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ABSTRACT

INORGANIC / POLYMERIC ASSEMBLIES AS
CATALYSTS FOR WATER SPLITTING

Zeynep Kap

M.S. in Chemistry

Advisor: Ferdi Karadaş

September 2018

Splitting water with sunlight is an attractive and promising research topic over

the last two decades since it produces a non-carbon-based resource, hydrogen,

which is a suitable energy carrier due to its high energy output and for being

environmentally friendly. A great deal of research in this field has been centered

on the development of efficient water oxidation and reduction catalysts.

The first part of the thesis focuses on a novel photosensitizer-water oxida-

tion catalyst (PS-WOC) dyad. A Ru metal coordinated pyridine-based ligand

and a cobalt-iron pentacyanoferrate have been used as the photosensitizer and

water oxidation catalyst, respectively. In this assembly, poly(4-vinylpyridine)

serves as the bridging group between two units mainly to enhance the perfor-

mance and stability of the system compared to its analogous intermolecular sys-

tem. A 5-fold improvement on the catalytic activity has been achieved with a

turnover frequency (TOF) of 5.6× 10−4 s−1 under 1 hour light illumination and

a turnover number (TON) of 11 in a 6-hour catalytic study. Evolved oxygen was

quantified with gas chromatography. Structural characterization was carried out

by Fourier Transform Infrared Spectroscopy (FTIR), Ultraviolet-Visible Spec-

troscopy (UV-Vis), X-Ray Photoelectron Spectroscopy (XPS), X-Ray Powder

Diffraction (XRD), Scanning Electron Microscopy (SEM), and Energy-dispersive

X-Ray Spectroscopy (EDX) techniques. Comparative XPS and FTIR studies

were performed on pristine and post-catalytic samples to confirm the stability of

the dyad.

In the second part of the study, a facile synthetic pathway using poly(4-

vinylpyridine) as a polypyridyl platform has been reported for the formation of
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a cobalt-based metallopolymer. Electrochemical studies indicate that the metal-

lopolymer acts as an efficient H2 evolution catalyst similar to cobalt-polypyridyl

complexes. Furthermore, metallopolymer can be transformed to cobalt particles

when a cathodic potential is applied in the presence of an acid. It has been found

that these cobalt particles also serve as efficient hydrogen evolution catalysts. Ap-

proximately 80 µmoles of H2 gas can be collected during 2 h of electrolysis at -1.5

V (vs. Fc+/0) in the presence of 60 mM of acetic acid. A comprehensive study of

the electrochemical and electrocatalytic behavior of cobalt–poly(4-vinylpyridine)

was discussed in detail.

Keywords: Water reduction catalyst, Hydrogen evolution catalyst, Light-driven

water oxidation catalyst, Light-driven oxygen evolution catalyst, Dyad, Water

splitting, Ruthenium, Prussian Blue, Polymer.



ÖZET

SUYUN AYRIŞMA REAKSİYONU İÇİN İNORGANİK /
POLİMERİK YAPILI KATALİZÖRLER

Zeynep Kap

Kimya, Yüksek Lisans

Tez Danışmanı: Ferdi Karadaş

Eylül 2018

Güneş ışığı ile suyun ayrışması, yenilenebilir enerji arayışı sürecinde son

yıllarda sıklıkla çalışılan ve gelecek vadeden bir araştırma konusudur çünkü reak-

siyon sonucunda üretilen hidrojen, yüksek enerji üretimi ve çevre dostu olması

nedenleriyle uygun bir enerji taşıyıcısıdır. Bu nedenle bu alanda hatırı sayılır

sayıda araştırma suyu yükseltgeyen ve indirgeyen verimli katalizör yapıları bul-

maya odaklanmıştır.

Bu tezin birinci bölümünde, özgün bir kromofor-suyu yükseltgeyen katalizör

(PS-WOC) dyad sistemi geliştirilmiştir. Kromofor birimi olarak rutenyum metal

koordinasyonlu piridin merkezli ligand kullanılırken, suyu yükseltgeyen katalizör

olarak ise kobalt-demir bazlı Prusya mavisi analoğu kullanılmıştır. Bu yapıda,

poli(4-vinilpiridin) iki farklı görevi olan birimleri birbirine bağlayan bir moleküler

köprü görevi görmektedir ve inter-moleküler örneği ile kıyaslandığında, ak-

tiviteyi ve kararlılığı arttırdığı gösterilmiştir. Katalitik aktivitenin 5 kat arttığı

gözlemlenmiştir ve 1 saat ışık altında, TOF 5.6 × 10−4 sn−1, 6 saatlik dilimde

ise TON 11 bulunmuştur. Oluşan oksijen, gaz kromatografisi ile ölçülmüştür.

Yapısal karakterizasyon, Fourier Dönüşümlü Kızılötesi (FTIR) Spektrometresi,

UV-Vis Spektrometresi (UV-Vis), X-Ray Spektrometresi (XPS), X-Ray Difrak-

siyonu (XRD), Taramalı Elektron Mikroskobu (SEM) ve Enerji Dağılımlı X-Işını

Spektroskopisi (EDX) teknikleri ile yapılmıştır. Karşılaştırmalı XPS ve FTIR

çalışmaları yapılarak ise, katalitik aktivite öncesi ve sonrasına bakılmış, yapının

kararlılığı kanıtlanmıştır.

Çalışmanın ikinci bölümünde, poli(4-vinilpiridin)’in polimer platformu olarak

kullanıldığı, basit bir şekilde sentezlenen kobalt bazlı metal-polimer rapor
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edilmiştir. Elektrokimyasal ölçümler sonucu, sentezlenen metal-polimerin lit-

eratürdeki kobalt-polipiridil örnekleri gibi suyun indirgenmesi (H2 oluşumu)

katalizörü olarak verimli olduğu görülmüştür. Bunun yanı sıra, metal-polimerin

asidik ortamda ve katodik potansiyel uygulandığında kobalt parçacıklarına

dönüştüğü saptanmıştır ve bu kobalt parçacıklarının da H2 oluşumu katalizörü

olarak verimli olduğu gözlenmiştir. Çalışma sonucu, 2 saatlik elektroliz sürecinde,

-1.5 V potansiyelde (vs. Fc+/0) ve 60 mM asetik asit ortamında yaklaşık 80

µmol H2 toplanmıştır. Kapsamlı bir çalışma ile kobalt-poli(4-vinilpiridin)’in elek-

trokimyasal ve elektrokatalitik karakterizasyonu ele alınmıştır.

Anahtar sözcükler : Suyun katalitik indirgenmesi, Hidrojen oluşumu katalizörü,

Işık kaynaklı suyun katalitik yükseltgenmesi, Işık kaynaklı oksijen oluşumu

katalizörü, Dyad, Suyun ayrıştırılması, Rutenyum, Prusya Mavisi, Polimer.
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I am thankful to TÜBİTAK for their financial support during my research.

(Project no: 215Z249)

I could not end this section without conveying my gratitude to current and

former Karadas group members, Emine Ülker, Satya Vijaya Kumar Nune, Gamze
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Chapter 1

Introduction

In this chapter, part 1.4 is based on the publication “Electrocatalytic hydrogen

evolution with cobalt–poly(4-vinylpyridine) metallopolymers”, Zeynep Kap; Em-

ine Ülker; Satya Vijaya Kumar Nune; Ferdi Karadas, Journal of Applied Elec-

trochemistry, 2018, 48 (2): 201-209. “Reprinted by permission from Springer

Nature. Copyright 2018, Journal of Applied Electrochemistry.

1.1 Solar Energy as an Alternative for Fossil

Fuel

With recent technological developments and increasing world population, global

energy demand cannot be met using fossil fuels such as petroleum, coal, and nat-

ural gas.[1] From past to present, fossil fuels have been the primary energy source

although they are limited and side products such as oxides of carbon, nitrogen,

sulfur, and etc. are produced, which are the main cause of global warming we are

facing today.[2] Hydrogen appears to be the most prominent solution that can

be used in industrial systems as an energy carrier since it possesses inherent high

specific energy, and moreover it doesn’t lead any pollutant emissions.[1],[3]
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Hydrogen can be produced from various renewable resources including hydro,

wind, biomass, geothermal, and solar.[4] Of these, solar energy is the most promis-

ing and sustainable one, according to US Department of Energy report in 2004.

Solar energy is mainly based on splitting water using light as an energy input.

Hence, many research efforts have addressed to develop a system that is capable

of converting solar energy into chemical energy efficiently.

1.2 Artificial Photosynthesis

Photosynthesis is the process of photochemical conversion and storage of solar

energy in photosynthetic organisms, whereas artificial photosynthesis is based on

mimicking the photosynthetic reactions.[5] It is crucial to understand the mech-

anism behind natural photosynthesis to design such systems.

Figure 1.1: Schematic representation of the photosynthetic chain in the oxygenic

photosynthesis.[6]
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The process is initiated in photosystem II (PS II) where O2 is catalytically

produced upon photooxidation of H2O. This process is followed by the migration

of electrons to photosystem I (PS I), where a second light harvesting process

occurs to produce H2 eventually.[6] In plants, H2 is combined with CO2 to produce

sugar, on the other hand, some organisms such as cyanobacteria and microalgae

have a unique enzyme called hydrogenase, which releases H2 (Figure 1.1).[7]

During the photosynthetic process, oxygen production is catalyzed by an

oxygen-evolving CaMnO4 center (OEC) in PS II and hydrogen production is

catalyzed by dinuclear metal clusters available in hydrogenase.[6] As shown in

Figure 1.2, the OEC unit consists of three manganese, one calcium, and four

oxygen atoms forming a cubane-like structure. The fourth manganese site is

linked to two manganese atoms by oxo-biridges.[8] This cluster collects four hole

equivalents by light excitation of PS II, and thus accomplishes water oxidation.[9]

Inspired by this structure, water oxidation catalysts (WOCs) are mainly based on

Ru, Mn, Ir, and Co metals with hard ligands such as O- and N-rich ligands.[8],[10]

Figure 1.2: Structure of the Mn4CaO5 cluster and its ligand environment.[8]

Adapted by permission of The Royal Society of Chemistry.

