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ABSTRACT
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Elif Pınar ALSAÇ
M.S. in Chemistry
Advisor: Ferdi KARADAŞ
September 2017

Research on H2 production has recently been directed to the development of cost-efficient and
robust heterogeneous catalysts for splitting of water. While several Prussian blue analogues
(PBAs) have been investigated as water oxidation catalysts, the field lacks a comprehensive study
that focuses on the design of the ideal PBA for efficient water oxidation. Herein this thesis, a series
of PBAs with different cyanide precursors were investigated to study the effect of hexacyanometal
group to their electrocatalytic catalytic water oxidation activities. Cyclic voltammetry,
chronoamperometry, and chronopotentiometry measurements reveal the close relation between the
electron density of electroactive cobalt sites and electrocatalytic activity, which is also confirmed
by Infrared and XPS studies. pH dependent cyclic voltammetry studies were also performed to
gain insight about the catalytic mechanism and electronic structure of cyanide-based systems, to
identify possible intermediates, and assign the rate-determining step of the process.

i

In addition, a N-donor ligand, 1-heptyl 4-(4 pyridyl) pyridinium bromide, was used to prepare a
new pentacyanoferrate complex. This complex was used to make a new series of PB analogues to
investigate the effect of the change in the morphology to electrocatalytic water oxidation
performance. Synthesis, characterization, and electrochemical experiments were performed to
investigate electrocatalytic properties of PB analogues. With this synthesis route, the electroactive
cobalt sites are increased approximately two-fold. It is observed that amorphous nature has positive
impact on the catalytic activity when compared to cobalt hexacyanoferrates. A current density of
1 mA.cm-2 was achieved at an overpotential of 421 mV, which is much lower than those obtained
with metal hexacyanometalates.

Given the promising catalytic activities of several cobalt-based systems and the robustness of
Prussian blue analogues in harsh catalytic processes including water oxidation, a Co-Co Prussian
blue analogue was investigated as a Hydrogen evolution catalyst for the first time. Co-Co Prussian
Blue modified FTO electrode demonstrated a significant Hydrogen evolution activity with an onset
overpotential of 257 mV, a Tafel slope of 80.2 mV.dec-1, and a turnover frequency of 0.090 s-1 at
an overpotential of 250 mV. Comparative XPS, Infrared, and XRD studies performed on pristine
and post-catalytic electrodes confirm the stability of the catalyst.
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ÖZET

PRUSYA MAVİSİ TÜREVLERİNİN SUYUN AYRIŞMASI İÇİN
ELEKTROKATALİTİK AKTİVİTELERİNİN İNCELENMESİ

Elif Pınar ALSAÇ
Kimya, Yüksek Lisans
Tez Danışmanı: Ferdi KARADAŞ
Eylül 2017

Hidrojen üretimindeki araştırmalar son zamanlarda suyun bölünmesi için uygun maliyetli ve
dayanıklı heterojen katalizörlerin geliştirilmesine yönelmiştir. Su oksitleyen katalizörler olarak
çeşitli Prusya mavisi türevleri araştırılmış olmasına rağmen, su oksidasyonu için verimli ve ideal
Prusya mavisi türevlerinin dizaynına odaklanan kapsamlı bir araştırma yapılmamıştır. Bu tezde,
farklı siyanür prekursörleri olan bir dizi PBA, hekzasiyanometal grubunun elektrokatalitik su
oksidasyonu aktivitelerine olan etkisi araştırılmıştır. Çevrimsel voltametrik, kronoamperometrik
ve kronopotansiyometre ölçümleri, elektroaktif kobalt alanlarının elektron yoğunluğu ile
elektrokatalitik aktivite arasındaki yakın ilişkiyi ortaya çıkarmakta ve bu çalışmalar da Infrared ve
XPS gibi karakterizasyon teknikleri ile doğrulanmıştır. Siyanür bazlı sistemlerin katalitik
mekanizması ve elektronik yapısı hakkında fikir edinmek, muhtemel ara stepleri tanımlamak ve
sürecin hız kısıtlama basamağını atamak için pH bağımlı çevrimsel voltametri çalışmaları da
yapılmıştır.

iii

Bu çalışmaya ek olarak, morfolojideki değişikliğin, su oksidasyon kabiliyetinde amorf
pentasiyanoferrat koordinatlı PB üretmek için 1-heptil 4- (4-piridil) piridinyum bromür olan bir N
verici ligand kullanılarak etkisi araştırılmıştır. PB için katalitik aktivite üzerindeki gelişmeleri
gözlemlemek için sentez, karakterizasyon ve elektrokimyasal deneyler gerçekleştirilmiştir ve
sonuç olarak bu sentez yoluyla, elektroaktif kobalt merkezleri yaklaşık iki kat artmıştır. Amorf
yapının, kobalt heksasiyanoferratlara kıyasla, katalitik aktivite üzerinde olumlu etkisi olduğu
gözlemlenmiştir. 1 mA.cm-2’lik bir akım yoğunluğu için metal heksasiyanometalatlardan çok daha
düşük olan 421 mV aşırı potansiyel elde edilmiştir.

Çeşitli kobalt bazlı sistemlerin umut verici katalitik aktiviteleri ve prusya mavisi türevlerinin su
oksidasyonu da dahil olmak üzere katalitik proseslerde dayanıklılığı göz önüne alındığında, CoCo Prusya mavisi türevi, ilk kez bir hidrojen çıkışı katalizörü olarak kullanılmıştır. Co-Co Prusya
Mavisi modifiyeli elektrot ile, 250 mV'lık bir aşırı potansiyel, 80.2 mV.dec-1’lik bir Tafel eğimi
ve 0.090 s-1'lik bir devir frekansı ile önemli bir katalitik aktivite gözlemlenmiştir. Katalitik aktivite
öncesi ve sonrası karşılaştırmalı XPS, Infrared ve XRD çalışmaları da katalizörün stabilizesini
doğrulamıştır.

Anahtar Sözcükler: Enerji, Suyun Oksitlenmesi, Prusya mavisi, Su oksitleyici katalizör,
Hekzasiyanür, Pentasiyanür, Siyanür, Su redükleyici katalizör, Hidrojen eldesi, Electrokataliz.
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CHAPTER 1
INTRODUCTION
1.1. TRANSITION METAL CYANIDE CHEMISTRY

1.1.1. The Cyanide Ion (CN-) as a Ligand
There has been ample research on cyanide based materials due to unique binding mode of
the cyanide group to metal ions. The cyanide ion is one of the most well-known and frequently
used ligands to form coordination complexes with dimensionalities ranging from 0D (molecular)
to 3D. Its unique spectroscopic properties and strong bonding to metal ions lead to the formation
of robust cyanide based coordination compounds, which have potential applications in electronics,
magnetism, and catalysis. The major feature of cyanide ion is its capability to stabilize metal ions
with a wide range of oxidation states and stereochemical configurations.[1]–[3]
Cyanide ion is a negatively charged ligand and has a tendency to form a strong sigma (σ)
bond with a metal ion. There is a lone pair effective on both carbon and nitrogen. It is isoelectronic
with N2, CO, and NO+ and the electronic configuration of the ground state of CN- is (1σ)2 (2σ)2
(3σ)2(4σ)2(1π)4(5σ)2 and the correspondence of this configuration is triple bond consisting of 1 σbond and 2 π- bonds between C and N atoms.[4] Figure 1.1 shows the molecular orbital diagram
of the cyanide ion. 5σ orbital is the highest occupied molecular orbital (HOMO) and 2π* is lowest
unoccupied molecular orbital (LUMO).
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Figure 1. 1. Molecular orbital diagram of cyanide ion
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When cyanide ions binds to a transition metal, the metal ion can coordinate up to eight
cyanide ligands and its oxidation state can vary from zero to +5.[5] The cyanide can be both
monodentate and bidentate. The binding modes of cyanide ligand are displayed in Figure 1.2.

