s and N1s
peak is due to the existence of the CN and pyridyl groups, while the O1s signal is assigned to the
coordinated and non-coordinated water molecules. The absence of peaks in the 529-530 eV region
of the O1s peak suggests no metal-oxide formation in the course of synthesis.[104] As shown in
N1s spectra (Figure 3.7b), one peak assigned to the bridging—CN (u—CN) is allocated to the N1s
signal of [Co—Fe]. The N1s regions of Co(pyridyl)-Fe compounds, on the other hand, are fitted
into three peaks at 396.43 eV, 397.9 eV, and 398.95 eV, respectively, which are attributed to the
terminal-CN (CNterm), bridging—CN (u—CN), and pyridyl-N (N—py). Furthermore, the atomic
ratio of the pyridyl-N peak in [Cobpy2—-Fe] is around two times that of [Cobpy—Fe], implying
that there is an increase in the number of coordinated bidentate ligand by twice. The trend for
[Cophen2-Fe] and [Cophen-Fe] follows a similar pattern. The Fe2p signal (~704 — 728 eV) and
Co2p signal (~ 775—805 eV) are deconvoluted into 2ps;2 and 2p1/2 according to spin-orbit coupling
(Figure 3.7d and e), and fitted into their appropriate oxidation states according to the
literature.[31], [105]
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Figure 3.7: High-resolution XPS spectra of (a) C1s, (b) N1s, (c) Ols, (d) Fe2p, and (d) Co2p
peaks for the obtained samples. Reprinted with permission from Ref. [70]. Copyright 2022.
American Chemical Society.

3.3.3 Photocatalytic Water Oxidation

In a PBS solution, photocatalytic water oxidation experiments were conducted using [Ru(bpy)z]Clz

as the photosensitizer and sodium persulfate as the electron scavenger. During a one-hour
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photocatalytic experiment (Figure 3.8), [Cophen-Fe] and [Cobpy-Fe] exhibit the greatest
activities of 1,594 umol gt h™! and 1,553 umol g! h'%, respectively, while [Co—Fe] reaches an
activity of 1,210 pmol g* h™* (Figure 3). If all cobalt sites in the compounds are assumed to be
active, the lower-bound turnover frequencies (TOF) attained were estimated as 4.35 x 107 s™,
3.91 x 10* s, and 1.73 x 10 s, for [Cophen—Fe], [Cobpy—Fe] and [Co-Fe], respectively,
which are comparable to the previously reported ones for PBA-based catalysts.[69], [79] This
reveals when pyridyl groups are introduced to the coordination sphere of cobalt sites, their activity

rises by at least double.
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Figure 3.8: Photocatalytic oxygen evolution activities of the compounds in a 0.1 M PBS (pH 7)
containing 10 mg catalyst, (7.5 mg) 1 mM [Ru(bpy)s]?* photosensitizer, and 5 mM NazS;Os as the
sacrificial electron scavenger with a white light source, 100 mW cm™2. Reprinted with permission

from Ref. [70]. Copyright 2022. American Chemical Society.

The tuning of electron density of catalytic cobalt sites in [Cophen—Fe] and [Cobpy-Fe] with
electron-withdrawing bidentate pyridyl groups resulted in a 30 percent increase in the catalytic
activity. The strong withdrawing ability and stability of the bidentate ligands increase the

electrophilicity and susceptibility of the high-valent catalytic Co(IV)—oxo species to the
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nucleophilic attack of water for the rate-determining O—O formation.[39], [106] Therefore, by
replacing two of the weak —NC ligands around the cobalt sites in [Co—Fe] with one equivalent of

stronger m-accepting phen and bpy ligands favors enhancement in catalytic activity.

Furthermore, due to the lack of catalytic sites, [Cobpy2—-Fe] and [Cophen2—Fe] show no oxygen
evolution because all of the cobalt sites in these pentanuclear molecular complexes are fully
coordinated to six —NC groups, preventing aqua (water) coordination to the cobalt sites. The
complete inactivity of these complexes indicates that under photocatalytic conditions, the metal

sites in cyanide-based Co—Fe compounds do not release the pyridyl or cyanide groups.
3.3.4 Electrochemistry and Surface Area Analysis

To understand the effect of pyridyl groups on the morphologic properties of the Co—Fe compounds,
we conducted extensive characterisation and electrochemical experiments, determined the surface

concentration of active cobalt sites, and estimated the upper bound turn-over frequency (TOFup).
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Figure 3.9: Cyclic voltammogram of (a) [Co—Fe], (b) [Cobpy—Fe] and (c) [Cophen—Fe] recorded
at different scan rate ranging from 50 — 300 mV s . Inset: linear plot of the peak current (1) of
C0%/Co?" reduction wave versus scan rate (v). Conditions: FTO (WE), Pt mesh (CE), Ag/AgClI
(RE) in 0.1 M PBS (pH 7) containing 1 M KNOs as the supporting electrolyte. Reprinted with
permission from Ref. [70]. Copyright 2022. American Chemical Society.

As shown in Figure 3.9, the surface concentration (I') of active cobalt sites was extracted from the
electrochemical linear dependency between peak current (1) of the Co®*/Co?* reduction wave and
the scan rate (v), using cyclic voltammetry studies at varying scan rates (50-300 mV s!).[68] [Co—
Fe], [Cobpy-Fe], and [Cophen-Fe] have surface concentration of 10.01, 0.53, and 0.32 nmol
cm 2, respectively. The bulky bidentate pyridyl groups block the surface-active sites, resulting in
a considerable drop in surface concentration. The unfavorable blockage of cobalt sites with

bidentate pyridyl groups, on the other hand, has no effect on the catalytic activity of [Cobpy—Fe]
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and [Cophen-Fe], implying that electronic factors are more important in the photocatalytic

process than morphologic properties.

1.4
[Cophen-Fe]

[Cobpy—Fe]

[Co-Fe] [Cobpy2-Fe] [Cophen2-Fe]

0.0 b—xr0x

Figure 3.10: TOFy, obtained by the compounds in the first 15 min. of photocatalysis. Reprinted
with permission from Ref. [70]. Copyright 2022. American Chemical Society.