On the other hand, hydrogenase enzymes have active sites either based on
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nickel and iron metals or iron only where both atoms are surrounded with sulfur

containing ligands and coordinated to cyanide and carbon monoxide groups (Fig-

ure 1.3). Catalysts containing Fe, Co, and Ni ions have been widely studied with

strong electron accepting ligands such as sulfides and phosphines.[11] Despite all

the achievements obtained with 3d-transition metal ions, platinum appears to be

the best catalyst known to date.

Figure 1.3: Structure of the active sites of [NiFe]-hydrogenase in the Ni-C state

and of [FeFe]-hydrogenase in the reduced active state (X is a either a water

molecule or a H2 ligand).[6]

Majority of the current research is centered on adopting basic design principles

in natural photosynthesis. Photosynthesis is a highly efficient system since it

involves two light harvesting units and charge recombination is prevented by the

unique electron transfer chain. Therefore, the insights of the complex multi-

electron redox transfer is an inspiration to develop analogue models.

The main objective with water splitting is to convert solar light into chemical

energy and concurrently to produce hydrogen and oxygen. The process consists

of two half reactions; water oxidation and water reduction (Figure 1.4).

Figure 1.4: Half-cell reactions and the reduction potentials of electrolysis of water.
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Figure 1.5: Schematic representation of (i) electron transfer sequence in PS II and

(ii) working principle of a photoelectrochemical cell.[8] Photosensitizer is abbre-

viated as PS and water oxidation catalyst is abbreviated as WOC. Reproduced

by permission of The Royal Society of Chemistry.

Photoelectrochemical cells (PEC) are designed to achieve solar-driven water

splitting and their working principle is derived from natural photosynthesis.[9]

As in nature, required potential to stimulate the reaction is supplied by sunlight.

Photosensitizer (PS) absorbs light, which is anchored to either anode or cathode

and through electron transfer, hydrogen and oxygen are generated in different

media separated by a membrane (Figure 1.5). Two half reactions are connected

through an external electron flow.
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The “antennae” alignment of pigments is observed in natural photosynthe-

sis which is responsible from the collection of energy of photons and transfer

of generated holes/electrons to the final donor/acceptor.[6] Charge separation is

achieved in a way to facilitate energy storing reactions and to minimize backward

reactions.[6][7] Although the challenge still remains, it is crucial to design sys-

tems that are capable of transporting holes/electrons to the final donor/acceptor

without back-electron transfer, which would lead a charge recombination (Figure

1.6).

Figure 1.6: Schematic illustration for light-harvesting array mimicking in artificial

photosynthesis; the collection and transport of energy.[6]

Supramolecular systems are designed to serve as molecular light harvesting

arrays that involve electron acceptors (A) and donors (D) to mimic the energy

transfer cascade in natural photosynthesis.[6] These systems are developed by the

combination of a photosensitizer and a suitable catalyst for water reduction and

water oxidation with electron donor/acceptor pairs (Figure 1.7).[6]
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Figure 1.7: Schematic representation of homogeneous multielectron photocatal-

ysis for light-driven water splitting.[6] Abbreviations used are as follows: PS is

photosensitizer, Cat is catalyst, D is donor and A is acceptor.

1.3 Water Oxidation with Photosensitizer-Catalyst

(Dyad) Assemblies

While separate molecular systems serve as a PS and WOC in earlier studies, re-

cently dyads, in which the molecular PS and WOC are connected to each other

with a suitable linker, have been developed to enhance the electron transfer be-

tween molecular units.[12],[13],[14],[15] In PEC systems, these supramolecular

systems have a practical advantage on overcoming charge transport kinetics be-

tween the units. Ru(II) based PS-WOC assemblies showed %22 and %74 faradaic

efficiency for O2 production on TiO2 in dye-sensitized photoelectrochemical cell

(DSPEC) systems, respectively (Figure 1.8).[16],[17]
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Figure 1.8: Examples of PS-WOC assemblies designed for DSPEC sys-

tems.[16],[17] PS unit of the assemblies are demonstrated as red in the structures.

There are several studies that the catalytic efficiency of the dyad systems was

investigated in homogeneous solution. Thummel et al. reported that Ru-Ru

dyad assembly showed a TON of 134 under 6 h light illumination, which is far

more higher than its analogous intermolecular system with a TON of 6.[13] A

follow-up study by Thummel et al. showed how the efficiency is affected by

performing component analysis on several dyads (Figure 1.9). The most active

assembly showed a TON of 68 under 1 h light illumination in the presence of

sodium persulfate at pH 5.3.[18] Licheng Sun et al. also focused on PS-WOC

assemblies, incorporating a ruthenium diimine chromophore and ruthenium based

catalyst.[19] TON of the assembly was found as 38 where the separate system

showed TON of 8 which indicates a significant enhancement of catalytic activity.
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Figure 1.9: Graph of O2 vs. Time for dyads 10a (blue), 10b (red), and 10e (green)

with their related initial rates (µmol/min with error bars) given. PS unit of the

assembly is demonstrated as red in the structure. “Reprinted with permission

from [19]. Copyright 2014, American Chemical Society”.

In majority of the dyad systems, ruthenium based units have been preferred

as both PS and WOC due to their strong light absorption, long excited state

lifetimes, and high efficiencies.[20] However, entirely earth-abundant dyads should

be investigated to replace ruthenium since it is one of the rarest metals on earth.

In this regard, Licheng Sun et al. investigated a dyad which utilizes a Co4O4

cubane system as a WOC (Figure 1.10). The study shows that the Ru–Co dyad

has a TON of 5, and it is significantly more active than that of a multicomponent

system.[21] The higher activity of the assembly is attributed to the stability of the

assembly and particularly the stabilization of the chromophore, which is achieved

by intramolecular electron transfer.
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Figure 1.10: Structure of ruthenium chromophore-cobalt cubane assembly.[21] PS

unit of the assembly is demonstrated as red in the structure.

Polymeric platforms have also been used to prepare dyads.[20],[22],[23],[24],[25]

Several studies indicate that enhanced catalytic efficiency observed on polymeric

dyad systems is due to a hopping mechanism along the chain, which results in

an intra-assembly electron/hole transfer.[14],[24],[25] Waters et al. reported that

an electrode-bound helical peptide PS-WOC assembly has 10-fold enhanced cat-

alytic efficiency compared to its analogous homogeneous system (Figure 1.11).[23]

It has been shown that intra-assembly electron transfer is a key process to en-

hance efficiency and alignment of the distance between units and that electron

transfer rates can be optimized.[23],[24] Hisaeda et al., in their work, emphasized

that an assembly with a polymer linkage can also efficiently work even under

diluted conditions by fixation of each functional group in the same polymeric

unit, thus, providing close distance for electron transfer.[26] Furthermore, in the

presence of a polymeric support, stability of the system is expected to increase by

preventing photodecompositon of the photosensitizer.[26],[27] Despite the afore-

mentioned advantages, implementing earth-abundant components, particularly

for the catalytic site, still remains a significant challenge.
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Figure 1.11: Structure of the PS-WOC metallopeptide.[23] PS unit of the assem-

bly is demonstrated as red in the structure.

1.4 Water Reduction Electrocatalysts

A great deal of research has focused on the development of cata-

lysts for hydrogen evolving reactions to use hydrogen as a clean energy

carrier.[28],[29],[30],[31],[32][33],[34] Even though platinum is the best catalyst

known to date, its high cost renders researchers to find alternative catalysts that

are efficient and of great abundance. Catalysts containing Co and Ni have been

the pioneers in this field since several electrocatalysts such as cobalt diglyoxime

complexes also known as cobaloximes [35],[36],[37], cobalt diamine-dioximes [38],

cobalt polypyridyl complexes [29],[34],[39],[40],[41] (Figure 1.12), nickel phos-

phines [28][42],[43],[44], and cobalt sulfides [45] are reported to evolve hydrogen

from water efficiently.

Although molecular complexes have been the center of focus they tend to

disintegrate under drastic electrocatalytic and photocatalytic conditions. For

example, the debate on whether cobalt diamine-dioxime complexes degrade to

form cobalt-containing nanoparticles is still ongoing. Kaeffer et al. recently
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Figure 1.12: Example of a cobalt-polypyridyl system as hydrogen evolution cat-
alyst.[29]

claimed that molecular complexes act as molecular catalysts in non-aqueous so-

lutions, while in acidic and/or aqueous solutions could transform to metal-based

nanoparticles.[46] Recent studies that take advantage of such decomposition pro-

cesses indicate that the nanoparticles that are produced from molecular complexes

during electrocatalysis could also serve as efficient water reduction catalysts. The

synthetic strategy including the use of molecular systems as precursors for elec-

troactive nanoparticles for water reduction was first reported by Anxolabéhère-

Mallart et al. in 2012.[47] The origin of the catalytic activity of an intensely

studied cobalt clathrochelate system, in which cobalt site is buried inside a hex-

adentate ligand cavity, was one of the recent disputes among molecular hydrogen

evolution catalysts since no catalytic activity was expected from such a steri-

cally hindered cobalt site. It was found that, in fact, cobalt nanoparticles formed

because of the decomposition of the molecular cobalt complex were responsible

for electrocatalytic water reduction. A follow-up study on a series of cobalt-

trisglyoximato complexes with different ligand sets showed that potential for elec-

trodeposition is highly dependent on the type of the ligand.[48] A recent study

by Anxolabéhère-Mallart et al. led to the conclusion that cobalt-bisglyoximato

complex, which is not an active electrocatalyst for proton reduction, can be al-

tered in the presence of acid to electroactive cobalt based nanoparticles for pro-

ton reduction.[49] Such an electrodeposition process was also observed not only
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for cobalt complexes with different ligands such as pyridine oxime but also for

metal complexes other than cobalt such as [Ni(N–N–SCH3)2](BF4)2(N–N–SCH =

2− pyridyl− N− (2′ −methylthiophenyl)methyleneimine).[50],[51]

The said deposits have two key advantages over molecular systems:

i) They don’t require a further step to connect them on electrode since they

are readily deposited on the electrode and

ii) They are much more stable compared to molecular systems under drastic

electrocatalytic processes.