Figure 1. 2. Binding modes of cyanide ligand with metal ions
Cyanide ligand is a strong-field ligand, when carbon atom is used for coordination rather
than the nitrogen atom .[6] Therefore, the two most common binding modes of cyanide ligand are
linear C-bound terminal binding modes (Figure 1.2(a) and 1.2(b)). The other binding modes in
Figure 1.2. are less frequent.[1]
The distance of the triple bond is reported as 1.16 Å and vibrational frequency of ʋ(CN-1)
is obtained at 2080 cm-1 for free cyanide ion aqueous phase.[7] When it reacts with a metal, two
types of interactions are observed; i) a σ- donation from the ligand to the metal ion and ii) a π back
donation from the metal to the cyanide ligand.. The schematic representation of σ- donation and
π- back bonding ability of cyanide ion is illustrated in Figure 1.3. The σ- donation and π- back
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bonding ability of cyanide ion contributes to the stabilization of both high and low oxidation
numbers it means that this ability allows it to have several oxidation states. [5] It is well-known
that the σ-donation ability of cyanide ligand predominates the π- back bonding ability of the ligand
mainly due to its negative charge and σ* orbital is used for the interaction. Therefore, the
interaction between the metal ion and the cyanide ligand leads to a stronger CN bond, which leads
to a shift in CN stretch to higher frequencies.
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Figure 1. 3. a) σ- donation and b) π- back bonding ability of cyanide ion

According to previous studies, the change in cyanide stretching frequency can be attributed to
several factors such as oxidation state, electronegativity, and coordination number. When the
oxidation state decreases the metal becomes less electropositive, CN bonds weakens, which results
in a decrease the CN stretch. Dunbar et al. clearly stated that the frequency of the vibration stretch
of cyanide increases further when the terminal cyanide ligand forms a linear bridging with metals
i.e, M-CN-M’.[6] The main reason for this behavior has been well explained in previous studies.
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This shift can be because of kinematic coupling when the second metal is attached and also the N
lone pair exhibits an antibonding character.[8]–[10] The cyanide ion is a very strong field ligand
and this ability leads to the formation of low-spin octahedral [MII(CN)6] or tetrahedral [CoII(CN)4]
coordination compounds while it is high-spin case for nitrogen binding metal ion.[11]

1.1.2. Prussian Blue Analogues (PBAs)
Prussian blue is one of the oldest synthetic coordination compounds known, while the
scientific literature on PB compounds has emerged particularly in the last 25 years.[6]
Despite the lack of earlier scientific studies on PB, it has a noteworthy history. It is the first
known coordination compound. PB, also known as ferric hexacyanoferrate (Fe4[Fe(CN)6]3), was
discovered as a synthetic pigment for paintings and fabrics by German artist Johann Jacob
Dieshbach accidentally in early 1700s.[12] The first synthesis was as follows: Cochineal red
pigment with alum was extracted with iron sulfate and potash. However, potash was contaminated
with hexacyanoferrate and a particular blue colored colloid was obtained when iron sulfate solution
was added.[13] The synthesis procedure was reported in 1724 for the first time by an English
naturalist and geologist John Woodward in the journal of Philosophical Transactions of the Royal
Society.[14] After a while the pigment was used in many paintings and photographs in with the
beginning of the 18th century by many artists including Van Gogh, Hokusai, Monet, and Picasso
(Figure 1.4) because of its valuable properties such as stability, insensitivity to light, and
inexpensiveness compared to its alternatives.
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Figure 1. 4. Under the Wave off Kanagawa (Kanagawa oki nami ura). Katsushika Hokusai (18301832). Polychrome woodblock print, color and ink are on the paper, 25.7 x 37.9 cm. Both PB and
traditional indigo dyes were used to show an indirect nuance in painting. [15]

1.1.2.1. Structure of Prussian Blue
The original PB, Fe4[Fe(CN)6]3. xH2O is a mixed- valence compound, which holds both high spin
+3 and low spin +2 oxidation states of iron. The reaction of the synthesis of original PB is:
4FeCl3 (aq) + 3K4[Fe(CN)6] (aq)

xH2O

[FeIIFeIII(CN)6]. xH2O + 12KCl (aq)

The crystal structure of Prussian blue and some of its analogues were first studied by Keggin and
Milles with the help of Ardeer Factory X-Ray Analysis.[16] Then Ludi et al. studied the crystal
structure of PB more extensively. The growth of fine crystals of PB is rather difficult due to the
high rate of the reaction. Ludi et al. came up with a novel method to crystallize PB. The compound
was dissolved in 10 M HCl solution and due to very slow diffusion of water, they could obtain the
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crystal compound in three months and determined the exact structure of the crystal.[17] They
reported the crystal structure of PB as Pm3m by using electron and neutron diffraction method in
1977. In addition, the pattern reveals that the crystallographic radius of CN- specifically, the
distance between Fe2+ ion and C atom is 1.92 Å and the distance between Fe3+ and nitrogen is 2.03
Å in this Fe2+/Fe3+ mixed valence coordination network.[17] Two different octahedral metal
centers are present in the unit cell, which are used to construct a face centered cubic cell (fcc). In
this case, the lattice structure of PB has been constructed where Fe2+ ions are bound through carbon
atoms while Fe3+ is bonded with nitrogen. [18] Because of 4:3 valence ratio, one fourth of
hexacyanoferrate sites are vacant and in order to proceed the charge neutrality and thus the
octahedral vacant spaces are filled with water molecules at empty nitrogen sites.[19]
Furthermore, the mixed valency in the PB structure allows it to have many combinations
of the transition metals in the general structure of M[M’(CN)6]. xH2O with metals having different
oxidation states. These metal hexacyanometalate structures are isostructural with the original
Prussian blue one. The general fcc structure of MHCMs is shown in Figure 1.5.

Figure 1. 5. The structure of PB type fcc unit cell structure
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PBAs could be both soluble and insoluble in water depending on the presence of counter
cation (K+, Na+, Li+ Ca2+ etc.) in the structure. The soluble form includes counter cation in order
to compensate the charge neutrality. The alkali metal cations are located at the cavities of
interstitial open sites of the three dimensional PB structure.[13] Even though the terminology is
used to distinguish two types of PB analogues, they are, in fact, highly insoluble in water.[20]
Recent investigations on Prussian blue and its analogues have pushed the scientific
community to extensively study for a wide range of applications involving magnetism,[21], [22]
energy storage and conversion,[23]–[25]

electrochromic materials,[26] biosensensing and

biomedical applications,[27], [28] electrode materials,[29] catalytic applications,[30] and gas
separation[31], [32] due to their unique properties such as rigidity, specific redox properties, ionic
conductivities, immense thermal and chemical stability, porosity, easy preparation, and
inexpensiveness.[33]

1.1.3. The Pentacyanoferrate Chemistry
Iron is considered to be one of the most common metals among transition metal cyanide
complexes. Other than Prussian blue, mono- substituted cyanoferrates have also been used
extensively to synthesize various inorganic complexes. Compounds that are synthesized from
pentacyanoferrates have first been prepared in the beginning of 20th century while most of the
systematic studies emerged after 1970s.
One

of

the

common

substituted

pentacyanoferrate

complex

is

sodium

nitrosopentacyanoferrate (II) complex, Na2[Fe(CN)5NO].2H2O, which is a good precursor for
many other pentacyanoferrate (II) complexes. Swinehart reviewed the structural and spectral
properties of the complex in detail.[34] In this complex the nitrosyl group determines the bonding
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properties of the complex rather than cyanide group.[35] Hofmann reported the synthesis methods
and characterization of substituted [Fe(CN)5L]3- (L: NH3, H2O, NO2, or SO32-) by starting with
nitrosopentacyanoferrate (II).[36]
The pentacyanoferrate complexes could be easily prepared from pentacyanoaminoferrate
complex ([Fe(CN)5NH3]3- which is a widely used precursor in inorganic syntheses.
Aminopentacyanoferrate (II), Na3[Fe(CN)5NH3].3H2O, is very hygroscopic complex and it can be
synthesized from commercially available Na2[Fe(CN)5NO].2H2O complex. The properties of
Na3[Fe(CN)5NH3].3H2O have been investigated in detail both spectroscopically and
electrochemically four decades before.[37]–[40] It is used as a precursor when it is substituted
with N- donor ligands like pyridine, pyrazine bipyridine because of NH3 ligand’s labile character.
(Figure 1.6). [41] An increment in cyanide stretch is observed when one of the cyanide ligands is
substituted with NH3 as observed by comparing the Infrared spectra of [Fe(CN)5NH3]3- and
[Fe(CN)6]4- complexes. The cyanide stretches of [Fe(CN)6]4- is 2010 cm-1 on the other hand ν(CN)
of [Fe(CN)5NH3]3- is 2033 cm-1. This phenomenon could be explained with CN stretching modes
of the complexes. NH3 ligand is a σ-donor and CN- is both σ- donor and π- acceptor ligand. For
this reason, in the [Fe(CN)5NH3]3- complex, there is no π- back donation ability, this is because
there is a blue shift in CN stretching band.
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Figure 1. 6. The structure of pentacyanoferrate complexes with different N-bound ligands
Wang et al. has significant studies on the synthesis of Prussian blue analogues with using
pentacyanoferrate as a precursor.[42] They showed a novel method for the synthesis of
organometallic polymer nanoshells of PB with using Miniemulsion Periphery Polymerization
(MEPP). This approach is essentially the first example for the preparation of miniemulsion
droplets