The upper-bound turnover frequency (TOFub) estimated from the surface-active cobalt species is
given as 1.3 s, 0.7 s%, and 1.8 x 102 s, for [Cophen—Fe], [Cobpy—Fe] and [Co-Fe],
respectively (Figure 3.10). [Cobpy-Fe] and [Cophen—Fe] have TOF, that is extremely higher
than [Co-Fe], revealing the remarkable electronic effect of the connected bidentate pyridyl groups.
Because only the surface sites are active for catalysis in heterogeneous catalysis, the TOFy
represents a reasonable value for the actual TOF. It also provides information on the catalytic
activity of individual surface cobalt atoms. These TOF values are compared to those obtained by

various techniques of improving cobalt catalyst photocatalytic activity (Table 3.5)
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Table 3.5: Comparison of water oxidation TOF of various cobalt catalysts and PBA-based

compounds.

Catalyst Lower bou(r;i')TOF A Upper bound TOF (s?) Ref

Co-Fe PBA 1.7 0.018 This work

[Cobpy—Fe] 3.9 0.7 This work

[Cophen—Fe] 4.4 1.3 This work
nano-Si0,/Co304 3.3 — [22]
nano-Al,O3/C0304 4.61 - [22]
cobalt oxide nanocubane — 0.023 [45]
°°ba?c_§1_lg?§°hate - 0.053, 0.105 [44]
Co-Fe PBA 3 0.0023 [69]
Co-Co PBA 5.3 0.0032 [69]
Mn-Fe PBA 2.2 — [69]
CoFe-TPyP 3.2 - [85]
LDH-PB 2.1 - [79]

3.3.5 Post-Catalytic Characterization

After photocatalytic water oxidation measurements, post-catalytic FTIR and XPS tests were
carried out to establish the catalysts' stability. The O1s XPS signals of the pristine and post-
catalytic powder samples of [Cobpy-Fe] and [Cophen—-Fe] show no discernible changes (Figure
3.11a,c). Furthermore, the absence of a lattice cobalt oxide signal in the 529-530 eV region of the
post-catalytic samples rules out cyanide-based compounds being converted to metal oxides.[81]
The pristine and post catalytic XPS spectra show similar Fe2p and Co2p signals (Figure 3.12a-d),

indicating that the metal centers are intact.
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Figure 3.11: (a) Ol1s and (b) N1s pristine and post-catalytic high resolution XPS spectra for
[Cobpy-Fe]. (c) Ol1s and (d) N1s pristine and post-catalytic high resolution XPS spectra for
[Cophen-Fe]. Reprinted with permission from Ref. [70]. Copyright 2022. American Chemical
Society.
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Figure 3.12: High resolution XPS spectra of (a,c) Fe2p and (b,d) Co2p from the pristine and post-
catalytic samples of [Cobpy-Fe] and [Cophen-Fe], respectively. Reprinted with permission from
Ref. [70]. Copyright 2022. American Chemical Society.

In comparison to the pristine samples, the post catalytic FTIR analysis indicates an additional tiny
band in the cyanide region (~ 2,100 cm™) and a widening at about 900-1,100 cm™ (Figure
3.13a,b). Both of these alterations could be related to bipyridyl poisoning of the catalyst.[69] The
ruthenium complex used as a photosensitizer in photocatalytic water oxidation decomposes after
some time under light exposure by releasing bipyridyl groups. The bpy groups might then bind to
the catalytic sites, rendering them inactive for water oxidation. In the N1s signal of the post-
catalytic XPS spectra (Figure 3.11b,d), almost a twofold increase in the atomic percent of the
pyridyl nitrogen (N-py) peak at 398.95 eV also suggests the presence of an extra pyridyl group in
the structure that could only result via bipyridyl poisoning.
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Figure 3.13: FTIR spectra of the pristine and post-catalytic samples of [Cobpy—Fe] and [Cophen-
Fe] showing (a) the full spectrum ranging from 4,000-400 cm™ (the encircled region from 900—
1,100 cm™ indicates the coordination of bipyridyl ligands to the Co—Fe structures) and (b) the
cyanide stretching region ranging from 2,400-1,800 cm™ (the asterisk point at ~ 2,100 cm™ is
ascribed to structural changes in the cyanide environment due to the coordination of bipyridyl
groups to cobalt sites). Reprinted with permission from Ref. [70]. Copyright 2022. American
Chemical Society.

Overall, post-catalytic investigations reveal that cyanide-based Co—Fe compounds are resilient
under photocatalytic conditions and that the well-defined bidentate ligand environment of the

catalytic sites has a significant impact on their water oxidation activities.
3.3.6 Electronic Structure Calculations

Electronic structural computations were used to study the effect of bidentate pyridyl ligands on the
catalytic cobalt site. The literature suggests that the oxidation of water requires a Co'V—oxo/Co'''-
oxyl moiety, which is supported by our prior works.[47], [107]-[109] Proton coupled electron
transfer (PCET) steps are used in PB-based water oxidation catalytic process to afford the Co'V—
oxo/Co""—oxy!l structure, i.e. Co"(OH2)—Co''(OH)—Co'V(0)/C0"(0). Incoming water then

coordinates to the Co'V—oxo/Co'"'-oxyl molecule, resulting in the generation of an O—O bond
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(Figure 3.14a). Our quantum mechanical computations are focused on the structural and electrical

properties of the Co'V—oxo/Co'"'-oxyl moiety.
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Figure 3.14: (a) PBAs proceeding through PCET steps to afford catalytically active Co(IV)-—
oxo/Co(lll)-oxyl moiety, with incoming water attacking on Co—Oxygen moiety. (b) Electronic
structure of Co-Oxygen moiety. (¢) LUMO energies and orbital distributions for [Co—Fe],
[Cophen-Fe] and [Cobpy-Fe]. Reprinted with permission from Ref. [70]. Copyright 2022.

American Chemical Society.