Therefore, the method involving the use of monometallic complexes as precur-

sors to form water reduction catalysts should be investigated further.

1.5 Scope of the Study

In this thesis, catalysts for both water oxidation and water reduction have been

designed, prepared, characterized and their catalytic performances have been

investigated. These studies have been examined in two parts.

In the first part, a novel heterogeneous PS-WOC dyad, which incorporates

poly(4-vinylpyridine) as a bridge between a ruthenium chromophore and cobalt-

based PBA, has been presented. Cobalt-hexacyanometalates have recently been

demonstrated as promising water oxidation catalysts due to their high catalytic

activities, robustness, and stabilities at neutral pH.[52],[53] Therefore, the use

Co-Fe PBAs as WOCs rather than Ru based WOCs will be a step forward in

the development of entirely earth-abundant dyads. P4VP has recently been

used to prepare Co-Fe coordination polymer as a water oxidation catalyst by

our group.[54] The study indicates that Fe(CN)5 groups can easily be coordi-

nated to pyridyl groups of P4VP, which is a robust precursor for the formation

of amorphous PBAs. In another study, Co-P4VP assembly has successfully been

prepared and found to be an efficient in water reduction electrocatalyst.[55] The
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studies showed that P4VP can be a convenient platform for catalytic applications.

Herein, it is proposed a synthetically facile dyad, wherein the ruthenium-based

molecular photosensitizer is connected to Prussian blue type WOC through a

P4VP platform (Figure 1.13). It is the first study that the photocatalytic ac-

tivity of a polymeric dyad system is investigated in a homogeneous solution.

Stability and efficiency of the assembly is presented with various characterization

techniques and photocatalytic measurements.

Figure 1.13: Proposed structure of the ruthenium chromophore and cobalt-based
PBA dyad, incorporating poly(4-vinylpyridine).

In the second part of the study, a facile synthetic pathway using poly(4-

vinylpyridine) as a polypyridyl platform is reported for the formation of

cobalt-based metallopolymer (Figure 1.14). Electrochemical studies indicate

that similar cobalt polypyridyl complexes act as an efficient H2 evolution

catalyst.[29],[34],[39],[40],[41] In particular, poly(4-vinylpyridine) is used as lig-

and since it is a commercially available polymer, and consequently a facile syn-

thesis method is presented. Furthermore, since molecular complexes have a
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tendency to disintegrate under drastic electrocatalytic and photocatalytic con-

ditions, possible transformation of metallopolymer to cobalt particles was also

investigated.[46],[49] Therefore, this study outlines a detailed electrochemical in-

vestigation of cobalt–polymer systems as well as their transformation to cobalt-

based particles, which are active electrocatalysts for H2 evolution.

Figure 1.14: Proposed structure of cobalt- poly(4-vinylpyridine) catalyst.
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Chapter 2

Experimental

Parts including 2.6 and 2.6.1 are based on the publication “Electrocatalytic hydro-

gen evolution with cobalt–poly(4-vinylpyridine) metallopolymers”, Zeynep Kap;

Emine Ülker; Satya Vijaya Kumar Nune; Ferdi Karadas, Journal of Applied

Electrochemistry, 2018, 48 (2): 201-209. “Reprinted by permission from Springer

Nature. Copyright 2018, Journal of Applied Electrochemistry.

2.1 Reagents and Materials

cis-Bis(2,2' - bipyridine)dichlororuthenium(II) hydrate (Acros Organics, 97%),

poly(4-vinylpyridine) (Sigma-Aldrich, MW ≈ 60, 000 g/mol), AgNO3 (Sigma-

Aldrich, ≥ 99.0), Na2[FeIII(CN)5NO]·2H2O (Alfa Aesar, 98%), NaOH (Sigma-

Aldrich, 98-100.5%), and cobalt acetate tetrahydrate (Acros Organics, 98%) were

used. All of the solvents were analytical grade and reagents received were used

without any further processing. Millipore deionized water (resistivity: 18 mΩ

cm) was used for all experiments that consists water.

16



2.2 Synthesis of [Ru-P4VP]

At room temperature, 700.0 mg (1.445 mmol) cis-Bis(2,2' - bipyri-

dine)dichlororuthenium(II) hydrate and 490.9 mg (2.890 mmol) AgNO3

were mixed in 100 mL methanol according to the literature with slight

modifications.[56] After 1 h of vigorous stirring, precipitated layer of AgCl was

filtered through celite filter and removed. [Ru(bpy)2(H2O)2](NO3)2 filtrate was

evaporated by rotary evaporator. [Ru(bpy)2(H2O)2](NO3)2 was added to the so-

lution of 6-fold molar excess of poly(4-vinylpyridine) which was dissolved in 200

mL 4:1 ethanol/water. The mixture was refluxed in dark for 48 h under constant

stirring. Completion of the product was monitored by UV-Visible spectroscopy.

Resulting solution was evaporated by rotary evaporator, dissolved in ethanol,

precipitated by ethyl ether.[57] The precipitate was filtered and rinsed with cold

water and ethyl ether. Throughout the thesis, the abbreviation [Ru–P4VP] is

used for the [Ru(bpy)2(P4VP)6]
2+.

2.3 Synthesis of Na3[FeII(CN)5NH3]·3H2O

Na3[FeII(CN)5NH3]·3H2O was synthesized according to the procedure in literature

with slight modifications.[54],[58] 30 g of Na2[FeIII(CN)5NO]·2H2O and 4 g NaOH

were mixed in 120 mL of water under constant stirring. NaOH was used as excess

sodium source to prevent a secondary reaction which would lead disodium salt,

Na2NH4FeII(CN)5NH3.[58] The overall reaction is shown below.

Na2Fe
III(CN)5NO · 2H2O + 2NH3 + NaOH→ Na3Fe

II(CN)5NH3 · 3H2O + H2O + N2

(2.1)

Throughout the experiment, temperature was kept below 10 ◦C. After obtain-

ing homogenous solution, 25% (v/v) NH4OH solution was added until saturation,

by making sure the temperature is not exceeding 10 ◦C. Solution was stirred for

1 h, followed by the addition of cold methanol until yellow color wass obtained.

After vacuum filtration, resulting precipitate was dried in vacuum oven for 4 days
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at 25 ◦C. The product was recrystallized using a NH4OH and CH3OH solutions

for two times to remove any unreacted precursor and by-product. Resulting yield

was 45%. IR (cm−1): 2031(s), 1625 (w), 1262(s).

2.4 Synthesis of [Ru-P4VP-Fe]

Na3[FeII(CN)5NH3]·3H2O was used as Fe precursor. [Ru-P4VP] was dissolved

in methanol and precursor was added to the solution according to 1:2 Ru/Fe

stochiometric ratio. Solution was kept in dark under constant stirring for 5 days.

Cold [Ru-P4VP-Fe] solution was centrifuged with water several times and liquid

phase was discarded. Complex was dried in vacuum desiccator after washing with

acetone. Throughout this thesis, the abbreviation [Ru-P4VP-Fe] is used for the

[Ru(bpy)2(P4VP)6]-Fe(CN)5 assembly.

2.5 Synthesis of [Ru-P4VP-CoFe]

Cobalt(II) acetate tetrahydrate was used as Co precursor. [Ru-P4VP-Fe] was

dissolved in 1:1 (v/v) acetonitrile/water solution and Co precursor was added.

Co precursor was added according to the 3:2 Co/Fe stochiometric ratio. Solution

was kept in dark under constant stirring for 2 days following evaporation by

rotary evaporator. Throughout this thesis, the abbreviation [Ru-P4VP-CoFe] is

used for the [Ru(bpy)2(P4VP)6]-CoFe(CN)5 assembly.

2.6 Synthesis of [Co-P4VP]

Cobalt acetate tetrahydrate (CoAc2) and poly(4-vinylpyridine) (P4VP) were

mixed in a 1:1 H2O/MeCN (v/v) mixture. CoAc2 and P4VP were added ac-

cording to stoichiometric ratio of 1:5 Co/pyridine to ensure that each cobalt
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ion is surrounded by an average number of five pyridine groups and one solvent

molecule. Throughout the thesis, the abbreviation [Co–P4VP] will be used for

the metallopolymer.

2.6.1 Formation of [Co-coat@FTO]

A solution of [Co–P4VP] (1 mM) in a 1:1 H2O/MeCN mixture containing 3 mM

of AcOH and 0.1 M of KNO3 under nitrogen was electrolyzed at −1.5 V (vs.

Fc+/0) for 2 h using fluorine-doped tin oxide (FTO) (area: 1 cm2) as the working

electrode. The electrode was washed several times with an H2O/MeCN mixture

after coating. Cobalt particle coated FTO is abbreviated as [Co-coat@FTO]

throughout the thesis.

2.7 Instrumentation

2.7.1 Fourier Transform Infrared Spectroscopy

Fourier transform infrared spectra (FTIR) were recorded by Bruker Alpha

Platinum-ATR Spectrometer model. The spectra were recorded in transmission

mode by 64 scans in wavenumber range of 400-4000 cm−1.

2.7.2 Ultraviolet-Visible Spectroscopy

The UV-Vis absorption spectra were recorded by using Cary 100 Bio UV-Vis

Spectrometer in the 200-800 nm region with a scan rate 600 nm/min.
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2.7.3 X-Ray Photoelectron Spectroscopy

XPS analysis was performed using Thermo Scientific K-Alpha X-Ray Photoelec-

tron Spectrometer system with an AlKα microfocused monochromator source

operating at 400 mm spot size and hγ = 14.866 eV accompanied by a flood gun

for charge neutralization, 200 eV for survey scan and 30 eV for individual scans.