with

using

organometallic

surfactants

and

coordination

polymerization

at

pentacyanoferrate periphery of the droplets. The periphery is prepared with organometallic
surfactant of poly (ethylene glycol)-b-poly (propylene glycol)-b-poly (ethylene glycol) terminated
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with pentacyano (4-(dimethylamino) pyridine) ferrate) as stabilizer with toluene and hexadecane.
After addition Fe3+ the PB nanoshells with encapsulated oil droplets and block copolymer
surfactants were obtained. The MEPP method allows to tune and control size of the PB particles,
and brings thermal stability to the particles as well.[43] In the next study of same group, the effect
of confining the polymerization on PB nanoshells was investigated while changing the
concentrations of both surfactants and they obtained amorphous PB nanocubes.[42] In the
following study they prepared polypyrolle/PB core shell nanoparticles and investigated their
photoluminescent properties.[44] In the following study by Wang et al. monodispersed soluble PB
nanospheres were synthesized by using pentacyanoferrate- coordinated block copolymers of
pentacyanoferrate coordinated poly(4-vinylpyridine)-b-poly(dimethylacrylamide). The schematic
representation of the synthesis route of PB nanoshells with this method is showed in Figure 1.7.
In this study it is stated that three important parameters were reported to have an effect on the
structure of monodispersed soluble PB nanospheres; the concentration of water, the amount of
FeCl3, and the concentration of the polymer.[45]

Figure 1. 7. The schematic representation of the synthesis route of monodispersed PB
nanoshells[44]
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Wang et al. stated that the nature of the ligand in [Fe(CN)5L]3- structure also has effect on
the morphology and structure of the product. In this study, they used CN-, NH3, pyrazine, pyridine,
and 4-(dimethylamino)-pyridine (DMAP) as a ligand for the synthesis of PB. It is affirmed that Nbound ligands tend to modify the morphology of PB crystalline to amorphous nature in case they
bind pentacyanoferrate reactants.[46] Consequently, amorphous metal cyanoferrates coordination
networks are expected to have more active metal sites than those available in crystalline
hexacyanometalate based coordination networks.
This phenomenon was also observed by our group with the use of a novel
pentacyanoferrate-bound polymer (Poly-4-vinyl pyridine (P4VP) as a surfactant and capping
ligand (Figure 1.8). With this PB coordination compound coordinated with metallopolymer
resulted an amorphous nature of PB with a dramatic reduction in the crystallinities of PBAs
compared to MHCMs, and thus, the active metal sites of pentacyanoferrate bound polymer raised
7-fold.[47]

Figure 1. 8. Proposed structure for the cobalt pentacyanoferrate incorporating PVP PB used as
electrocatalyst[46]
12

1-Heptyl 4-(4 pyridyl)pyridinium bromide (C17H23BrN2) is one of the other N-bound
ligand that has been used in several applications such as electrochromism and drug delivery.[48],
[49]
1.2. CATALYTIC APPLICATIONS
Exponential increase in global energy demand and adverse climatic changes triggered by
extensive usage of carbon-based fossil fuels stress the importance of clean and sustainable
alternative energy sources.[50]–[52] Hydrogen, with a high energy density, appears to be a
promising energy carrier without any harmful by-products.[53], [54] Since solar energy that
utilizes the production of H2 from water has been one of the most promising candidates among
sustainable sources of energy, much effort has recently been devoted to investigate efficient
methods to split water.[55]–[60]
Half- cell reduction reactions and the potentials for splitting of water are shown in Figure
1.9.

4H+ + 4e- ⇌ 2H2
O2 + 4H+ + 4e- ⇌ 2H2O
2H2O → 2H2 + O2

E cathodic= 0 V – 0.059 V x (pH) vs. NHE
E anodic= 1.23 V – 0.059 V x (pH) vs. NHE
E reaction= -1.23 V

1.1.9.Halfcell
reactions
and
the
reduction
potentials
of
electrolysis
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water
Figure
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1.2.1. Water Oxidation Catalysis
Since water splitting process is mostly limited by the high overpotential of oxygen evolution
reaction (OER), many studies have been performed to introduce novel catalysts that operate at low
overpotentials.[61] Many inorganic systems including metal oxides,[62]–[65] perovskites,[66]–
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[68] amorphous materials,[69] noble metal based materials,[70], [71] and metal organic
frameworks (MOFs)[72], [73] have been investigated as WOCs. Of these, cobalt oxides stand out
due to their high catalytic activities.[74], [75] Despite their high catalytic activities, cobalt oxides
have mainly two disadvantages;[76], [77]
i)

low stability and high tendency to decompose in acidic medium,

ii)

difficulty in correlation of the catalytic activities with structure due to their
amorphous nature.

Non-oxide materials have also drawn attention as WOCs due to their favorable
characteristics such as ease of preparation, stability at a wide range of pH, and robustness during
catalytic processes.[78] Patzke et al. reported a carbodiimide-based material that could be used as
a WOC, which is stable in acidic and neutral media.[79] A similar class of materials, metal
dicyanamides, has also shown to be promising candidates for water oxidation electrocatalysts.[80]
Cobalt hexacyanoferrates, members of Prussian blue analogue (PBA) family, are also exceptional
candidates for electrocatalytic water oxidation due to their high catalytic activities, robustness, and
stability at neutral pH.[81] A further study by Galán-Mascarós et al. showed that PBAs can also
be used for light driven water oxidation process in the presence of [Ru(bpy)3]2+ as a
chromophore.[82] Despite their high turnover frequencies (TOFs), one of the main drawbacks of
cyanide-based systems is their low concentration of electroactive cobalt sites.[81] Their low
concentration is attributed to their high crystallinities and relatively larger distances between
Co(II) sites (~10 Å) compared to oxide-based systems (~3 Å).[81] This problem has recently been
overcome by our group with the use of a novel pentacyanoferrate-bound polymer as a precursor
for Co-Fe PBAs, which resulted in a dramatic decrease in the crystallinities of PBAs, and thus, a
significant increase in the surface concentration.[47]
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Galán-Mascarós et al. approached the same problem by using a new synthetic method for
the preparation of thin films of PBAs, which involves chemical etching of cobalt oxides with a
hexacyanoferrate solution to form an in-situ PBA film. This novel method led to an impressive
improvement on the stability of the electrode and electrocatalytic performance in a wide range of
pH. It exhibits a much lower overpotential (510 mV) to obtain a current density of 1 mA cm−2.[83]
Fukuzumi et al. also focused on PBAs for WOC and as cathode for H2O2 as fuel
applications. In their studies, it is stated that when the number of C-bound metal is less than Nbound ligand, the N-bound ligand should bind to other ligands such as water to complete the
octahedral coordination geometry. When this metal is bound to no less than one water molecule,
it can then become an active site for water oxidation.[84] In addition, Fukuzumi et al. investigated
the photocatalytic water oxidation performances of a series of Co- Pt PBAs in the presence of welldefined Ru(bpy)32+/S2O82- couple. The systematic study performed with [Co(CN)6]3− and
[Pt(CN)6]4− groups in different stoichiometric ratios clearly showed that number of active sites is
highly dependent on the defect sizes.[84], [85] Fukuzumi and coworkers also studied the effect of
counter cation to the catalytic activity and quantum efficiency displayed by Co-Co PBAs in
photocatalytic water oxidation process showing that a quantum efficiency of 200% can be achieved
with Co-Co PBAs incorporating calcium ions as counter cations.[86] Previous studies mentioned
above clearly show that slight modifications in the structure of PBAs could lead to a significant
increase in their catalytic activities.
1.2.2. Water Reduction Catalysis
Production of hydrogen from water has emerged to be a significant challenge due to lack of
efficient and cost-friendly water reduction catalysts.[87]–[91] H2 production with electrochemical
and photochemical water reduction has attained considerable attention over past few decades.[92],
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[93] Although platinum and iridium based materials were reported to show efficient catalytic
activity in reducing water at relatively low overpotentials, being precious metals and low
abundance limit their application in bulk H2 production.[94]–[96] Hence, the essential focus in this
field has currently been given to the development of water reduction catalysts incorporating
abundantly-available first row transition metal ions.[97]–[100] Much emphasis has been given to
cobalt containing compounds as catalysts for hydrogen evolution reaction (HER) over the past
decade for their versatile redox chemistry, ease in preparation, and robustness.[101]–[105] The
investigation of a molecular pentapyridyl cobalt complex as a HER catalyst in water buffered at
pH 7 exhibits an onset overpotential of 660 mV at Faradaic efficiency close to 100% with carbonfree by-products.[106] Artero et al. reported the investigation of cobalt-based catalytic material
(H2-Cocat) for electrocatalytic reduction of water at pH 7, exhibiting catalytic onset overpotential
of 50 mV with 100% Faradaic efficiency (Figure 1.10).[107]