For [Co—Fe], [Cophen-Fe] and [Cobpy-Fe], the electronic structures of the Co'V—oxo/Co'"'-oxyl
moiety exhibit a local quartet Co—Oxygen center (Figure 3.14b). Cobalt d(x?>—y?) orbital forms
bonding and anti-bonding interactions with the ligand orbitals, o[Co(dx?>~y?) + Ligand] and
o[Co(dx?~y?) — Ligand]. d(z?) analogues of the bonding/anti-bonding pair is then o[Co(dz?) +
O(pz)] and o[Co(dz?) — O(pz)] molecular orbitals (MO). The remaining d orbitals are non—
bonding, but oxygen p-orbitals form =n—bonding interactions with the metal center.[110]
Consequently, the xz and yz components of the d orbitals also form bonding and antibonding

orbitals. An approximate local occupation pattern can be represented as dxz(11) - 6[Co(dx>~y?) —
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Ligand](1) - r[Co(dxz) — O(px)](1) - x[Co(dyz) — O(py)](1) - 6[Co(dz?) — O(pz)]() (Figure 3.14b).
Spin density measurement is also used to confirm the Co center's local quartet assignment. It is
worth noting that in our quantum chemical calculations, no limits on electron dispersion were

imposed.

From the electronic structure, we can easily understand the essential O—O bond formation process.
The oxygen lone pairs of water molecules look for available orbitals to transfer electron to, and
the LUMO is the best choice. The LUMO is composed of Co(dz?) and O(pz) orbitals as shown in
Figure 3.14b. Since oxygen lone pairs of water are postulated to fill up the LUMO on Co-Oxygen
center, the observed reactivities and energy of the LUMO should be related in this quartet
electronic structure of Co—Oxygen center. Lower LUMO energies, in the instance, should result
in increased catalytic activity.[39], [47], [83], [111] Figure 3.14c shows the LUMO orbital
distributions and energies for the complexes. LUMO is obtained at lower energies for [Cobpy—
Fe] and [Cophen-Fe] (—3.31 and —3.29 eV, respectively) compounds than for [Co-Fe] (-3.07
eV). This is consistent with our MO arguments. When bidentate pyridyl ligands, such as bpy or
phen, are coordinated to the Co center, the electron affinity of the Co—Oxygen center is enhanced.
As a result, the attack of water molecules becomes more facile in the well-defined ligand
environment. Furthermore, because there is no bonded Co—Oxygen structure in [Cobpy2-Fe] and
[Cophen2-Fe] compounds, there are no accessible orbitals for electron transfer and would display

no activity.

Although we did not employ the whole molecular structure of the Prussian blue in our quantum
chemical calculations, the electronic structure calculations and our experimental results correspond

pretty well. Therefore, the abbreviated model used here is valid.
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CHAPTER 4.

40 2D CYANIDE-BASED COORDINATION COMPOUND FOR
PHOTOCATALYTIC HYDROGEN EVOLUTION

4.1 Preface

This chapter of the thesis is based on the publication “Ahmad, A. A.; Ghobadi, T. G. U.; Ozbay,
E.; Karadas, F. 2D Network Overtakes 3D for Photocatalytic Hydrogen Evolution”. Chem.
Commun. 2022, Accepted.
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4.2 Introduction

Hydrogen production via catalytic water splitting is a promising and environmentally friendly
alternative to fossil fuel energy sources. The scalable design requires a low-cost, easily-
synthesized, and highly-efficient catalyst. 3D cyanide-based networks, typically known as
Prussian blue analogues (PBA), have gained significant attention in catalysis due to their porosity,
easily-tuned metal sites, and stability. However, the limited number of exposed active sites and
low conductivity severely diminish their intrinsic catalytic activities. Therefore, PBA exhibit low
intrinsic HER activity than their corresponding sulfides and chalcogenides. Recent efforts to
promote PBA as a proton reduction catalyst have focused on coupling with active semiconductors
or breakdown into phosphides and chalcogenides. However, the improved performance of these
methods is reliant on the semiconductors or deconstructed structures. In contrast to 3D structures,
2D materials such as graphene and metal sulfides have been shown to have a high inherent catalytic
due to their extensive surface-active sites and optoelectronic features. In this respect, we turned
our attention to the preparation of a 2D cyanide-based coordination network to unify the
exceptional advantages of cyanide-based assemblies and the unique surface/electronic properties

of a 2D architecture.

Herein, using a square planar tetracyanonickelate precursor, [Ni(CN)4]*", we synthesized a 2D
cyanide-based coordination network polymer. We performed a series of characterization, catalytic
experiments, and a comparative analysis with 3D cyanide coordination compounds. In addition,
we used zinc tetracyanonickelate, [Zn—Ni], as a control to determine the role of each metal site of

the 2D architecture in the catalytic process.
4.3  Results and Discussions
4.3.1 Synthesis

The compounds were prepared by co-precipitation technique, simply by mixing an aqueous
solution of the appropriate equivalent of Co?" or Zn?* with the proper equivalent of cyanide
precursors (Figure 4.1). Hexacyanometalate served as the cyanide precursor for the synthesis of
[Co—Fe] and [Co—Co], while tetracyanonickelate precursor was used for the synthesis of [Co—Ni]
and [Zn-Ni].
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Figure 4.1: Schematic illustration for the synthesis of 3D [Co—M’] and 2D [Co-Ni] coordination

compounds and the coordination spheres of catalytic units.

4.3.2 Catalysts Characterization
432.1TEM

Well-defined images revealing distinct morphology of the compounds were obtained from the
TEM micrographs (Figure 4.2), the [Co—Fe] show a perfect cubic morphology with a mean width
of about 270 nm, and the [Co-Co] exhibited irregular aggregated cubes with a width-size in the
range of 50 nm. When the precursor is changed to tetracyanometalate, a notable divergence from
the cubic morphology is found, [Co—Ni] presents a 2D-layered structure with a mean size of 250
nm. The multi-layered nature of the 2D sheets is vividly observed from the existence of multiple
folds of sheets beneath the first layer. This multi-layered arrangement further increases the number

of active sites present. The TEM images of [Zn—Ni] also reveal a 2D sheet structure.
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R

Figure 4.2: TEM micrographs of (a,b) [Co—Fe], (c,d) [Co—C0], (e,f) [Co-Ni] and (g,h) [Zn-Ni].
Scale bar: yellow (0.2 um); red (50 nm); blue (20 nm); green (0.1 um).