2.7.4 X-Ray Powder Diffraction

XRD measurement was conducted by using a Pananalytical X’PertPro Multipur-

pose X-Ray Diffractometer (MPD) with CuKα X-Ray Radiation (λ = 1.5418 ).

The diffraction patterns were recorded in the 2θ diffraction angle in 10-70◦ range

with 0.05 step size.

2.7.5 Scanning Electron Microscopy and Energy-Dispersive

X-Ray Spectroscopy

FEI-Quanta 200 FEG ESEM was used for SEM and EDX analysis. For SEM

imaging, 5 kV beam voltage was used and EDX analysis was operated at 30

kV beam voltage. Each EDX analysis was reported by taking mean value from

multiple measurements of different spots.

2.7.6 Photocatalytic Studies

The oxygen amount was measured with GC (Agilent 7820A, Molesieve GC col-

umn (30 m × 0.53 mm × 25 µm)) thermostatted at 40◦C which was equipped

with a TCD detector thermostatted at 100◦C (Ar as carrier gas). Oxygen evo-

lution was calibrated with pressure transducer (Omega PXM409-002BAUSBH).

The solar light simulator (Sciencetech, SLB-300B, 300 W Xe lamp, AM 1.5 global
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filter) was calibrated to 1 sun (100 mW/cm2). Experimental setup is shown in

Figure 2.1.

Figure 2.1: Photocatalytic setup consisting a two-neck round-bottom flask con-

nected to pressure transducer. One neck is covered with septa and used for N2

purge and GC measurements.

For each photocatalytic measurement, 10 mL phosphate pH 7.0 buffer was

used, and 25 mg sodium persulfate was added as the sacrifial electron acceptor.

All measurements were done under constant stirring, and flask were covered with

aluminum foil until the light was on. Pressure transducer was connected to two-

neck round-bottom flask with 41.4 mL volume in which one neck was covered with

septa. Before light illumination, solution was purged with N2 for 30 min, and two
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needles were used for N2 in and out. When plateau was observed on pressure,

100 µL from the headspace of the cell was injected with gas-tight syringe into

a gas chromatograph as an initial measurement. Pressure was allowed to reach

plateau, and followingly light was on for 1 h. After 1 h of light illumination, light

was off, and gas phase was analyzed by GC. During the process, pressure change

was recorded versus time.

Blank measurement was also taken according to the same procedure. Solution

was consisted of 10 mL phosphate pH 7.0 buffer, and 25 mg sodium persulfate.

TOF and TON were derived by using the data obtained from GC. O2 to N2 area

ratio were calculated, and the value was multiplied with the headspace volume

of the cell (31.4 mL), then divided by injection volume of the gas tight syringe

(100 µL) to obtain total O2 amount in the cell. Subsequently, total O2 amount

of blank measurement and initial measurement were subtracted from the final

experimental value.

Galan-Mascaros et al. reported that the TOF obtained was 4.5 x 10−4 s−1,

and it was used as a reference value.[52] 5 mg [Ru(bpy)3]
2+, 5 mg Co-Fe PBA,

and 25 mg sodium persulfate were dissolved in 10 mL phosphate pH 7.0 buffer,

and photocatalytic experiment was conducted according to the above procedure.

After necessary subtractions, total amount of O2 obtained was multiplied with a

constant which will give TOF of 4.5 x 10−4 s−1 to obtain mole of O2 produced.

Mole of O2 was used to calculate TOF, and equation is as follows:

mole of O2 produced = total O2 amount × constant (2.2)

TOF =
mole of O2 produced

mole of catalyst × time
(2.3)

Constant derived according to the calculations were then used in [Ru-P4VP-

CoFe] measurements to obtain mole of O2, TOF, and TON values. For mole of

catalyst value, it is assumed that all Co sides are active for water oxidation. TON
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equation is as follows:

TON = TOF × time (2.4)

After each photocatalytic experiment of [Ru-P4VP-CoFe] and [Ru(bpy)3]
2+

and Co-Fe PBA systems, samples were kept in fridge for 1 day and re-used with

the addition of 25 mg sodium persulfate.

2.7.7 Gas Chromatography

The gas generated during the electrolysis was analyzed with an Agilent 7820A GC

equipped with a Molesieve GC column (30 m × 0.53 mm × 25 µm) thermostatted

at 40◦C and a TCD detector thermostatted at 100◦C for the detection of H2. Ar

was used as carrier gas. To avoid cross-contamination, prior to each experiment,

the electrochemical cell was purged with N2 for 20 min. Then, 100 µL aliquots

of gas were collected from the headspace of the electrochemical cell over 10 min

intervals with a gas-tight Hamilton syringe. The retention time of H2 was recorded

as 0.77 min.

2.7.8 Electrocatalytic Studies

Electrochemical experiments were performed at room temperature using a Gamry

Instruments Interface 1000 Potentiostat/Galvanostat. A conventional three-

electrode electrochemical cell was used with a glassy carbon disc electrode (GCE)

(area = 0.071 cm2) as the working electrode and a Pt wire as the counter elec-

trode. The working electrode was cleaned after each measurement by polishing

with an alumina (0.05-µ diameter) suspension followed by sonication with water.

The pseudo-reference electrode was a silver wire immersed in 1:1 H2O/MeCN

(v/v) mixture with 0.1 M KNO3, which was separated from the solution by a

glass frit. Ferrocene was used as an internal standard and all potentials were
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referenced versus the ferrocenium/ferrocene couple (Fc+/0) (0.64 V vs. SHE).

AcOH was used as the proton source in the hydrogen evolution experiments. All

experiments were carried out under a nitrogen atmosphere.

2.7.8.1 Bulk Water Electrolysis

The bulk electrolysis experiment was performed in a H2O/MeCN (1:1 v/v) mix-

ture with 0.1 M of KNO3 containing 60 mM of AcOH at −1.5 V (vs. Fc+/0) for

2 h. A Pt mesh counter electrode was separated from the rest of the solution by

a glass frit. [Co-coat@FTO] was used as the working electrode.
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Chapter 3

Results and Discussion

In this chapter, parts 3.1.2 and 3.2.3 are based on the publication “Electrocat-

alytic hydrogen evolution with cobalt–poly(4-vinylpyridine) metallopolymers”,

Zeynep Kap; Emine Ülker; Satya Vijaya Kumar Nune; Ferdi Karadas, Journal of

Applied Electrochemistry, 2018, 48 (2): 201-209. “Reprinted by permission from

Springer Nature. Copyright 2018, Journal of Applied Electrochemistry.

3.1 Structural Characterization

3.1.1 [Ru-P4VP-CoFe] for Light-Driven Water Oxidation

3.1.1.1 Fourier Transform Infrared Spectroscopy

According to the Infrared studies following conclusions were made;

i) CN stretching mode typically exhibits a sharp absorption peak which is

observed in 2000-2200 cm−1 band, and a possible shift in this characteristic range

is the major confirmation for CN linkage.[59],[60] CN stretches observed at 2034

cm−1 and 2103 cm−1 for [Ru-P4VP-Fe] indicates that Fe2+ is covalently linked
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with pyridyl group of [Ru-P4VP].[54] The relatively small peak at 2103 cm−1 is

a result of the partial oxidation of the iron sites to Fe3+ (Figure 3.1).[54]

Figure 3.1: FTIR spectra of [Ru-P4VP], [Ru-P4VP-Fe], and [Ru-P4VP-CoFe].

ii) Slight blue shift to 2034 cm−1 compared to Fe precursor (2031 cm−1) sug-

gests that there is no free iron pentacyanoferrate which is not linked with pyridyl

rings (Figure 3.1).[54] The increase in the frequency is due to π-accepting ability

of pyridine of P4VP which results in less back electron donation from dπ orbital

of iron to π∗ orbital of cyanide.

iii) With the addition of Co2+, a prominent blue shift is observed at 2060

cm−1 for [Ru-P4VP-Fe-Co] which is a clear demonstration of Fe-CN-Co linear

binding mode, and therefore Co-Fe PBA synthesis (Figure 3.1).[53] As a result of

Co ion addition, the structure became more electron deficient, and consequently

electron donation from σ∗ orbital of cyanide increases, thus CN stretch is observed

at a higher frequency. Broader peak observed in [Ru-P4VP-CoFe] compared to

[Ru-P4VP-Fe] was attributed to partial oxidized Fe(III) sites bound to Co(II).
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iv) [Ru-P4VP] has stretches at 1417 cm−1 and 1597 cm−1 which are attributed

to C=Cring and C=Nring of pyridyl rings (Figure 3.2).[54],[61]

Figure 3.2: FTIR spectra of Ru precursor, P4VP, and [Ru-P4VP].
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3.1.1.2 Ultraviolet-Visible Spectroscopy

Ru precursor shows two main bands which are assigned to the metal-to-ligand

charge transfer (MLCT) at 526 nm and ligand centered π-π∗ (LC) at 283 nm

respectively (Figure 3.3). In all cases, the blue shift to 450 nm (with shoulder

at 435 nm) verifies the complex formation which corresponds to typical bands

for tris-Ru(II) pyridine complexes.[62],[63],[64] With the addition of Fe and Co

precursors, MLCT character of the [Ru-P4VP] showed similar results with the

[Ru-P4VP-Fe] and [Ru-P4VP-CoFe] complexes (Figure 3.4).

Figure 3.3: UV-Vis spectra of P4VP (blue line), Ru precursor (black line), and

[Ru-P4VP] (red line).
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Figure 3.4: UV-Vis spectra of [Ru-P4VP] (black line), [Ru-P4VP-Fe] (red line),

and [Ru-P4VP-CoFe] (blue line).