Figure 1. 10. A Janus cobalt-based electrocatalytic material for hydrogen evolution [106]
A similar study was reported involving the study of electrodeposited cobalt-sulfide catalyst
for electrochemical and photochemical H2 generation from water by Chang et al. The study reports
a low catalytic onset overpotential of only 43 mV and near 100% Faradaic efficiency in phosphate
16

buffer at pH 7.[108] Moreover, Castellano et al. performed a comprehensive investigation of
visible-light photo-generation of H2 from water using cobalt(II) polypyridyl complexes as
catalysts, [Ru(bpy)3]2+ as a photosensitizer (PS), and ascorbic acid/ascorbate as an electron source,
achieving a turnover number (TON) of 4200 (H2/Co) and a turnover frequency (TOF) of 3200
(H2/Co per h) under simulated sunlight at pH 4.[109]
Prussian blue analogues have recently been investigated to address critical steps of
hydrogen economy including H2 storage and water oxidation.[110], [111] The relatively high
stability of this family of coordination compounds over a wide range of pH and easy synthesis
together with their porous nature and the availability of electroactive metal sites make them
promising candidates for various applications ranging from selective gas adsorption to catalysis.
Several studies focusing on the water-oxidation performance of PBAs clearly show that cobalt
sites on the surface could be used for water oxidation process and that cyanide based coordination
compounds can retain their three-dimensional structure even under harsh catalytic conditions. [85]
A Prussian blue analogue, K4Fe4[Fe(CN)6]3, has also been investigated as a water reduction
catalyst in 1997 with a low catalytic activity,[112] and hence no in-detailed studies have been
carried-out further on other PBAs.
1.3. OBJECTIVE OF THE THESIS
Previous studies mentioned above clearly show that slight modifications in the morphology
and the composition of PBAs could lead to a significant increase in their catalytic activities. (Figure
1.11)
Although previous studies took advantage of rich and well-established cyanide chemistry
no systematic study has been performed to investigate the effect of hexacyanometal unit to the
electronic properties and catalytic performance of electroactive cobalt sites. In this thesis,
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electrocatalytic measurements on a series of cobalt hexacyanometalates (CHCMs) incorporating
different M(CN)6 units (M = CoIII, CrIII, and FeII/III) together with characterization studies were
performed to investigate the effect of the type and oxidation state of the metal in M(CN)6 unit to
the catalytic activity of PBAs.
Second, the effect of the change in the morphology by using an N-donor ligand (HPPB) to
synthesize pentacyanoferrate coordinated PB on the water oxidation ability was investigated.
Synthesis, characterization, and electrochemical experiments were performed to observe the
improvements on catalytic activity for PB.

Figure 1. 11. Schematic representation of changing groups in PB structure
Third, given the promising catalytic activities of several cobalt-based systems and the
robustness of Prussian blue analogues in harsh catalytic processes including water oxidation, a CoCo Prussian blue analogue was investigated as a hydrogen evolution electrocatalyst for the first
time. Taking into consideration the efficiency of cobalt-based water reduction catalysts, and no
apparent investigations reporting the application of PBA derivatives in water reduction, the thesis
aims to re-evaluate the application of a Prussian blue analogue, cobalt hexacyanocobaltate, as a
HER catalyst.

18

CHAPTER 2
EXPERIMENTAL AND INSTRUMENTATION
2.1.

EXPERIMENTAL
2.1.1. Synthesis of Cobalt Hexacyanometalates as Water Oxidation Catalysts
2.1.1.1

Chemicals and Solutions

Potassium hexacyanocobaltate K3[Co(CN)6] (Sigma-Aldrich, >97.0%), cobalt chloride
hexahydrate CoCl2. 6H2O (Sigma-Aldrich, 98.0%), Potassium hexacyanochromate K3[Cr(CN)6]
(Aldrich, 99.99%), Potassium hexacyanoferrate K3[Fe(CN)6] (Sigma-Aldrich, >97.0%),
potassium hexacyanoferrate trihydrate, K3[Fe(CN)6].3H2O (Sigma-Aldrich, 98.5-102%). All the
solutions were prepared with Millipore Milli-Q deioniz47ed water with a resistivity of 18.2
mΩ.cm.
2.1.1.2.

Synthesis of the Bulk Catalysts

KaCob[M(CN)6]·xH2O (M = FeII, FeIII, CoIII, and CrIII) abbreviated throughout as [CoII-FeII],
[CoII-FeIII], [CoII-CoIII], and [CoII-CrIII]. In the case of [CoII-CoIII] an aqueous solution of
CoCl2.6H2O (0.15 M, 20 mL) was added dropwise to an aqueous solution of K3[Co(CN)6] (0.10
M, 20 mL) at room temperature.[47] The mixture was kept under stirring for 1 hour and then
allowed to wait overnight for precipitation. The solution was filtered by vacuum suction and
washed with copious amounts of water to obtain the pink powder. The powder was dried further
in desiccator. The same procedure was applied for [CoII-FeII] (dark blue), [CoII-FeIII] (dark brown),
and [CoII-CrIII] (pale yellow).
2.1.1.3.

Preparation PBA modified FTO Electrodes

FTO electrodes were procured from Sigma-Aldrich (with ~80% transmittance, 2 mm with a
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surface resistance of 7 Ω. sq-1, 1x2 cm). Electrodes were washed by sonication for 10 minutes in
basic soapy solution, deionized water and isopropanol respectively. Then they were annealed at
400 oC for 30 minutes. Catalyst modified electrodes were prepared by drop casting method. A
mixture of 5 mg of PBA catalyst, 500 μL DMF, 500 μL water and 100 μL Nafion solution were
mixed and sonicated for 30 minutes. After making a stable suspension, 50 μL of it was taken and
dropped onto by covering 1 cm2 of the FTO electrode. Electrodes were then dried at room
temperature for 10 minutes followed by 80 oC for 10 minutes in an oven. Then they were left in
desiccator until further use for electrochemical experiments and characterization.