4.3.2.2 SEM-EDX

The SEM images of the compounds at 10 pum magnification is shown in Figure 4.3, [Co—Ni]
revealed a cluster of layered particles for [Co—Ni], [Zn—Ni] showed layers of spherical beads, and

aggregated rough surfaces were observed for [Co-Fe] and [Co—Co].
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Figure 4.3: SEM micrographs of (a) [Co—Fe], (b) [Co—Co], (c) [Co-Ni] and (d) [Zn-Ni]. Scale

bar: yellow (10 pum).

EDX elemental analysis revealed the atomic ratio of all the elements in the compound as shown

in Table 4.1.

Table 4.1: The obtained chemical formula of the compounds derived from EDX elemental

analysis and thermogravimetric analysis (TGA).

Compound EDX Atomic % TGA
[M-M’] M M’ C N 0] ?Jggﬁg Chemical Formula
[Co—Fe] 201 201 585 2828 743 01 2658  K;,Co,i[Fe(CN), x 12H,0
[Co—Co] 11.46 —~ 3953 4284 475 063 3012 K;;Co,4[Co(CN)g],x 14.5H,0
[Co-Ni] 540 526 4141 4228 538 @ - 15.55 Co[Ni(CN}),] x 2.3H,0
[Zn-Ni] 912  9.08 3953 359 6.06 - 3.03 Zn[Ni(CN),] x 0.4H,0
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4323 TGA

Thermogravimetric analysis was used to determine the number of water molecules contained in
each compound (Figure 4.4). The loss of coordinated and non-coordinated water molecules is
attributed to the thermal event from 30 °C to 175 °C, while the rest of the thermal decomposition
at temperatures above 250 °C is due to the decomposition and reconstruction of the cyanide
network to oxides.[97] The combination of TGA and EDX elemental analysis was used to

determine the chemical formula of the compound as shown in Table 4.1.
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Figure 4.4: Thermogravimetric weight loss analysis.
4.3.2.4 CHN elemental analysis

CHN elemental analysis was used to ascertain the as-derived chemical formula of the compounds.
As shown in Table 4.2, the elemental ratio of carbon, hydrogen and nitrogen revealed by CHN
analysis accord with those calculated from the chemical formula.
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Table 4.2: CHN elemental analysis of the synthesized compounds.

Calculated / Found (CHN)

Compound Chemical Formula %C %N %H
[Co-Fe] Ko1C0, [Fe(CN)¢], x 12H,0 17.69/17.19 20.61/19.52 2.94/2.84
[Co-Co] K;.1C0,4[Co(CN),], x 14.5H,0 16.63/16.82 19.40/19.49 3.35/3.03
[Co-Ni] Co[Ni(CN),] x 2.3H,0 18.24/18.31 21.28/21.49 1.75/1.69
[Zn—Ni] Zn[Ni(CN),] x 0.4H,0 20.40/20.24 23.80/23.52 0.34/0.34

4325FTIR

Infrared spectroscopy was used to examine the chemical structure of the compounds. The peaks at
around 3,400 cm™ and 1,600 cm™ are assigned to the OH stretching and bending vibrations,
respectively (Figure 4.5a). The characteristic cyanide stretching vibrations (v(CN)) appear for all
the compounds in the region of 2,000-2,200 cm™ (Figure 4.5b). The slight shift of the
characteristic cyanide stretching (v(CN)) vibrations of the compounds to higher wavenumbers
compared to the precursor suggest the formation of a bridging cyanide network. The assignment
of bands in the v(CN) regions is listed in Table 4.3 according to the literature.[69], [112]-[117]
The shift in v(CN) to a higher frequency as we move from [Co—Fe] to [Co-Ni] indicates an
increase in sigma donation from the CN group.
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Figure 4.5: ATR-FTIR spectra showing (i) the precursor and the synthesized PBA compounds
ranging from 4,000-400 cm™! (ii) showing the v(CN) region ranging from 2,300-2,000 cm .

Table 4.3: Cyanide stretching frequencies, v(CN), of the precursors and the synthesized

compounds.
Compound v(CN) (cm™) Assignment*
KaFe(CN)s 2115 Fe3*CN
2162 Fe3*-CN-Co*
[Co—Fe] 2117 Fe?*-CN-Co®*
2098 Fe?*-CN-Co*
2172 Co**-CN-Co?*
[Co—CO]
2133 Co?*-CN-Co*
K2[Ni(CN)s]xH0 2119 Ni2*~CN
. 2177 Ni2*~CN-Co?*
[Co-Ni] )
2141 Ni?*~CN-Co®%
[ZNn-Ni] 2189 Ni?*-CN-Zn?*

*The assignments are listed in accordance with literature.[69], [112]-[117]
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4.3.2.6 DR UV-vis

As shown in Figure 4.6, the bands below 400 nm are due to the ligand-to-metal charge transfer
(LMCT) or metal-to-ligand charge transfer (MLCT), while the ones above 415 nm are assigned to
the metal-to—metal charge transfer (MMCT). The well-established MMCT bands obtained in the
visible region for all the cobalt-based compounds suggest efficient electron transfer between the

metal sites.
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Figure 4.6: Diffuse reflectance UV-Vis spectra of [Co—Ni], [Co—Fe] and [Co—Co].

4.3.2.7 XRD

The diffraction patterns obtained from PXRD (Figure 4.7a) revealed the crystal structure of the
synthesized compounds. The PXRD patterns of both [Co-Fe] and [Co-Co] display sets of
diffraction peaks at 14.77°, 17.30°, 24.56°, 35.02° and 39.30° which are ascribed to the (111),
(200), (220), (400), and (420) reflection planes of a face-centered cubic structure,
respectively.[101] The diffraction patterns of [Co—Ni] matched perfectly with the crystal structure
of the standard L: phase layered M(H20)2[NiCN4]*xH20O in the Imma space group (Figure
4.70).[117] Each nickel site is coupled to four cyanide groups in this 2D layered structure, resulting
in a square planar geometry. Each cobalt site is coordinated to four cyanide groups from the

terminal nitrogen sites and two water molecules from the axial positions to reveal a trans-CoN4O>
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coordination environment. The coordinated water molecules interact with non-coordinated water
molecules via hydrogen bonding interaction.[118] This hydrogen bonding network beneath and
above each layer creates a space volume or 2D channels with a distance of ~ 5.8 A between the
layers (Figure 4.7c), thereby allowing for easy diffusion of H,O and H* between the layers making

each layer accessible for the catalytic process.
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Figure 4.7: (a) PXRD patterns of the compounds (b) PXRD of the as-synthesized [Co—Ni]
matched perfectly with a reference compound. (c) Side view showing the interlayer distance of the
crystal structure of [Co—Ni]. Colour code: Co, orange; Ni, white; C, grey; N, blue; O, red. H atoms
of H,O are omitted for clarity. The reference compound is a standard L; phase layered
Co(H20)2[NiCN4]-xH20 in an Imma space group, and the crystal structures were created from cif.
files deposited at CCDC.[117]
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4.3.2.8 XPS