3.1.1.3 X-Ray Photoelectron Spectroscopy

As it is shown in (Figure 3.5), Ru 3d5/2 and 3d3/2 signals of [Ru-P4VP] were

observed at 280.21 eV and 284.96 eV, respectively, where Ru 3d5/2 signal of Ru

precursor is observed at a slightly lower binding energy (280.75 eV). This change

in binding energy is attributed to the replacement of chloride groups with pyridyl

ones leading a decrease in electron density of ruthenium. Besides, the Ru 3d

signals in [Ru-P4VP], [Ru-P4VP-Fe], and [Ru-P4VP-CoFe] samples are similar

in chemical nature, and there is no significant change in oxidation state. The

slight change in [Ru-P4VP-Fe] to 280.98 eV and 284.96 eV for Ru 3d5/2 and Ru

3d3/2, respectively, is attributed to partial oxidation of Fe3+/2+. Two shoulder

bands are observed at ≈ 711.51 eV and ≈ 725.21 eV in Fe 2p signals of [Ru-

P4VP-Fe] are also due to of Fe2+ to Fe3+ ions in Fe(CN)5 fragments (Figure 3.6).

Such oxidation is commonly observed in pentacyanoferrate chemistry, and results

are in good agreement with IR spectra, which reveals a shoulder band in the
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cyanide region at 2103 cm−1 for [Ru-P4VP-Fe].

Figure 3.5: XPS spectra of Ru 3d signals of Ru precursor, [Ru-P4VP], [Ru-P4VP-

Fe], and [Ru-P4VP-CoFe].

Fe 2p signals for [Ru-P4VP-Fe] are observed at around 708.69 eV and 722.69

eV which are assigned as Fe 2p3/2 and Fe 2p1/2, respectively (Figure 3.6). Signals

corresponded well with Fe precursor showing that they are in similar chemical

environment. Broad peaks compared to precursor were observed for both [Ru-

P4VP-Fe] and [Ru-P4VP-CoFe] samples due to partial oxidation of Fe2+ to Fe3+

ions in Fe(CN)5 fragments. For [Ru-P4VP-CoFe], Fe 2p signal was observed with

a lower intensity and showed a noisy response. Although Co-Fe(CN)5 bound

to PV4P was proved with IR spectroscopy, reason for such behavior cannot be

found.
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Figure 3.6: XPS spectra of Fe 2p signals of Fe precursor, [Ru-P4VP-Fe], and

[Ru-P4VP-CoFe].

N 1s signals indicate that all samples exhibit similar profiles (Figure 3.7).

A slight decrease in binding energy of [Ru-P4VP] compared to Ru precursor

is attributed to an increase in the electron density of pyridyl ring because of π

back-bonding interaction between ruthenium and pyridyl groups of P4VP. Similar

response is also observed for [Ru-P4VP-Fe] and [Ru-P4VP-CoFe].

Co 2p3/2 and 2p1/2 signals of the Co precursor showed peaks at 781.09 eV and

796.96 eV, respectively, and compared to [Ru-P4VP-CoFe] signals (781.01 eV and

796.54 eV, respectively), similar responses were obtained which proves the Co2+

form (Figure 3.8).[65] Furthermore, [Ru-P4VP-CoFe] showed distinctive satellite

signals at binding energies approximately 5 eV higher than principal signals.
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Figure 3.7: XPS spectra of N 1s signals of Ru precursor, [Ru-P4VP], [Ru-P4VP-
Fe], and [Ru-P4VP-CoFe].

Figure 3.8: XPS spectra of Co 2p signals of [Ru-P4VP-CoFe], and Co precursor.
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3.1.1.4 X-Ray Powder Diffraction

XRD analysis in grazing incidence mode was conducted on [Ru-P4VP-CoFe] pow-

der to establish the amorph structure of the assembly. In the XRD pattern, no

crystalline structure is observed, except some of the characteristic peaks of Prus-

sian Blue (Figure 3.9). Structure analysis is also performed with SEM to support

XRD.

Figure 3.9: GI-XRD patterns of [Ru-P4VP-CoFe] (red line), and Co-Fe PBA
(black line). The peaks that belong to Prussian blue are marked with asterisk
(*).

3.1.1.5 Scanning Electron Microscopy and Energy-dispersive X-Ray

Spectroscopy

According to EDX results, [Ru-P4VP-CoFe] was found as Na0.97Co2.86[Fe(CN)5]2.13-

[P4VP]6-[Ru(bpy)2]Cl2.89. Atomic ratios were calculated by averaging 3 different

sample measurements of different points (Table 3.1). EDX spectrum of [Ru-

P4VP-CoFe] is shown in (Figure 3.10).
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It should be noted that, all P4VP is estimated to react with Ru

precursor[56],[57], therefore repeating unit of ruthenium bound to pyridyl

monomer is six. Overall, as it was demonstrated in Figure 3.10, Co[Fe(CN)5]

unit is connected with one pyridyl group of the P4VP where two pyridyls are

coordinated with one ruthenium ion.

Table 3.1: Atomic percentage values of the elements in [Ru-P4VP-CoFe]

# of
EDX
Analysis

Atomic
% by
Ru∗

Atomic
% by Cl∗

Atomic
% by
Na∗

Atomic
% by Fe∗

Atomic
% by
Co∗

1 1 3.17 1.30 2.56 3.41

2 1 3.48 0.88 1.87 2.88

3 1 2.03 0.75 1.97 2.29

Average
Number

1 2.89 0.97 2.13 2.86

*Values were divided to atomic percentage value of Ru content.

Results shows the lack of homogeneity of the assembly where the atomic ratio

of Ru to Fe atoms varies from 1.87 to 2.56. A possible reason is the amorphous

structure that has a polymer chain surrounding the Ru, Fe, and Co metals from

various positions. SEM images also support the amorphous structure of the

assembly (Figure 3.11). Approximately 50 nm sized Prussian Blue particles were

observed that are coordinated with the bulk material, and this result is in good

agreement with XRD findings. Lack of homogeneity of Co/Fe ratio is attributed

to two limiting compositions of PBA; NaCo[Fe(CN)5] and Co3[Fe(CN)5] where

Co/Fe ratio varies between 1:1 to 3:2, respectively.[66] Cl ions existence were

attributed to free Cl ions compensating positively charged [Ru(bpy)2(P4VP)6]
2+.
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Figure 3.10: EDX spectrum of [Ru-P4VP-CoFe].

Figure 3.11: SEM images of [Ru-P4VP-CoFe].

3.1.2 [Co-P4VP] for Water Reduction

3.1.2.1 Ultraviolet-Visible Spectroscopy

UV-Vis Spectroscopy was performed on [Co-P4VP] systems with different metal

to ligand ratios, 1:5, 1:10, and 1:50 to analyze coordination environment of the

assembly. Absorption spectra of these derivatives showed similar results (Figure

3.12). A broad band at 506 nm (ε = 12 × 103 M−1 cm−1 for [Co-P4VP] (1:5))

with a shoulder at 463 nm that is attributed to a metal-to-ligand charge transfer

(MLCT) transition. This band is similar to some of the previously reported
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Co(II) molecular systems.[67]

Figure 3.12: Absorption spectra of [Co-P4VP] systems with different metal to
ligand ratio, 1:5 (red line), 1:10 (blue line), and 1:50 (green line).

3.1.2.2 X-Ray Photoelectron Spectroscopy

N 1s peak of XPS for P4VP positioned at 399 eV showed a visible shift to a

slightly higher binding energy in the resulting compound indicating a variation

in the charge due to the formation Co-N bonds (Figure 3.13).[68]

Figure 3.14 depicts the XPS spectra of Co 2p signals of the Co particles coated

onto the FTO, Co(II) precursor, and [Co-P4VP]. Co 2p3/2 and Co 2p1/2 signals of

[Co-P4VP] were observed as broad peaks at 782.38 eV and 798.08 eV, respectively,

with FWHM of approximately 2 – 2.5 eV in [Co-P4VP], which corresponds well

with the Co(II) precursor data (782.28 eV and 798.38 eV, respectively), indicating

the absence of a significant change in the oxidation state.[65] Moreover, distinctive

and scalable satellite signals were also observed at binding energies 4 – 5 eV higher

than the principal signals. However, Co 2p signals of the [Co-coat@FTO] show

only a mild shift. Co 2p3/2 and Co 2p1/2 signals were observed as strong intense
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Figure 3.13: XPS spectra of N 1s signals of P4VP precursor and [Co-P4VP].

peaks at 780 eV and 795 eV, respectively, with FWHM of approximately 2.5-3

eV with insignificant or negligible satellite signals. The mild shift in the position

of the principle signals and insignificant satellite signals infer the presence of a

mixture of oxidation states.

Figure 3.14: XPS spectra of Co 2p signals of Co(II) precursor, [Co-P4VP], and
[Co-coat@FTO]. Black arrows represent satellite signals.

Similar studies of N 1s and C 1s signals (Figure 3.15) revealed that the Co

particles coated onto the FTO electrode exhibit a different chemical nature from
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[Co-P4VP]. N 1s and C 1s signals of the coating deposited on the FTO corre-

sponds well with the P4VP precursor, indicating no evident decomposition in the

pyridine ring or the P4VP chains.

Figure 3.15: XPS spectra of N 1s signal and C 1s signals of the P4VP precursor,
[Co-P4VP], and the [Co-coat@FTO].

3.1.2.3 Scanning Electron Microscopy

SEM images of the [Co-coat@FTO] (Figure 3.16) exhibit a continuous film of

particles, which is in good agreement with the XPS analysis findings.
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Figure 3.16: SEM images of the [Co-coat@FTO].

3.2 Catalytic Performance

3.2.1 [Ru-P4VP-CoFe] for Light-Driven Water Oxidation

Photocatalytic studies on [Ru-P4VP-CoFe] were performed using a suspension of

powder sample in the presence of Na2S2O8 as a sacrificial electron acceptor, at

pH 7. Photocatalytic experiments were also performed with a previously studied

Co-Fe PBA in the presence of [Ru(bpy)3]
2+ / S2O8

2− couple for comparison un-

der same conditions.[52] In both experiments, the quantity of O2 in the gas-tight

set-up was measured before and after with gas chromatography. Blank measure-

ment was also taken under same conditions except the addition of catalyst or

chromophore.