2.1.2. Synthesis of Cobalt HPPB Coordinated Pentacyano Ferrate Prussian Blue
Analogue as Water Oxidation Catalyst
2.1.2.1. Synthesis of Na3[FeII(CN)5NH3].3H2O

This chemical will be abbreviated as [Fe(CN5)-NH3] throughout the chapters. It was synthesized
according to previously reported methods.[113] 15 g of Na2[FeIII(CN)5NO].2H2O was dissolved
in 60 ml of water. 3 g of NaOH was added to solution at relatively low temperature (10oC) under
constant stirring. 25% NH4OH solution was added until observing saturation after cold methanol
was added. Finally, bright yellow precipitation was obtained and aged overnight at 0o C. The
product was recrystallized with using NH4OH and CH3OH solution. The recrystallization part
repeated two times. It was putted in desiccator for further usage.

2.1.2.2.

Synthesis of 1-Heptyl 4-(4 pyridyl) Pyridinium Bromide (HPPB) Coordinated

Pentacyanoferrate [Fe(CN)5NH3]3-

0.18 mmol (603 mg) of 1-Heptyl 4-(4 pyridyl) Pyridinium Bromide (C17H23BrN2) was dissolved
in 60 ml methanol. This compound will be abbreviated as HPPB throughout manuscript. 0.18
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mmol (588 mg) of [Fe(CN)5NH3]3- was dissolved in approximately 180 ml methanol since it is
partially dissolved in methanol. [Fe(CN)5NH3]3- solution was added into HPPB solution
dropwisely. The color of the solution turned immediately from transparent into dark blue. The
solution was mixed for two days. This product will be abbreviated throughout as [Fe(CN)5HPPB]2-.

2.1.2.3. Synthesis of Cobalt 1-Heptyl 4-(4 pyridyl) Pyridinium Bromide Coordinated
Pentacyanoferrate (Co[Fe(CN)5- HPPB])

The compound will be abbreviated as Co[Fe(CN)5-HPPB] throughout the thesis. The powder
product was prepared by drop by drop method. 0.18 mmol (225 mg) of Co(NO3)2.6H2O was
dissolved in water then added drop by drop into [Fe(CN)5-HPPB]2- solution. The color of the
solution changed from dark blue to dark purple. After 2 hours of constant mixing the solution of
Co[Fe(CN)5- HPPB] were collected by centrifugation at 6000 rpm for 15 minutes. The powder
was purified with ethanol and water and this process repeated 3 times. The product was put in
desiccator for further use.

2.1.2.4.

Co[Fe(CN)5- HPPB] Modified FTO Electrodes

FTOs were prepared by two steps with in situ method. Firstly, FTOs were spin coated with 0.01
M 50 l of [Fe(CN)5- HPPB]2- solution at 1000 rpm for 30 seconds and blue translucent layer was
observed. Secondly, the FTO was dipped into 0.02 M Co(NO3)2.6H2O for 15 minutes. Dark purple
color was observed. This procedure was repeated for 3 times. The electrodes were kept at
desiccator and these electrodes were rinsed with deionized water before using.
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2.1.3. Synthesis of Prussian Blue Analogues as Hydrogen Evolution Catalysts
2.1.3.1.

Synthesis of Catalysts

All the solutions were prepared with Millipore Milli-Q deionized water with a resistivity of 18.2
mΩ.cm. 0.2 M 25 ml solutions of Co(NO3)2.6H2O and K3Co(CN)6 were prepared separately at
room temperature. Co(II) solution was added dropwisely to [Co(CN)6]3- solution. The reaction
mixture was left under stirring for 1 hour and then aged overnight. The precipitate was filtrated
under suction and stored in a desiccator. The resulting powder was pink in color. Same procedure
was applied to Zn-Co PBA. The starting materials were the solutions of 0.2 M Zn(NO3)2·6H2O
and K3Co(CN)6. The color of powder Zn-Co PB is white.
2.1.3.2

Catalyst modified FTO electrodes

A two-step in-situ method was used to prepare the electrodes, which includes spin coating the
hexacyanocobaltate precursor onto the FTO surface followed by dipping it in a cobalt, or zinc
solution. Solutions of 0.2 M Co(NO3)2·6H2O and 0.2 M K3[Co(CN)6] were prepared with
Millipore water. K3[Co(CN)6] solution was spin-coated onto FTO electrodes at 1500 rpm for 3
min, after that, the electrodes were immersed in a solution of Co(NO3)2.6H2O for 5 min. This
process was repeated three times. The electrodes were kept in a vacuum desiccator until further
use. The electrodes were rinsed with deionized water prior to use. Similar coatings were made onto
FTO electrodes (at 1500 rpm for 3 min) using solutions of 0.2 M Zn (NO3)2·6H2O, 0.2 M
K3[Co(CN)6], and 0.2 M Co(NO3)2·6H2O.
2.2.

INSTRUMENTATION

2.2.1. Fourier Transform Infrared Spectroscopy (FTIR)
Fourier transform infrared spectra (FTIR) were recorded by Bruker Alpha Platinum-ATR
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Spectrometer model. The spectra were recorded in transmission mode by 64 scans in
-1

wavenumber range of 400- 4000 cm .
2.2.2. Powder X-Ray Diffraction (PXRD)
XRD patterns were measured by using a Pananalytical X’PertPro Multipurpose X-Ray
Diffractometer (MPD) with CuKα X- Ray Radiation (λ= 1.5418 Å). The diffraction patterns were
recorded in the 2θ diffraction angle with a range of 10-70°, step size of 0.05.
2.2.3. Grazing Incidence X-Ray Diffraction (GI-XRD)
GI-XRD patterns were recorded by using a Panalytical X’Pert3 MRD Material Research
Diffractometer (MRD) with CuKα X-ray radiation (λ=1.5418o) at an incident (w) angle of 0.58o.
2.2.4. Scanning Electron Microscopy (SEM) and Energy Disperse X-Ray Analysis
(EDAX)
FEI-Quanta 200 FEG ESEM was used for imaging and EDAX analysis, at 5 kV beam voltage for
imaging and 30 kV for EDAX.
2.2.5

X-Ray Photoelectron Spectroscopy

XPS analysis was performed using Thermo Scientific K-Alpha X-Ray Photoelectron
Spectrometer system with a 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.
2.2.6. Electrochemical Measurements
Gamry Instruments Interface 1000 Potentiostat/Galvanostat was used for performing
electrochemical measurements. A conventional three electrode cell was used with Ag/AgCl (3.5
M KCl) as reference electrode, FTO as the working electrode, and Pt wire as counter electrode.
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YSI 5100 dissolved oxygen sensing electrode instrument equipped with a dissolved oxygen field
probe was used to determine the oxygen evolution. Mettler Toledo S220 SevenCompact™ pH/Ion
pH meter was used to determine the pHs of buffer solutions. KPi buffer solution was prepared by
using KH2PO4 and K2HPO4 and pH of the solution was adjusted by adding H3PO4 or KOH. Bulk
water electrolysis was performed with a two compartments cell with separation of a glass frit. The
electrolysis and steady state chronoamperometry experiments were performed in KPi buffer
solution containing 1 M KNO3 as supporting electrolyte. All of the electrochemical experiments
were performed at room temperature and under inert conditions (N2 atmosphere). Prior to the
studies, the electrodes were dipped into the buffer solution and the solution was purged with N2
gas for 15 min to remove dissolved O2. All potentials were measured versus Ag/AgCl reference
electrode and were reported versus the normal hydrogen electrode (NHE) using the equation of
E(NHE) = E(Ag/AgCl) + 0.205 V
2.2.7. Data Analysis
OriginPro 8.5 was used in order to plot and analyze the results.
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CHAPTER 3
RESULTS

AND

DISCUSSION

FOR

METAL

HEXACYANOMETALATES (MHCMs) as WATER
OXIDATION CATALYSTS
3.1.

CHARACTERIZATIONS OF METAL HEXACYANOMETALATES

A series of metal hexacyanometales with molecular formulas KxCoy[M(CN)6]2 M: CoIII, CrIII, FeIII,
FeII have been studied as water oxidation catalysts. Characterization studies of the bulk catalysts
have been performed by X-ray Diffraction, Fourier Transform Infrared Spectroscopy, and Electron
Dispersive X-ray spectroscopy techniques.