The chemical composition of the compounds and oxidation states of the transition metals was
determined with XPS measurements. The XPS spectra of [Co—Ni] is shown in Figure 4.8, the
presence of N 1s peak is due to the existence of the CN group, while the O1s signal is assigned to
the coordinated water molecules and those in the interstitial sites/cavities. The absence of peaks in
the 529-530 eV region of the Ols peak suggests no metal-oxide formation in the course of
synthesis.[104] The obtained Co2p (~ 770 — 810 eV) and Ni2p (~ 845 — 880 eV) core level XPS
spectra are deconvoluted into 2ps2 and 2p1/2 due to spin-orbit coupling,[119] with a Shirley-type
background by fitting. The Co2p peaks are well-fitted into Co?" and Co*", the presence of Co?* is
supported by the presence of shake-up satellite peaks.[120] Unfortunately, the strong overlapping
of Co and Ni Auger lines with the photoelectron peaks complicate the spectrum. Therefore in
Co2p, weak Ni LMM and Co LMM Auger peaks are detected around 778 eV and 775 eV,
respectively.[121]-[123] The Ni2pz; and Ni2p12 signals are fitted into one main peak assigned to
Ni2*. The absence of satellite peaks strongly supports that the Ni?* is square planar with
diamagnetic nature. Also, a plasmon energy loss related broad peak was observed between the

main Ni2p peaks.
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Figure 4.8: High-resolution XPS spectra of (a,b) Co2p, (c,d) Ni2p, (e,f) Ols, and (g,h) N1s from
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the pristine and post-catalytic samples [Co—Ni].

60



[Zn—Ni] displayed Zn2p (~ 1016 — 1050 eV) and Ni2p (~ 845 — 880 eV) core level XPS peaks
which also splits into 2pz» and 2p12 due to spin-orbit coupling (Figure 4.9).[119] Spin states of
both Zn2p and Ni2p are fitted into one main peak assigned to 2+ oxidation state. The absence of
satellite peaks strongly supports that the Zn?* has a completely filled d-orbital and Ni?* is square
planar and diamagnetic. The existence of multiple small peaks at energies below 2pi spin
correspond to the plasmon energy loss features.[122]
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Figure 4.9: XPS curve-fitting results of (a,b) Ni2p, (c,d) Zn2p spectra from pristine and post [Zn—
Ni] samples.

[Co-Fe] XPS spectra confirms the presence of Co2p (~770—-810eV) and Fe2p (~ 700 — 730 eV)
signals which splits into 2ps» and 2piy». due to spin-orbit coupling (Figure 4.10).[119] The

assignment of the Fe2p peaks are analyzed into Fe?* and Fe3*, likewise, the Co2p peak is divided
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into Co?* and Co** accordingly.[70] The strong shake-up satellite peaks in Co2p signals are due to
the existence of Co?*.[119]
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Figure 4.10: XPS curve-fitting results of (a,b) Co 2p, (c,d) Fe 2p spectra from pristine and post
[Co-Fe] samples.

[Co—Co] displayed only the cobalt transition metal signal, Co2p peak (~ 770 — 810 eV), which
also splits into 2ps/2 and 2p1/2 due to spin-orbit coupling(Figure 4.11).[119] Both the Co2p3/2 and
Co2p12 peaks are a combination of Co?" and Co®" based on the spin-orbit splitting values. The
multiple peaks located in the 770-780 eV range are attributed to the Co LMM Auger peaks.
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Figure 4.11: XPS curve-fitting results of Co2p peaks spectra from (a) pristine and (b) post [Co-

Co] samples.

4.3.3 Photocatalytic HER

The photocatalytic hydrogen evolution experiments were performed in a three-component system
consisting of the catalyst, [Ru(bpy)s]Cl2 as the photosensitizer, and ascorbic acid as the electron
donor in an aqueous solution at pH 5. The layered [Co—Ni] displayed a remarkable HER activity
of 4,229 pmol gt h™!, which is ~20 and ~7 times higher than [Co—Fe] (216 pmol g* h1) and [Co—
Co] (617 umol g h1), respectively (Figure 4.12). The [Ru(bpy)s]**/ascorbate couple exhibits an
HER activity of just 40 pmol g h™* under the same conditions, implying that the recorded

photocatalytic HER performance is primarily due to the catalyst.
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Figure 4.12: Photocatalytic HER activities of the compounds. Conditions: 10 mg Catalyst, 100
mM ascorbic acid, pH 5, (7.5 mg) 1 mM [Ru(bpy)s]Cl2, and 100 mW cm 2 white light source.

4.3.4 Surface Area Analysis

The significantly higher activity in [Co-Ni] is attributed to the 2D structure and multi-layered
arrangement, which provides a larger surface area of contact for catalysis and boosts the number
of active catalytic sites.[124] In order to probe and confirm the changes in surface area
quantitatively, the surface concentration of catalytic cobalt sites is estimated from the plot of
C0%/Co?" reduction wave peak current (I) and the scan rate (v) to evaluate the effect of
morphology on the redox-active sites (Figure 4.13).[68] [Co—Ni] revealed an active surface
concentration of 2.55 nmol cm=2, which is ~ 36 and 6 times higher than [Co—Fe] (0.07 nmol cm™
2) and [Co—Co] (0.43 nmol cm™2), respectively. These results confirm the effect of the decrease in

dimensionality on the catalytic activity.
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Figure 4.13: Cyclic voltammogram of (a) [Co—Fe], (b) [Co-Co], and (c) [Co—Ni] recorded at
different scan rate ranging from 25 — 125 mV s!. Inset: linear plot of the peak current (1) of
C0%/Co?" reduction wave versus scan rate (v). Conditions: FTO (WE), Pt mesh (CE), Ag/AgClI
(RE) in 0.1 M PBS (pH 7) containing 1 M KNOs as the supporting electrolyte.