The experiment for [Ru-P4VP-CoFe] was performed with the same batch for

six cycles, and [Ru(bpy)3]
2+ and Co-Fe PBA system was re-used up to three

cycles. The [Ru(bpy)3]
2+ and Co-Fe PBA curve yields a turnover frequency of 4.5

× 10−4 s−1, which is in good agreement with the study reported.[52] The catalytic

activity of [Ru(bpy)3]
2+ and Co-Fe PBA system decreased gradually in following

three cycles. In the final cycle, mole of O2 produced reached to the value of blank

measurement which is attributed to the decomposition of [Ru(bpy)3]
2+ complex

under photocatalytic conditions.[52] [Ru-P4VP-CoFe], however, maintained its
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catalytic activity for six cycles. Catalytic activity is found slightly higher than

that of [Ru(bpy)3]
2+ and Co-Fe PBA system, and achieved a TOF of 5.6 × 10−4

s−1 in the first cycle (Figure 3.17).

Figure 3.17: TOF vs. Number of cycles comparison of [Ru-P4VP-CoFe] (orange)
and [Ru(bpy)3]

2+ and Co-Fe PBA system (black). Each cycle duration is 1h.

TON of 11 is obtained after six cycles under total of 6 h light illumination

where [Ru(bpy)3]
2+ and Co-Fe PBA system had a TON of 2 after three cycles in

3 h period (Figure 3.18). Results shows that, ruthenium complex in [Ru-P4VP-

CoFe] serves as a chromophore similar to [Ru(bpy)3]
2+, and coupling it with a

heterogeneous catalyst enhances its stability.

Comparison of TOF and TON values of proposed dyad with multi-component

analogue suggest that more than 5-fold enhancement on activity is achieved. The

higher activity of the assembly is attributed to its stability which is interrogated

in detail by characterization studies performed on the post-catalytic sample.
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Figure 3.18: TON vs. Number of cycles comparison of [Ru-P4VP-CoFe] (orange

circles) and [Ru(bpy)3]
2+ and Co-Fe PBA system (black squares).

The XPS comparison of Co 2p and O 1s binding energies in the pristine and

post-catalytic samples were performed to investigate the stability of [Ru-P4VP-

CoFe]. Spectra of Co 2p bands exhibit similar Co 2p3/2, Co 2p1/2, and satellite

bands. Moreover, lack of peaks below 780 eV rules out the decomposition of Co-

Fe PBA to a possible catalytically active oxide species (Figure 3.19).[55] XPS of

O 1s region was conducted to confirm that there is no decomposition of the metal

coordinated clusters which might lead RuO2. Result clearly shows that there

is no oxide-based species which typically have lower binding energies than 530

eV, and peaks observed around 531 eV are only due to surface-adsorbed oxygen

(Figure 3.20).[54] Therefore, after six cycles of re-using, dyad retains its structure,

preserves its activity, and does not show any photo-decomposition character.
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Figure 3.19: XPS spectra of Co 2p signals of [Ru-P4VP-CoFe] after six catalytic

cycle, [Ru-P4VP-CoFe], and Co precursor.

Figure 3.20: XPS spectra of O 1s signals of Ru precursor, [Ru-P4VP], [Ru-P4VP-
Fe], [Ru-P4VP-CoFe], and [Ru-P4VP-CoFe] after six catalytic cycle.
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Infrared study was also conducted to confirm stability of [Ru-P4VP-CoFe] af-

ter catalytic process. It is revealed that cyanide stretch of [Ru-P4VP-CoFe]-post

shifts to higher wavenumbers (2060 cm−1 to 2106 cm−1), which is attributed

to partial oxidation of Co2+ to Co3+ during photoexcitation (Figure 3.21). As

pointed out by Galan-Mascaros et al., this change could also be due to linkage

isomerism (CN bond flipping).[52] Furthermore, two major bands of pristine sam-

ple at 1417 cm−1 and 1597 cm−1, which were attributed to C=Cring and C=Nring

of pyridyl rings, also observed after catalysis (Figure 3.22). This indicates the

absence of decomposition of [Ru-P4VP] structure.

Figure 3.21: FTIR spectra of [Ru-P4VP-Fe], [Ru-P4VP-CoFe], and [Ru-P4VP-
CoFe] after six catalytic cycle.

Although [Ru-P4VP-CoFe] assembly showed enhanced activity and stability

compared to its intermolecular analogue system, comparison should also be made

with dyad systems reported in literature. Photocatalytic activity is modest in

comparison with Ru-based dyads reported by Thummel et al. (TON of 134 and

68)[13],[18] and trinuclear ruthenium assembly studied by Licheng Sun et al.

(TON 38)[19]. However, as it was the goal of this thesis, dyads incorporating

non-noble metals should be investigated in order to design cost-efficient PEC

systems. In this respect, TON of 11 obtained with Ru-Co assembly presents a
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Figure 3.22: FTIR spectra of P4VP, [Ru-P4VP], [Ru-P4VP-CoFe], and [Ru-
P4VP-CoFe] after six catalytic cycle.

valuable progress which also exhibits higher activity than Ru-Co dyad (TON of

5) reported by Licheng Sun et al.[21]. In terms of stability, the most extensive

photocatalytic experiment reported in homogeneous environment is 70 min where

[Ru-P4VP-CoFe] showed similar longevity without any decomposition. It is also

important to underline that no studies have been reported so far on re-usability

of dyads, and therefore this study is novel in the line of techniques to analyze

catalytic performance of dyads.

Polymeric dyad assemblies presented in the literature are investigated in

DSPEC systems where the assembly is anchored to a semiconductor. In such

studies, the activities of the dyads are analyzed in different experimental con-

ditions, and are reported in terms of current densities and faradaic efficiencies.

For this reason, fair comparison of [Ru-P4VP-CoFe] system with polymeric dyads

reported cannot be made.
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3.2.2 [Co-P4VP] for Water Reduction

The cyclic voltammogram (CV) of [Co-P4VP] at a GCE in a H2O/MeCN (1:1

v/v) mixture with 0.1 M of KNO3 as a supporting electrolyte displays a redox

potential at around −1.5 V (vs. Fc+/0), which can be assigned to the CoII/I

reduction process (Figure 3.23).

Figure 3.23: Comparison of CVs of blank (dot), 3 mM AcOH (dash), 1 mM
[Co-P4VP] (1:5) (dash dot), and 1mM [Co-P4VP]- 3 mM AcOH (solid) in 1:1
H2O/MeCN (v/v) mixture with 0.1 M KNO3 at a GCE (ν: 100 mV s−1).

The electrocatalytic proton reduction capacity of the [Co-P4VP] was studied in

H2O/MeCN mixture (1:1 v/v) after addition of AcOH as the proton source. CV

of [Co-P4VP] with 3 mM of AcOH exhibits improved currents at more positive

potentials closer to the CoII/I wave. Furthermore, CV experiments performed

with GCE in the absence of catalyst, and acid did not exhibit any catalytic cur-

rent. A modest increase in the current is observed when acid is added to the

solution in the absence of a catalyst. Then, a significant current is observed

with the addition of the acid in a solution of [Co-P4VP] (1 mM). The compari-

son of the CVs mentioned above suggests that [Co-P4VP] is responsible for the

electrocatalytic H2 evolution (Figure 3.23).
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The CVs of the catalyst with and without acid are similar while a signifi-

cantly higher current is obtained in the presence of [Co–P4VP]. CVs of CoAc2

in H2O/MeCN in the absence and the presence of 3 mM of AcOH were also

obtained to compare the electrochemical behavior of the bare Co(II) precursor

(Figure 3.24) and [Co-P4VP]. No significant increase in the current of CoAc2 was

observed compared to that of [Co-P4VP].

Figure 3.24: CVs of 1 mM of [Co2+] (solid) and 1 mM of [Co2+] in the presence
of 3 mM of AcOH (dot) in 1:1 H2O/MeCN (v/v) mixture containing 0.1 M of
KNO3 with a GCE.

Moreover, CV of a P4VP coated GCE was measured since P4VP is not soluble

in 1:1 H2O/MeCN (v/v) mixture. CVs of P4VP-coated GCE in a H2O/MeCN

mixture (1:1 v/v) containing 0.1 M KNO3 supporting electrolyte with and without

3 mM of AcOH revealed that P4VP itself did not contribute significantly to the

electrocatalytic activity (Figure 3.25). Overall, a comparison of CVs obtained for

bare CoAc2, bare P4VP, and [Co-P4VP] indicates that the target metallopolymer

is the active catalyst in the presence of acid.

Electrochemical studies performed on [Co-P4VP] with different metal to ligand

ratios of 1:5, 1:10, and 1:50 show similar electrochemical profiles (Figure 3.26).

As it was discussed in earlier parts of the thesis, absorption spectra of these

derivatives were similar as well (Figure 3.12). The aforementioned similarities
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in these derivatives suggest that cobalt ions in [Co-P4VP] systems have similar

coordination environments irrespective of the metal to ligand ratio.

Figure 3.25: Comparison of CVs of P4VP coated GCE (dot) and blank GCE

(solid). Also, these CV results were compared with solutions containing 1 mM

[Co-P4VP] (dash) in 1:1 H2O/MeCN (v/v) mixture with 0.1 M KNO3 a) without

AcOH b) with 3 mM AcOH (ν: 100 mV s−1). For preparing P4VP on GCE,

P4VP (5 mg) was resolved in dichloromethane solvent and 20 µL of this solution

was dropped on GCE, then waited 5 minutes for drying at 80◦C.