3.1.1. Powder X-Ray Diffraction Studies
All samples are isostructural with Prussian blue crystal structure adopting face centered cubic
structure (fcc) with Fm3m space group as confirmed by powder XRD studies (JCPDS Card No:
73-0687). The characteristic 2theta (2θ) peaks for Prussian blue structure have been observed for
all of the materials (Figure 3.1.) and lattice parameter was determined to be around 10 Å for each
derivative (Table 3.1).
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Table 3. 1. Calculated lattice parameters and 2 theta (2θ) values of [200] plane of MHCM
derivatives
2theta (2θ)

Lattice Parameter (Å)

[CoII- CoIII]

17.221

10.11

[CoII- CrIII]

16.959

10.30

[CoII- FeIII]

17.190

10.16

[CoII- FeII]

17.379

10.02

Figure 3. 1. Powder XRD patterns of PBAs
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3.1.2. Infrared Studies
Infrared studies show that PBAs exhibit the following characteristic bands that are observed
for Prussian blue type systems;
a) a sharp band at around 1610 cm−1 and a broad one at 3200–3500 cm−1, which represent
H-OH bending and OH stretch, respectively,
b) a sharp peak at around 490–590 cm−1 due to M-CN-M’ bending stretch, and
c) a sharp stretch at around 2120–2180 cm−1 that is attributed to CN stretch (Table 3.2).
Table 3. 2. FTIR analysis of PB derivatives
ν(CN)

δ(H2O)

ν(OH)

ν (M-CN-M’)

cm-1

cm-1

cm-1

cm-1

[CoII- CoIII]

2176

1609

3200-3500

491

[CoII- CrIII]

2173

1611

3200-3500

491

[CoII- FeIII]

2120

1621

3200-3500

430

[CoII- FeII]

2069

1607

3200-3500

454

PBAs exhibit higher CN stretching frequencies compared to their hexacyanometal
precursors, which confirm the binding of nitrogen atoms of cyanide to Co(II) sites [6], [7] (Figure
3.2).
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Figure 3. 2. FTIR Spectra of PB derivatives
3.1.3. Energy Dispersed X- Ray Analysis of Metal Hexacyanometalates
The atomic ratio of metals in each compound was extracted by EDX analysis (Table 3.3).
The following molecular formulae were obtained based on stoichiometric ratio of metals:
K0.76Co2.62[Co(CN)6]2, K0.82Co2.59[CrIII(CN)6]2, K0.62Co2.69[FeIII(CN)6]2, and K0.7Co1.65[FeII(CN)6]2
for [CoII-CoIII], [CoII-CrIII], [CoII-FeIII], and [CoII-FeII], respectively.
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Table 3. 3. Atomic ratios of Co:M:K for PB derivatives.
Co:M:K atomic ratio

Compound

Co

M

KaCob[M(CN)6]

K

(Co-M)
[CoII- CoIII]

8.26

[CoII- CrIII]

4.03

[CoII- FeIII]
[CoII- FeII]

1.36

K0.76Co2.62[Co(CN)6]2

3.20

1.26

K0.82Co2.59[Cr(CN)6]2

6.24

4.41

1.45

K0.62Co2.69[FeIII(CN)6]2

2.7

2

1.4

K0.7Co1.35[FeIII(CN)6]

Each compound has similar potassium content in the 0.6-0.8 range, which results in an
average of ~4.5 CN groups per Co(II) sites. The remaining coordination sphere of Co(II) sites are
occupied by water molecules, which play active role in water oxidation (Figure 3.3).
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Figure 3. 3. EDX analysis of PB derivatives of a) [CoII-CoIII], b) [CoII-CrIII], c) [CoII-FeIII], and d)
[CoII-FeII].
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3.2.

ELECTROCHEMICAL WATER OXIDATION STUDIES OF METAL
HEXACYANOMETALATES

3.2.1. Cyclic Voltammetry Studies
All the electrochemical experiments were conducted with a Prussian blue analogue (PBA)
modified fluorine-doped tin oxide (FTO) electrode. Cyclic Voltammograms (CVs) of Co[M(CN)6]
(M: CoIII, CrIII, and FeII/III) were taken in 50 mM phosphate buffer with 1 M KNO3 as the electrolyte
at pH 7 in a 0.2–1.7 V vs. NHE potential range. The sweep rate of all the voltammograms is 50
mv sec-1 (Figure 3.4). [CoII-CoIII] exhibits a quasi-reversible redox couple with an oxidation peak
at 1.210 V and a reduction one at 1.031 V vs. NHE that can be assigned to Co2+/Co3+ redox couple.
A similar redox couple was observed also for other PBAs. Another peak, at a relatively higher
potential, is observed at around 1.615 V vs. NHE for [CoII-CoIII], which can be assigned to
Co3+/Co4+ redox process.[114]
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Figure 3. 4. Cyclic Voltammograms of PB derivatives ([CoII-CoIII] black, [CoII-CrIII] red, [CoIIFeIII] blue, and [CoII-FeII] green lines). The gray line indicates the electrochemical response of
blank electrode.
Surface coverage of the electroactive Co2+ species on FTO electrode i.e., surface
concentration, was determined by performing CVs at different scan rates (25–225 mV.sec-1 range)
recorded in 50 mM KPi buffer 1 M KNO3 at pH 7 in the 0.8–1.6 V vs. NHE range. The surface
concentration of electroactive cobalt sites is calculated by using the slope of the linear fit of current
vs. scan rate graph, according to equation 3.1 below,

𝑺𝒍𝒐𝒑𝒆 =

(Equation 3.1)
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In this equation n is equal to 1 since it is a one electron redox process. Faraday’s constant
(96485 C.mol-1) is represented as F. A is area, Γ is the surface coverage in the unit of mol.cm-2. R
stands for ideal gas constant, and T is temperature.
Surface concentration of derivatives were obtained in the 2–5 nmol cm−2 range, which is
in good agreement with the previously reported studies[47], [81] (Figure 3.5).
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Figure 3. 5. Cyclic Voltammograms of PB derivatives of a) [CoII-CoIII], b) [CoII-CrIII], c) [CoIIFeIII], and d) [CoII-FeII] performed at different sweep rates. Insets show the linear relationship
between peak current of Co2+/Co3+ redox couple and sweep rates.
3.2.2. Tafel Slope and Turnover Frequency Analyses
Tafel plots of each catalyst was obtained by performing chronoamperometry measurements
at different applied potentials recorded in a 50 mM KPi buffer at Ph 7.0 to further investigate their
electrocatalytic performances. A linear trend was achieved between the logarithm of the steady
state current densities and in an overpotential range of 283–483 mV with Tafel slopes in 90–130
mV dec−1 range (Figure 3.6).
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Figure 3. 6. Tafel plots for PB derivatives from 1.1 to 1.4 V vs NHE
Similarity in the Tafel slopes indicates similar OER mechanisms. According to
chronoamperometric measurements onset overpotentials of 283, 303, 323, and 343 mVs are
obtained, respectively, for [CoII-CoIII], [CoII-CrIII], [CoII-FeIII], and [CoII-FeII], which are in line
with cyclic voltammetry studies (Figure 3.7).
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Figure 3. 7. Steady state Tafel analysis of PB derivatives from 1.0 V to 1.5 V vs NHE

Surface concentration was used to assess turnover frequencies (TOFs) of PBAs. TOFs at
an overpotential of 400 mV were obtained as 5.0×10−2 s−1, 3.0×10−3 s−1, 4.4×10−3 s−1, and 5.0×10−3
s−1 for [CoII-CoIII], [CoII-FeII], [CoII-FeIII], and [CoII-CrIII] (Figure 3.8.) according to Equation 3.2
where Q is the charge, t is time, Γ is surface coverage, and 4 is the number of the electrons required
for the oxidation of 1 mole of water molecule.