4.3.5 Effect of Catalyst and Photosensitizer amount on Photocatalytic HER

Photocatalytic studies with varying amounts of the catalyst and Ru photosensitizer indicate that
[Co—Ni] can reach a photocatalytic hydrogen evolution rate of as high as 30,029 umol g h™t when
2 mg of catalyst and 7.5 mg [Ru(bpy)s]Cl2 is used (Figure 4.14). If all the cobalt sites are assumed
to be active, a TON of 40 mol of H2 per mol of catalyst is achieved in 1 hour. At this hydrogen
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production rate, the H> bubbles evolved by [Co—-Ni] in the solution were visibly observed in real-
time. The list compiled in Table 4.4 indicates that [Co—Ni] as a cyanide-based catalyst candidate
is also top-ranked when compared to other high-performing HER catalysts operating under

different conditions reported in the literature.
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Figure 4.14: (a) The effect of the amount of catalyst on the photocatalytic HER performance of
[Co-Ni] for 1 h. (b) The effect of the amount of Ru on the photocatalytic HER performance of
[Co-Ni] for 1 h.
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Table 4.4: Comparisons of the photocatalytic hydrogen evolution activities of various

heterogeneous catalyst systems.

Catalyst PS Electron donor ﬁlcr;ixlig/h) Ref
[Co—Ni] Ru Ascorbic Acid 30,029 This work
[Co—Fe] Ru Ascorbic Acid 216 This work
[Co—Co] Ru Ascorbic Acid 617 This work
PBA-TIiO; Janus — TEOA 198 [70]
g-CoNeFeN TEOA 88.7 [91]
nanocomposite

C0304 Eosin Y TEOA 5,552 [125]
C0304 - Ethanol 2000 [126]
PBA/CdS - Lactic acid 57,288 [90]
CONiSx-CN - TEOA 2366 [127]
Co,C nanoflakes CdSe/CdS QDs TEA 18,000 [62]
?:Z(;”Fes'base‘j N _ TEOA 782 [128]
CoP-CdS/g-CsN4 — TEOA 23,536 [129]
M0S2/RGO [ZnTMPyP]4+ TEOA 2560 [130]
o 22/$i o, methanol 652.4 [63]

ReS> NWs - Na,S-Na,SOz 13,023 [131]
NiS/ZnCdi~S - Na,S-Na,SO; 16,780 [132]
NixCdyS - Na>S—-Na,SOz 8,450 [92]

NiO Eosin Y TEOA 7,757 [125]
COF-

Cobaloxime TEOA 163 [133]
hybrid
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4.3.6 Effect of pH on Photocatalytic HER

The effect of pH on the photocatalytic HER performance of [Co-Ni] was investigated in a pH
range of 2.6 — 10 when a constant amount of 2 mg catalyst and 7.5 mg ruthenium photosensitizer
are used (Figure 4.15). The highest activity is attained at pH 5.0, followed by that at pH 4.0 (5,142
pumol g h1). The decrease in photocatalytic HER activity at pH less than 4 is due to slower
reductive quenching of excited Ru species by ascorbic acid, while the reason for the decline at pH
greater than 5 is because the protonation of reduced Co(l) species is less-likely in basic media.[21],
[134] A similar result is also obtained by the cobaloxime-based hydrogen evolution catalytic
system in ascorbate solution in previous studies.[21], [135], [136] The similarity in the
coordination spheres of cobalt sites in cobaloxime with [Co-Ni], and the trend in pH-dependent
activities suggest that both catalysts evolve hydrogen through a similar mechanism, which involves
the reduction of cobalt site, the formation of a Co(l11)-H species, and then the evolution of Ha.[51],
[137]
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Figure 4.15: The effect of pH on the photocatalytic HER performance of [Co-Ni] (2 mg) for 1 h.
4.3.7 Band Alignment between [Ru(bpy) 3]** and the Catalyst

The feasibility of the proposed system for photocatalytic water oxidation was further evaluated
from the band alignment of the Ruthenium photosensitizer and [Co—Ni] (Figure 4.16¢). To extract
the band energy levels, the HOMO and LUMO levels of [Ru(bpy)s]** are obtained from
literature,[138] and the band gap (2.49 eV) is similar to our UV-vis spectroscopy measurement
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(Figure 4.16Db). The reduction onset potential of the [Co—Ni] is estimated to be —0.37 Vrre by LSV
measurement (Figure 4.16a). Upon light illumination, Ru PS is excited, and the holes in the HOMO
of Ru PS are consumed by ascorbic acid (oxidized to dehydroascorbic acid). At the same time, the

electrons in the LUMO level of the PS are efficiently transferred to [Co—Ni] to activate it for the

water reduction process.
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Figure 4.16: (a) LSV profiles and the zoomed onset potential of [Co—Ni]. (b) UV-Vis spectra of
[Ru(bpy)s]** in ascorbic acid solution, showing the absorbance tail of around 500 nm. (c) Extracted
energy band diagram of [Co—Ni] for the photocatalytic hydrogen reduction process, involving the

electron transfer mechanism.

4.3.8 Control Experiment

We also performed photocatalytic studies on [Zn-Ni], in which all cobalt sites in [Co—Ni] are
replaced with Zn ions, in order to rule out the possibility of the role of nickel sites as catalytic sites.