According to the literature, the overpotential for the catalytic water reduction

process of the catalyst can be extracted from the lowest potential at which AcOH

is reduced to dihydrogen.[69] The overpotential for [Co-P4VP] was derived as
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Figure 3.26: CVs comparison of [Co-P4VP] systems with different metal to ligand
ratio, blank (dash-dot), 1:5 (solid), 1:10 (dash), and 1:50 (dot) in 1:1 H2O/MeCN
(v/v) mixture with 0.1 M KNO3 with a GCE (ν: 100 mV s−1).

approximately 210 mV when the half reaction potential for AcOH in MeCN

is taken as 1.29 V vs. Fc+/0.[70] The obtained overpotential is similar to the

value reported for [Co3(C6H11O2)6][BF4]2 (175 mV) [71] and much lower than

the reported overpotential for [Co(CF3SO3)(1,4-di(picolyl)-7-(p-toluenesulfonyl)-

1,4,7-triazacyclononane)][CF3SO3] (590 mV)[69]. The comparison above is quite

rough due to the assumption that pKa value of AcOH is identical in a H2O/MeCN

(1:1 v/v) mixture to that in MeCN since [Co-P4VP] is only partially soluble in

pure H2O and MeCN.

The peak current of the wave (Ip) obtained in the presence of [Co-P4VP] in-

creases linearly with the square root of the scan rate (ν1/2), indicating a diffusion-

controlled process (Figure 3.27).[72]
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Figure 3.27: CVs of 1 mM of [Co-P4VP] (1:5) in 1:1 H2O/MeCN (v/v) mixture
with 0.1 M KNO3 with a GCE at different scan rates (25-250 mV s−1). The inset
shows the linear dependence of the current on the square root of the scan rate.

Figure 3.28: CVs of different concentrations of [Co-P4VP] (1:5) presence of 50

mM of AcOH in 1:1 H2O/MeCN (v/v) mixture with 0.1 M KNO3 with a GCE

(ν: 100 mV s−1). The inset shows the linear dependence of the current on the

different concentrations of [Co-P4VP].

A series of CV measurements were performed to determine the rate order of the

electrocatalysis with respect to [Co-P4VP] and AcOH. The electrocatalytic H2
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evolution capacity of [Co–P4VP] was investigated with increasing concentrations

of AcOH. The linear trend in the current with increasing acid concentration is a

clear indication of the electrocatalytic H2 evolution (Figure 3.29). The deviation

from linearity at acid concentrations of above 5 mM could be attributed to the

deactivation of the complex. The electrode was polished before each CV scan to

avoid the contribution from possible adsorbed species. CVs have two character-

istic features; a broad band due to the molecular cobalt ion and an irreversible

spike that indicates the presence of an adsorbed species. The maximum point

just before the spike (labeled as *) was, thus, used to investigate the electrocat-

alytic activity of [Co–P4VP]. The electrochemical behavior of [Co–P4VP] since

a deactivation process, which was discussed below in detail, is observed above an

acid concentration of 3 mM and at relatively high negative overpotentials.

Figure 3.29: CVs of 1 mM of [Co-P4VP] (1:5) in 1:1 H2O/MeCN (v/v) mixture
with 0.1 M KNO3 with a GCE in increasing concentrations of AcOH (0.1-7 mM)
(ν: 50 m s−1). The electrode is polished before each CV scan to avoid the contri-
bution from a possible deposited species. The inset shows the linear dependence
of the current on the increasing concentrations of AcOH.

The plot of the catalytic current (Ic) versus concentration of [Co–P4VP] also

exhibits linearity. The electrochemical studies systematically performed with in-

creasing concentrations of [Co-P4VP] and AcOH indicate that catalytic hydrogen

generation is first-order with respect to the concentration of [Co-P4VP] and is

second-order with respect to [AcOH] at low concentrations as extracted using
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equation (3.1),

Ic = nFA[cat]
√

Dk[H+]2 (3.1)

where Ic is the catalytic current, n is the number of electrons, F is the Faraday

constant, A is area of the electrode, [cat] is the concentration of catalyst, D is

diffusion constant, k is rate constant, and [H+] is the concentration of the acid.[73]

A second-order reaction rate with respect to the concentration of the acid and

a first-order rate with respect to the concentration of the catalyst indicates the

presence of a water reduction process that involves 2e− and 2H+.

The turnover frequency (TOF) of the catalyst could be extracted by plotting

the slopes of these lines against ν1/2 (Figure 3.30) for a catalytic process that

involves an electron transfer followed by a catalytic reaction (ErCi’ scheme).[73]

Figure 3.30: Plot of the slopes vs. ν−1/2. The linear fit is 1.2348x + 0.5843, R2

= 0.983. For 60 mM [AcOH], this corresponds to TOF of ca. 35 mol H2/ (mol
[Co-P4VP] × h).

A linear trend is obtained from the Ic/Ip versus [AcOH] plots for different scan

rates (where Ip is the peak current in the absence of acid) as presented in Figure

3.31.
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Figure 3.31: Plot of Ic/Ip as a function of [AcOH] for 1.0 mM of [Co-P4VP] in
1:1 H2O/MeCN with 0.1 M KNO3; with GCE at different scan rate (100-250 mV
s−1).

TOF for the catalyst in the presence of 60 mM of AcOH is calculated as 35

h−1, by using Equation (3.2),

Ic
Ip

=
n

0.4463

√
RTk[H+]2

Fν
(3.2)

where Ic is the catalytic current in presence of acid, Ip is the peak current in

absence of acid, n is the number of electrons, R is the universal gas constant,

T is temperature, k is rate constant, [H+] is the concentration of the acid, F is

the Faraday constant, and ν is the scan rate. Result was similar to the value

reported for the CoPy4 system.[73] Here, it should be noted that [Co-P4VP] is

completely deactivated at acid concentrations above 5 mM. Although the system

cannot operate at an acid concentration of 60 mM, the similar electrochemical be-

havior and catalytic performances of a cobalt polypyridyl system and [Co-P4VP]

suggest the formation of a metallopolymer in [Co-P4VP] that incorporates single

cobalt sites surrounded by pyridyl groups of P4VP. From the TOF value (35 mol

H2 / (mol [Co-P4VP] × h), H2 evolution was calculated as 0.058 mmol mg−1 h−1,
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which is higher than CoPy4 system (0.047 mmol mg−1 h−1)[74], cobalt(II) com-

plex supported by 2-tetrahydrofurfurylamino-N,N-bis(2-methylene-4-tert-butyl-

6-methyl)phenol (0.029 mmol mg−1 h−1)[75], MoS2, and Ni2P (bulk) (0.038 and

0.039 mmol mg−1 h−1)[76], respectively. Furthermore, H2 production rate for

various catalysts is listed in Table 3.2.

Table 3.2: H2 production rate for various catalysts

Catalyst
Proton
Source

TOF/mol
H2 mol−1

[catalyst]h−1

H2 produc-
tion /mmol
mg−1 h−1

Over-
potential/
mV

CoPy4 [77]
Trifluoro-
acetic acid

40 0.047∗∗∗∗ 400

LCoNCMe∗ [78] Acetic acid 16.04 0.029∗∗∗∗ 889

MoS2 [79]
Phosphotun-
gstic acid

- 0.038 -

Ni2P [79]
Phosphotun-
gstic acid

- 0.039 -

Co[(DPA-bpy)
(OH2)](PF6)

∗∗
3

[80]

Neutral
phosphate
buffer

410 0.67∗∗∗∗ -

CoA2(H2O)∗∗∗2

[81]
Acetic acid 350.7 0.9 687.6

Co-P4VP Acetic acid 35 0.058∗∗∗∗ 210

*Cobalt(II) complex supported by 2-tetrahydrofurfurylamino-N,N-bis(2-methylene-4-
tert-butyl-6-methyl)phenol.
**Cobalt complex with N,N-bis(2-pyridinylmethyl)-2,2’-bipyridine-6-methanamine.
***Cobalt(II) complex with picolinic acid ions.
****Values were calculated using TOF and molecular weight of catalyst.

At low acid concentrations, the shape of the catalytic current wave is sim-

ilar to the shape obtained in the absence of acid. However, Ic saturates at

the concentrations above approximately 5 mM, and the rate of reaction be-

comes acid independent. Furthermore, an unusual irreversible spike labeled *

was observed above acid concentrations of 3 mM that increases with increas-

ing concentration of the acid. Such irreversible sharp peaks which have not
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been observed in cobalt polypyridyl complexes previously reported in the lit-

erature are generally attributed to the adsorption of chemical species on the elec-

trode surface (Figure 3.29).[74] Several studies have shown that cobalt complexes

could act as precursors for the electrodeposition of nanoparticles to catalyze H2

evolution.[47],[48],[49] Rinse tests are usually used in electro-supported cataly-

sis to investigate whether catalytically active, insoluble, and strongly attached

species are deposited onto the electrode surface.[75] Therefore, a rinse test was

performed to investigate the composition of the deposits on the GCE. An elec-

trolysis experiment at -1.5 V (vs. Fc+/0) was performed with 1 mM of [Co-P4VP]

H2O/MeCN (1:1 v/v) solution in the presence of 5 mM of AcOH and 0.1 M of

KNO3 for 15 min using GCE (area: 0.071 cm2) as the working electrode. The

electrode was then rinsed with an H2O/MeCN mixture to eliminate weakly at-

tached molecular species and was placed into a 5 mM AcOH solution in the

absence of the catalyst. A comparison of CV profiles for the blank GCE and

the GCE that was used for electrolysis indicates that the deposit also serves as

a catalyst for water reduction since the CV of rinsed electrode exhibits a higher

cathodic current compared to that of the blank electrode (Figure 3.32). This

result suggests that [Co-P4VP] transforms to cobalt-containing particles at more

negative values than the potential of -1.1 V in acidic media.