𝑻𝑶𝑭 =

(Equation 3.2)

A comparison of TOFs, thus, shows that Co(II) sites available in [CoII-CoIII] exhibit the
highest the catalytic activity.
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Figure 3. 8. Dependence of turnover frequencies of PB derivatives in 1.1 to 1.4 V vs. NHE range

3.2.3. Chronopotentiometry Measurements
Chronopotentiometry (CP) has been performed to monitor the overpotential required to
obtain a current density of 1 mA cm−2 during a 2h experiment in a 50 mM KPi buffer at Ph 7.0.
The overpotential for [CoII-CoIII], decreases slightly at first and then maintains a constant
overpotential while it increases gradually until stabilization for other PBAs. The observed
overpotentials for 1 mA cm−2 are slightly higher than the ones extracted from Tafel slopes due to
the formation of O2 bubbles on the electrode surface during the measurement. CP studies show
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that [CoII-CoIII] exhibits the lowest overpotential and η1mA is determined to be 531, 578, 661, and
692 for [CoII-CoIII], [CoII-CrIII], [CoII-FeIII], and [CoII-FeII], respectively (Figure 3.9).

Figure 3. 9. Chronopotentiometry measurement of PB derivatives at 1 mA cm-2
3.2.4. Long Term Stability Measurements
Long term chronoamperometric studies at an applied potential of 1.4 V vs NHE were
performed in 50 mM KPi buffer 1 M KNO3 at pH 7 to investigate the stability of the PBA modified
electrodes. The current density for each catalyst decreases until it reaches a constant value as
previously reported by our group and Galán-Mascarós et al.[47], [81] The same trend can be
obtained for four repeating cycles and the close similarity of cyclic voltammetric profiles obtained
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after each cycle indicate that catalysts retain their structure even during long term catalytic
processes. (Figure 3.10).
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Figure 3. 10. Long term electrolysis studies of PB derivatives of a) [CoII-CoIII], b) [CoII-CrIII], and
c) [CoII-FeIII] Insets show cyclic voltammograms which are performed after ever 24-hour intervals.
Long-term study for [CoII-FeII] was presented in our previous study.[47]
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3.2.5. Faradaic Efficiency Measurement of [CoII-CoIII] Prussian Blue Analogue
An electrolysis study equipped with an O2 probe has been performed with [CoII-CoIII] to
investigate the origin of current density and Faradaic efficiency. Bulk electrolysis was performed
at 1.4 V vs. NHE. The perfect match between the theoretical yield obtained from
chronocoulometry measurement and the experimental one obtained from O2 probe indicates that
the only origin of current density is catalytic water oxidation to O2 evolution process and there are
no competing redox reactions (Figure 3.11)

Figure 3. 11. Faradaic Efficiency of [CoII-CoIII] measured by dissolved oxygen system. The red line shows the
theoretical amount of evolved O2 during electrolysis and black line shows the experimental amount of O2.
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3.2.6. Summary of The Electrochemical Measurements
The results of the electrochemical experiments of CV, Tafel slopes, surface concentration, CP and
their detailed results associated with cyanide stretches of [CoII-CoIII], [CoII-CrIII], [CoII-FeIII], and
[CoII-FeII] are listed in Table 3.4.
According to the data, [CoII-FeII] has the lowest Co2+/3+ redox potential, CN- stretch, surface
concentration, and TOF values on the other hand, highest ηonset and η1mA values. [CoII-CoIII] has
highest ν(CN-) and TOF values; lowest η onset and η1mA. Tafel slopes vary between 96 and 127, [CoIICrIII] shows lowest, [CoII-FeIII] has highest Tafel slopes.

Table 3. 4. Summary of electrochemical properties for PBAs.

Compound

Co2+/3+
(mV)

V (CN)
−1

(cm )

TOF

Surface

(η = 400 mV)

η1 mA

Concentration

from Tafel

(nmol cm−2)

Plot (mV)

Tafel Slope
-1

(mV dec )

η1 mA

ηonset

from

CP (CV)

(mV)

[CoII-CoIII] 1.010

2176

5.0×10−2

4.11

531

99

565

283

[CoII-CrIII] 1.084

2173

5.0×10−3

3.90

578

96

598

303

[CoII-FeIII]

1.084

2120

4.4×10−3

5.48

661

127

717

323

[CoII-FeII]

0.995

2072

3.0×10−3

2.00

692

121

1079

343
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3.3.

CHARACTERIZATION

STUDIES

ON

THE

MHCM

MODIFIED

ELECTRODES

A series of metal hexacyanometales with abbreviations of [CoII-CoIII], [CoII-CrIII], [CoII-FeIII],
and [CoII-FeII] have been studied as water oxidation catalysts. Characterizations of the catalysts on
electrodes have been performed by Grazing Incidence X- Ray Diffraction, Fourier Transform
Infrared Spectroscopy, and X-ray Photoelectron Spectroscopy techniques.

3.3.1. Grazing Incidence (GI) X-Ray Diffraction Studies
XRD analysis in grazing incidence mode was also performed on the catalysts deposited on
FTO before (pristine) and after (post-catalytic) the electrocatalytic studies to investigate the
structural stability of catalyst during electrocatalysis. No additional peaks were observed in the
XRD pattern of post-catalytic samples and the peaks corresponding to Prussian blue type structure
remain confirming the stability of catalysts (Figure 3.12).
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Figure 3. 12. GI- XRD patterns of PB derivatives for pristine (black lines) and post catalytic (red
lines). The peaks that are belong to FTO electrode are marked with triangle (▲) and the peaks
belong to Prussian blue are marked with asterisk (*).
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3.3.2. Infrared Studies
The Infrared analysis was also performed on the post-catalytic samples. The close
similarity between the infrared spectra of cyanide stretches of pristine and post catalytic samples
indicates that each catalyst retains structural integrity throughout the electrolysis (Figure 3.13).
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Figure 3. 13. The comparison of Cyanide stretches of pristine (black lines) and post catalytic (red
lines) of PB derivatives of a) [CoII-CoIII], b) [CoII-CrIII], c) [CoII-FeIII], and d) [CoII-FeII].
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3.3.3. X- Ray Photoelectron Spectroscopy Studies
XPS studies also confirm the remarkable stability of PB electrocatalysts. In order to
investigate the oxidation state of electroactive CoII sites in pristine and post catalytic electrodes
Co2p signal was examined in the binding energy region between 810-775 eV. In previous studies
the binding energy Co2p3/2 and Co2p1/2 signals of CoII salts have been reported as 782.28 and
798.38 eVs, respectively. For the pristine samples, Co2p3/2 and Co2p1/2 signals were observed in
the same range. The similarity between the binding energies of Co2p signals obtained for pristine
PBAs and previously reported CoII salts suggests that the oxidation state of electroactive Co atoms
is +2. (Figure 3.14). No significant changes in the Co2p3/2 and Co2p1/2 signals were observed in
the post catalytic samples indicating the stability of the CoII sites.
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Figure 3. 14. XPS of Co2p region for pristine (black lines) and post catalytic (red lines) of PB
derivatives

In addition to Co2p, O1s signals were also examined for both pristine and post catalytic
samples (Figure 3.15). The O1s signal whose binding energy is higher than 530 eV indicates the
absence of any cobalt oxide species before and after electrochemical experiments.
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Figure 3. 15. XPS of O1s region for pristine (black lines) and post catalytic (red lines) of PB
derivatives of a) [CoII-CoIII], b) [CoII-CrIII], c) [CoII-FeIII], and d) [CoII-FeII].
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The observed values are displayed in Table 3.5. A mild noticeable broadening in the O1s
signal in the post catalytic samples, indicating a partial and reversible oxidation of electroactive
CoII sites.

Table 3. 5. Binding energies and full width half maxima of XPS peaks for modified electrodes.

Pristine

Post Catalytic

Co2p3/2

Co2p1/2

O1s

BE

FWH

BE (eV)

(eV)

M

[CoII-CoIII]

782.98

3.43

797.78

2

532.58

4.09

782.28

3.14

797.28

[CoII-CrIII]

782.68

3.34

797.68

2.6

532.68

3.26

783.58

3.38

[CoII-FeIII]

782.38

4.46

797.18

3

531.78

3.5

782.28

[CoII-FeII]

782.58

4.43

797.38

2

531.28

2.86

782.88

FWH

BE (eV)

M

Co2p3/2
FWH

BE (eV)

M
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Co2p1/2
FWH

BE (eV)

O1s
BE (eV)

FWHM

2.2

532.48

2.69

798.48

2.4

533.38

3.45

2.58

797.38

3.3

532.48

3.5

4.78

797.68

2.2

532.58

3.48

M

FWH
M

3.4.