As expected, [Zn—Ni] exhibits a poor photocatalytic HER activity (87 umol g h™*), almost similar
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to the [Ru(bpy)s]Clz/ascorbic acid couple, which confirms that the catalytic hydrogen evolution
process takes place solely on cobalt sites (Figure 4.17a). The absence of MMCT bands in [Zn-Ni]
suggests that there is no electron transfer between the Ni and Zn sites. The presence of the MMCT
feature in the UV-Vis absorption profile of [Co—Ni], however, suggests that nickel sites play a
significant electronic role in enhancing the catalytic activity and stability due to efficient electronic
communication with the cobalt sites (Figure 4.17b). The assignment of the bands in the visible
region of [Co—Ni] to MMCT is confirmed by the absence of peaks in the same region of the UV-
Vis spectra of the precursors (Figure 4.17c¢).
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Figure 4.17: (a) Comparison of photocatalytic HER performance of [Co—Ni] and [Zn—Ni].
Conditions: 10 mg Catalyst, 100 mM ascorbic acid, pH 5, 1 mM [Ru(bpy)s]Clz, and 100 mW cm2
white light source. (b) Diffuse reflectance UV-Vis spectra of [Co-Ni] and [Zn—Ni]. (c) UV-Vis
absorption spectra of 10 mM aqueous solution of Co(NO3)2-6H20 and KoNi(CN)a.
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4.3.9 Post-Catalytic Characterization

The activity of [Co—Ni] remains essentially unchanged over a 6 h (3 h x 2 cycles) irradiation
(Figure 4.12). The addition of only Ru PS into the reaction chamber after the first cycle does not
yield an observable increase in the activity, thereby implying that the saturation in the activity is
due to the consumption of ascorbic acid after the first hour of each cycle (Figure 4.18).
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Figure 4.18: Photocatalytic HER activity of [Co—-Ni] upon addition of only 1 mM [Ru(bpy)s]Clz,

into the reaction mixture after 3 hours of illumination.

After the photocatalytic HER study, post-catalytic FTIR, PXRD and XPS tests were carried out to
establish the catalysts' stability. Post-catalytic PXRD analysis of [Co-Ni] revealed that the 2D
structure is retained under photocatalytic conditions (Figure 4.19). There is no apparent change
between the Co2p and Ni2p peaks of pristine and post-catalytic XPS signals of [Co—Ni] (Figure
4.8), indicating that the metal sites are intact after photocatalysis, and the absence of a peak in the
529-530 region of the O1s spectra rules out the possible transformation of cyanide-based structure
into cobalt oxides. [70], [139] Similar results were also obtained for post [Zn—Ni], [Co-Fe], and
[Co-Co] (Figure 4.9-4.11). Similarly, the FTIR spectra of all samples (Figure 4.20) remain
unchanged after photocatalytic experiments. The sharp increase in the v(CN) at 2,098 cm™ for
post-catalytic [Co—Fe] sample is due to the reduction of Fe3* sites to Fe?*,[115] which is also

reflected in the Fe 2p XPS signals.
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Figure 4.19: PXRD spectra of the pristine and post-catalytic samples of [Co—Ni].
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Figure 4.20: ATR-FTIR spectra of the pristine and post-catalytic samples of the compounds

showing the full spectrum ranging from 4000 to 400 cm™".
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4.3.10 Electrocatalytic HER

We performed hydrogen evolution studies also under electrocatalytic conditions. As shown in the
LSV curve at pH 7 (Figure 4.21a), [Co-Ni] displays a better electrocatalytic performance,
requiring an overpotential of 0.55 mV to achieve a current density of 0.8 mA cm™2, which is
comparably lower than [Co-Co] (0.65 mV) and [Co-Fe] (0.68 mV), suggesting an enhanced HER
kinetics due to the high active surface-sites of [Co—Ni]. The enhancement in current density caused
by the addition of TFA into the electrolyte solution (pH 1) signifies an increased H evolution
(Figure 4.21b).[54] Although the overall electrocatalytic performances are relatively low due to
the reduced conductivity by the Nafion binder used in the electrode preparation and the loose
physical interaction between the catalyst and the electrode surface, an activity trend, [Co-Ni] >

[Co—Co] > [Co-Fe] is obtained similar to photocatalytic studies.
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Figure 4.21: LSV curves of the compounds on a FTO electrode in 0.1 M KPi electrolyte at pH 7
at a scan rate of 50 mVs!. (b) LSV curve of the compounds on a FTO electrode upon addition of
10 mM Trifluoroacetic acid (TFA) into the 0. 1 M KPi electrolyte. Conditions: FTO (WE), Pt mesh
(CE), Ag/AgCI (RE) in 0.1 M PBS (pH 7) containing 1 M KNOs as the supporting electrolyte. All

the potentials are converted to RHE using the relation Eryg = Eggc +0.059 X pH + Ejy¢;

where Ej;c, =0.198 V vs NHE at T = 25 °C.[140]
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CHAPTER 5.

5.0 CONCLUSIONS
5.1 Summary

In summary, PBAs are a promising class of heterogeneous catalysts for OER and HER due to their
simple synthetic methodology, impressive stability, tunable metal sites, and fast electron transfer
from Fe to catalytic Co sites through the short cyanide bridge. Despite the progress in the
application of PBAs as water splitting catalysts, the relationship between the activity and
coordination environment of the active site is still lacking. Hence, our desire in this study is to
understand how the synthetic tuning of the coordination environment of the catalytic sites affects
the rational design of a highly-active PBA catalyst. This gap in the application of PBAs for water
splitting was explored by using two strategies referred to as ligand-engineering and employing a
2D cyanide-based compound. The OER and HER catalytic activities were examined with
photocatalysis using the well-established [Ru(bpy)s]** as the photosensitizer, and supporting

electrochemical measurements were performed.