Therefore, catalytic activity of Co particles coated onto an FTO electrode, [Co-

coat@FTO] was also investigated. [Co-coat@FTO] were formed by electrolysis of

a 1 mM of [Co-P4VP] in 1:1 H2O/MeCN (v/v) mixture containing 3 mM of AcOH

and 0.1 M of KNO3 at -1.5 V (vs. Fc+/0) for 2 h. The modified FTO electrode

was then rinsed and used as the working electrode for further electrochemical

measurements. Figure 3.33 shows the linear sweep voltammogram (LSV) of [Co-

coat@FTO].
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Figure 3.32: CV comparison of 3 mM AcOH (red line), 1mM [Co-P4VP] in the

presence of 3 mM AcOH (blue line), and after rinse test (black line) at a GCE.

For rinse test, electrolysis was performed for 15 min in 1 mM [Co-P4VP] with

5 mM AcOH in 1:1 H2O /MeCN (v/v) mixture with 0.1 M KNO3, and CV was

recorded for the rinsed but unpolished electrode. Electrolyte solution: 5 mM

AcOH in 1:1 H2O /MeCN (v/v) mixture with 0.1 M KNO3.

Figure 3.33: LSV of blank FTO (black line) and [Co-coat@FTO] (red line) ob-

tained after electrolysis of 1 mM [Co-P4VP]-3 mM AcOH and H2O/MeCN solu-

tion with 0.1 M KNO3 at an applied potential of -1.5 V (vs. Fc+/0) for 2 hours

(ν: 100 mV s−1). The inset shows Tafel slope derived from LSV.
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A catalytic onset potential of 210 mV is required to produce a current density

(j) of 55 µA cm−2, and the Tafel slope of 220 mV dec−1 was derived from LSV

analysis at a low scan rate. Although obtained at slightly different experimental

conditions, the slope is similar to that of the Co nanoparticles electrodeposited

from cobalt-bisglyoximato diphenyl complex solution (200 mV dec−1)[49], Co2B-

500 (amorphous cobalt boride annealed at 500◦C) (177 mV dec−1 at higher cur-

rent density)[76], and Cu-TPA catalyst (copper(II) tris(2-pyridylmethyl)amine)

(320 mV dec−1)[82], reported previously. A relatively high Tafel slope indicates

that the mechanism of hydrogen evolution on [Co-coat@FTO] was similar to that

of the Co nanoparticles and Co2B-500. Three classical theories are routinely used

to explain the mechanisms underlying the evolution of hydrogen on metal sur-

faces. The first step of hydrogen evolution reaction (HER) is believed to be the

proton discharge step (Volmer step, 120 mV dec−1) followed by electrochemical

desorption (Heyrovsky step, 40 mV dec−1) or chemical desorption (Tafel step,

30 mV dec−1).[83],[84] The water discharge reaction (Volmer step) appears to

be the dominant rate limiting step during the HER with Co particles.[76] The

exchange current density (j0) of 10−2.67 mA cm−2 was determined from the Tafel

plot and is similar to that obtained for Co nanoparticles electrodeposited from

cobalt-bisglyoximato diphenyl complex (10−2.7 mA cm−2) [49], electrodeposited

Co-based film (10−2.5 mA cm−2geometric) [85], and higher than that for electropoly-

merized Co(II) dibenzotetraaza(14) annulene system (10−4.70 mA cm−2geometric) [86].

A controlled potential electrolysis was also performed in a 1:1 H2O/MeCN

(v/v) solution with 0.1 M of KNO3 containing 60 mM of AcOH at -1.5 V for

the quantitative measurement of the evolved H2. The results summarized in

Figure 3.34 indicate that a total of around -17 C of charge passed during the

course of 2 h while 1 C was collected during a 5 h experiment at -0.75 V versus

NHE using Co nanoparticles prepared from boron-capped tris(glyoximato) cobalt

clathrochelate [47], and 3 C of charge was obtained at -1 V versus SCE using a

cobalt-bisglyoximato diphenyl complex [49]. It should be noted that the afore-

mentioned studies were performed at different experimental conditions, making

it difficult to make any comparisons.

A 100 µL aliquot of gas collected from the headspace of the electrolysis cell was
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transferred with a gas-tight syringe to obtain a gas chromatogram (Figure 3.35).

Current efficiency of 91% for H2 production catalyzed by [Co-coat@FTO] was

calculated using the moles of H2 produced (0.081 mmol) and the charge passed

(-17 C) during the electrolysis (Figure 3.34b). This clearly indicates that the

Co-based particles formed during the electrolysis serve as the active species for

H2 evolution.

Figure 3.34: Controlled potential electrolysis at -1.5 V (vs. Fc+/0) in 1:1
H2O/MeCN with 0.1 M KNO3 and 60 mM AcOH a) Charge vs. time blank FTO
(red line) and [Co-coat@FTO] (black line). b) H2 produced with [Co-coat@FTO]
vs. time confirmed by GC. The quantity of H2 (µmol) is integrated from GC
(blue squares) and Faraday’s Law assuming 91% Faraday’s yield (black circles).
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Figure 3.35: Gas chromatogram of a 100 µL aliquot of the headspace taken from
a sealed electrochemical cell using a [Co-coat@FTO] working electrode at -1.5 V
(vs. Fc+/0) before (dotted line) and after (red line) 50 min of electrolysis. Also
reference H2 solution was shown black line.
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Chapter 4

Conclusion

Towards the development of renewable and non-pollutant energy systems, uti-

lization of water splitting is a key consideration for hydrogen production. In

this respect, the goal of this thesis was to develop efficient, stable, and low-cost

catalysts for two half reactions of water splitting; water oxidation and water

reduction.

In the first part of this thesis, a photocatalyst for water oxidation was syn-

thesized, characterized, and its catalytic performance was investigated. A novel

heterogeneous PS-WOC dyad, incorporating poly(4-vinylpyridine) as a bridge be-

tween a ruthenium chromophore and a cobalt-based PBA, was presented. To our

knowledge, it is the first study that the photocatalytic performance of a polymer

bridged dyad is investigated in a homogeneous solution. The structure of the

assembly was confirmed step by step, from Ru precursor to final product, with

FTIR, UV-Vis, and XPS studies. EDX studies revealed the formation of a non-

stoichiometric compound, wherein the atomic ratio of Ru to Fe atoms varies from

1.87 to 2.56. Nevertheless, a rough molecular formula of Na0.97Co2.86[Fe(CN)5]2.13-

[P4VP]6-[Ru(bpy)2]Cl2.89 was estimated by averaging the atomic ratios obtained

at several different points. SEM and XRD studies indicated the formation small

Prussian Blue cubic structures with around 50 nm size. Catalytic performance of

the dyad was investigated under 1 h light illumination, and oxygen evolution was
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measured with GC where pressure transducer was used as a supporting device

to sense the pressure during the photocatalytic experiment. The dyad showed

slightly higher catalytic activity (a TOF of 5.6 × 10−4 s−1) compared to the

relevant multi-component system (4.5 × 10−4 s−1). Moreover, [Ru-P4VP-CoFe]

exhibits higher activity than a previously reported molecular dyad system, which

consists of a ruthenium-based chromophore and a cobalt-cubane catalyst.[21]

Important outcome of the study was the fact that dyad can be re-used up to

six cycles without decomposition where the multi-component analogue can only

be used for three cycles with a significant lose in the catalytic activity. It is

noteworthy that no studies have been reported so far on re-usability of dyad sys-

tems, and therefore this study is a step forward in investigation techniques of such

supramolecular assemblies. In a total of 6 h study, TON was obtained as 11 where

5-fold enhancement is achieved compared to its intermolecular analogue. Absence

of any decomposition leading to an oxide species was confirmed by post-catalytic

measurements with FTIR and XPS techniques. Catalytic and post-catalytic char-

acterization studies revealed that the assembly is active for oxidizing water with

relatively higher stability. Furthermore, a straightforward synthesis is presented

compared to previously reported dyad systems since poly(4-vinylpyridine) is a

commercially available ligand.

In the second part of the thesis, a cobalt based metallopolymer is proposed

as an electrocatalyst for water reduction. Structure characterizations were con-

ducted with UV-Vis, XPS and SEM techniques. At low acid concentrations,

electrocatalytic activity for H2 evolution process similar to cobalt polypyridyl

complexes was observed. Overall, [Co-P4VP] assembly has following advantages

over cobalt-polypyridyl complexes:

i) Facile synthesis method is achieved by using a commercially available poly-

mer.

ii) Similar catalytic performance (TOF = 35 h−1) is achieved in more

demanding conditions (1:1 H2O/MeCN (v/v) mixture and 60 mM AcOH)
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where a cobalt polypyridyl system, CoII-PY4 (2-bis(2-pyridyl)(methoxy)methyl-

6-pyridylpyridine) in MeCN exhibits a TOF of 40 h−1 in the presence of 60 mM

trifluoroacetic acid.[87]

iii) The diverse chemistry of polymers can be used further to tune the electro-

chemical stability of cobalt-polymer systems.

At high acid concentrations and cathodic potential above −1.1 V, [Co-P4VP]

alters to cobalt based particles. Around 80 µmoles of H2 gas was collected during

the course of 2 hours of electrolysis at −1.5 V (vs. Fc+/0) in 1:1 H2O/MeCN and

60 mM AcOH, which is confirmed by both the amount of coulombs passed and

gas chromatography. An exchange current density of 10−2.67 A cm−2 was obtained

from Tafel slope, which is comparable with electrodeposited cobalt-based cata-

lyst, electrodeposited Co-based film (10−2.5 A cm−2)[87], and higher than that for

electropolymerized Co(II) dibenzotetraaza(14) annulene system (10−4.70 A cm−2)

[85],[86]. XPS studies indicate that [Co-coat@FTO] is composed of cobalt sites

with multiple oxidation states that are surrounded with poly(4-vinylpyridine).

Therefore, although exact coordination environment of cobalt ions in [Co-P4VP]

system cannot be made, electrochemical profile of [Co-P4VP] shows that the use

of metallopolymers is a viable and facile approach to prepare active electrocat-

alysts for H2 evolution, and it can be a new direction for the development of

efficient and robust catalysts for hydrogen evolution from water.
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