Q) Ligand-engineering: We showed that the intrinsic water oxidation activity of the regular
Co—Fe PBA catalyst could be tuned by the coordination of bidentate pyridyl groups to the catalytic
cobalt sites. Cobalt-mono(bipyridyl) precursors are reacted with hexacyanoferrate complex to
prepare [Cobpy—Fe] and [Cophen—Fe], which possess cobalt sites coordinated to pyridyl and
—NC groups as well as water molecules. In [Cobpy—Fe] and [Cophen—Fe], structures with lower
dimensionality and less crystalline nature are observed compared to regular [Co—Fe]. These
compounds also exhibit a higher number of Co sites compared to [Co—Fe], which is reflected in
their photocatalytic water oxidation activities. Due to the well-tuned electronic effect caused by
the electron-withdrawing bidentate pyridyl groups, the photocatalytic activities of [Cobpy—Fe]
and [Cophen—Fe] outperform [Co—Fe]. The electronic effect generated by bidentate pyridyl
ligand coordination fosters water oxidation by (i) increasing the electrophilicity of the Co(IV)- oxo
species to the nucleophilic attack of water through their strong m-accepting ability and (ii)
sufficiently stabilizing the highly valent Co(lV) state by strong sigma donation and bidentate

coordination.
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Electronic structure calculations support experimental observations by confirming that the
coordination of bidentate pyridyl groups to the catalytic cobalt sites can sufficiently lower the
LUMO energy barrier required for the crucial O—O bond formation in water oxidation kinetics. In
addition to this enhanced activity, another interesting finding in this work is that free coordination
or aqua coordination on the catalytic cobalt sites in Co—Fe PBA is essential for water oxidation.
Molecular [Cobpy2—Fe] and [Cophen2—Fe] compounds designed by reacting
cobalt—bis(bipyridyl) with hexacyanoferrate precursor show no oxygen evolution since the
coordination sphere of cobalt sites are entirely decorated with bipyridyl and cyanide groups.
Furthermore, the complete inactivity of [Cobpy2—Fe] and [Cophen2—Fe] confirms that cyanide-
bridged compounds are stable and do not release their cyanide groups during photocatalysis.

. : [Cobpy—Fe]
: [Cophen—Fe]

|

Water Oxidation Activity

No-bidentate One-bidentate Two-bidentate

Figure 5.1: Schematic diagram showing the relationship between the well-defined ligand
coordination environment and activity. Reprinted with permission from Ref. [70]. Copyright 2022.

American Chemical Society.

(i) Employing a 2D cyanide-based compound: We report for the first time a 2D layered
[Co-Ni] that performs as an efficient and robust HER noble-metal-free catalyst. [Co—Ni] was
synthesized with a high yield via one-step solution chemistry using a square planar
tetracyanonickelate precursor, [Ni(CN)4]*>~. [Co-Ni] offers a blend of merits of a cyanide-based

network and the unique surface/electronic properties of a 2D architecture. Structural and
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morphological characterization of [Co—Ni] reveals a trans-CoN4O> coordination environment, in
which all the cobalt sites are active due to coordination to two water molecules at the axial position,
and the 2D layers are well spaced to allow easy access to H,O and H* to al the catalytic cobalt
sites. Correspondingly, the cyanide-bridge coordination provides stability and efficient electron
transfer between the metal sites. Owing to these unique features of the coordination environment,
[Co—Ni] exhibits activity as high as 30,029 pmol g h%, which is much higher than 3D [Co-Fe]
and [Co—Co]. [Co-Ni] also performs much better than most high-performing HER catalysts
reported in the literature. [Co—Ni] displays excellent stability as it retains its activity during cycle
experiments and post-catalytic studies reveal that the cyanide network is preserved after

photocatalysis.
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Figure 5.2: Schematic diagram showing the relationship in structure and catalytic activity by

switching from 3D to 2D.
52  Remarks

Tuning the coordination environment of the catalytic sites using the ligand engineering approach
IS a strategic pathway to enhance the water oxidation activity of PBA, as the realistic TOF reaches
up to 1.3 s7L. Although this is still lower than OEC in natural PSII, which can exhibit TOF up to
400 s71, this is a record in a photocatalytic water oxidation study using PBAs. This study, thus,
demonstrates that PBAs have the potential to reach higher TOF values for water oxidation.

Furthermore, a TOF of 1.3 s was achieved using a simple phenanthroline ligand, and this activity
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could be superbly improved by using a higher donor-acceptor bidentate ligand and reducing the
blocking effect of the ligands.

The limited number of surface-active sites and low conductivity, which are significant challenges
that diminish the intrinsic catalytic activity of 3D PBAs, are solved by switching to 2D cyanide
coordination compounds. There is a 36 times increase in the active surface area and an exceptional
change in the surface electronic properties by transforming from 3D to 2D. Furthermore, a
photocatalytic HER activity of 30,029 umol gt h™* exhibited by this 2D framework is the best ever
recorded intrinsic photocatalytic activity in a cyanide framework without coupling with a
semiconductor or decomposing the cyanide framework.

Overall, both of the above-mentioned strategies aim to explore the relationship between the
catalytic activity of PBA and the structural coordination environment of the active site. Tuning the
coordination environment around the catalytic sites by using structural parameters such as ligand-
engineering and altering the dimensionality has further established cyanide-based catalysts as
highly active non-noble catalysts for water splitting and provides a unique strategy for optimizing

the activity of PB-based catalysts.
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CHAPTER 7.

7.0 APPENDIX

7.1 Turn Over Frequency (TOF) Calculations
7.1.1 Lower bound TOF (TOF)

The TOF, was calculated by assuming that all the cobalt sites in the compounds are active in

catalysis. The method of the calculation is given below:
10 mg of catalyst was used, therefore:
mass of Co in catalyst = % mass of Co in catalyst X 10 mg
(eq. S1)

mass of Co in catalyst

moles of Co in catalyst = molecular weight of Co

(eq. S2)

After determining the moles of cobalt present in the catalyst, the TOF and TON were calculated

as follows:

moles of 0,/H, evolved from photocatalysis

T ber(TON) =
urn over number ( ) moles of cobalt in catalyst

(eq. S3)

TON

TOF = - -
reaction time

(eq. S4)
7.1.2 Upper bound TOF (TOFub)

The TOFyb was calculated by assuming that only the surface cobalt sites in the compounds are

active in catalysis. The method of the calculation is given below:
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First, the surface concentration (I') of active cobalt sites is from the electrochemical linear
dependence between the peak current (1) of the Co**/Co?* reduction wave and the scan rate

(v).[68]
Then, the surface concentration of cobalt sites in 10 mg catalyst was obtained using the relation

below:

surface concentation (nmol/cm?) X catalyst eletrode area (cm?)
B catalyst mass loading on electrode surface (mg)

X 10 mg

(eq. S5)

moles of 0,/H, evolved from photocatalysis
cobalt surface concetration in 10 mg catalyst (nmol)

Turn over number(TON) =
(eq. S6)

The TOF was calculated using the same expression as eq. S4.
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