MECHANISTIC STUDIES OF METAL HEXACYANOMETALATES

The CN stretch could be considered as the fingerprint for cyanide-based coordination
compounds. The comparison of the shift in the cyanide stretch can be used not only to confirm the
M-CN-M’ type coordination bonding but also to evaluate the oxidation states, and thus, electron
densities of metal ions. Considering that the cyanide stretch shifts to higher frequencies as the
oxidation state of the metal increases a direct correlation can be established with the shift of the
cyanide stretch and the electron deficiency of CoII centers. The comparison of cyanide stretches
implies that the electron densities of CoII sites in Prussian blue analogues can be ordered as: [CoIICoIII] ~ [CoII-CrIII] < [CoII-FeIII] < [CoII-FeII] (Figure 3.16).

[ C o II - F e II ]

2 0 6 9 c m -1
[ C o II - F e III ]

2 1 2 0 c m -1
[C

II

III

o -C r ]

2 1 7 3 c m -1
[C

o II - C o III ]
2 1 7 6 c m -1

2300

2200

2100
-1
W a v e n u m b e r (c m )

2000

Figure 3. 16. FTIR spectra of PB derivatives that shows cyanide stretches
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This result is also in good agreement with the binding energies of Co2p electrons obtained
by XPS studies. The ordering of Co 2p3/2 peak is as [CoII-CoIII]> [CoII-CrIII]> [CoII-FeIII]> [CoIIFeII], which points out that CoII sites in [CoII-CoIII] analogue have the lowest electron densities
among all. The evaluation of electron densities can give insight about the rate determining step
(r.d.s.) in water oxidation catalysis. Two steps haven generally been reported to compete with each
other as the r.d.s. in water oxidation process;
i) CoIII/CoIV oxidation step and
ii) the nucleophilic attack of water to the electrophilic oxygen atom of CoIV=O species that
results in O–O bond formation. The increase in the electron density of CoII site facilitates the
former step while it decreases the electrophilic nature of oxo-intermediate and, thus, impedes the
latter. The aforementioned discussion on the comparison of electron densities of CoII sites in PBAs
and their electrocatalytic performances clearly show that [CoII-CoIII] stands forward as the most
efficient catalysts among PBAs while it has CoII sites with the lowest electron density. This
correlation points out that the nucleophilic attack of water to CoIV=O intermediate is the r.d.s. of
water oxidation process for PBAs. Herein, it should be noted that although there are other
parameters such as surface concentration and surface morphology that affects the catalytic activity
of heterogeneous systems. Estimation of surface concentration via electrochemical studies show
that there are no considerable changes in the bulk properties of electrodes.
A further analysis of the mechanism was made based on the Pourbaix diagram (Figure
3.17), which was obtained by performing CVs for [CoII-CoIII] at different pHs (Figure 3.18). The
diagram shows that Co2+/Co3+ redox process is pH dependent in the pH 4–10 range with a slope
of 64 mV log[H+]-1, which refers to a 1H+–1e− process.
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Figure 3. 17. Pourbaix Diagram of [CoII-CoIII] in KPi buffer at pHs from 2 to 13. Cyclic
Voltammograms

that

are

recorded

at

these
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pHs

are

shown

in

Figure

(3.18)

Figure 3. 18. Cyclic Voltammograms of [CoII-CoIII] in KPi buffer solution at pHs between 3 and
13.
Interestingly, the half-potential for the Co3+/Co4+ is preserved regardless of pH (<11),
which indicates that a hydroxyl group is coordinated to the catalytically active CoIV intermediate
at neutral conditions. [N5CoIV-OH] intermediate could undergo deprotonation in subsequent steps
to form [N5CoIV=O] complex, followed by the nucleophilic attack of water to form a [N5CoIV-OO]
complex, which is one of the essential steps for O-O bond formation. A slightly different
mechanism than the commonly-accepted mechanism for oxides was, thus, proposed for PBAs.
Proposed mechanism for PBAs for WOC is shown in Figure 3.19.
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Figure 3. 19. Proposed mechanism for water oxidation process for PBAs.
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CHAPTER 4
RESULTS

AND

DISCUSSION

FOR

METAL

PENTACYANOMETALATES (MPCMs) as WATER
OXIDATION CATALYST
4.1. INTRODUCTION
In this chapter, the effect of morphology of Prussian blue on electrocatalytic water oxidation is
investigated. NH3 ligand in sodium pentacyano ammino ferrrate (II) compound is substituted with
a N-donor ligand which is 1-heptyl 4-(4 pyridyl) pyridinium bromide (HPPB) (Figure 4.1).

Figure 4. 1. Schematic representation of HPPB Ligand
1-heptyl 4-(4 pyridyl) pyridinium bromide is one of the ligands that can bind to pentacyanoferrate
complex to synthesize amorphous PB analogues. When cobalt(II) ion is added to a solution
containing [Fe(CN)5HPPB]2- complex, long carbon chain of HPPB ligand contributes to create
steric stabilization and to limit the growth of Prussian blue 3D network.
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Reactions of synthesizing amorphous cobalt HPPB coordinated pentacyanoferrate are shown in
Figure 4.2.

[Fe(CN)5NH3]3- + HPPB+

[Fe(CN)5HPPB]2- + NH3

(1)

Co2+ + [Fe(CN)5HPPB]2-

Co[Fe(CN)5HPPB]

(2)

Figure 4. 2. Synthesis of Co[Fe(CN)5-HPPB]
Figure 4.2. Synthesis of Co[Fe(CN)5HPPB]
4.2. CHARACTERIZATION STUDIES
In this chapter, the characterizations of 1-heptyl 4-(4 pyridyl) pyridinium bromide (HPPB)
coordinated cobalt pentacyanoferrate which is used as water oxidation catalyst are shown.
Powder XRD, FTIR, EDX, and electrochemistry studies were performed to characterize the
compounds of interest.
4.2.1. Powder X-Ray Diffraction Studies
Although metal hexacyanometalates exhibit diffraction patterns with sharp peaks that belongs to
Fm3m space group (JCPDS Card No: 73-0687), broader peaks are observed for Co[Fe(CN)5HPPB], which are good indicators of amorphous nature of Co[Fe(CN)5-HPPB].
The powder XRD analysis of both HPPB coordinated pentacyano ferrate [Fe(CN)5-HPPB]2- and
HPPB coordinated cobalt pentacyano ferrate Co[Fe(CN)5-HPPB]. are shown in Figure 4.3.
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Figure 4. 3. X-Ray diffraction patterns of [Fe(CN)5-HPPB]2- and Co[Fe(CN)5-HPPB]
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4.2.2. Infrared Studies
Infrared studies were performed to investigate the structure of the product. Infrared technique is a
useful tool especially for the analysis of cyano complexes since CN bond exhibits a strong and
sharp peak in the 2200-2000 cm-1 range, which is highly dependent on the type of cyanide bonding.
Since HPPB and CN-1 ligands have similar π accepting ability, the π- back donation of iron to CN
ligand’s antibonding orbitals becomes less effective for [Fe(CN)5-HPPB]2- complex.
Consequently, pentacyanoferrate complex has higher ʋ(CN-1). The cyanide stretch of [Fe(CN)5HPPB]2- was observed at 2049 cm-1 with 16 cm-1 increment in CN-1 stretch which is a good
indication of the formation of HPPB coordinated pentacyanoferrate compound. The CN stretch
frequency further increased after addition of Co2+ ions to the [Fe(CN)5-HPPB]2- to obtain Prussian
blue. In addition, the bands in the region between 400-550 cm-1 are attributed to Co-CN-Fe bending
mode at Co[Fe(CN)5-HPPB].
The cyanide stretches for each complex shows the linear bridging of Fe-CN-Co binding mode
Infrared Spectra of HPPB, [Fe(CN)5NH3]3-, [Fe(CN)5-HPPB]2-, and Co[Fe(CN)5-HPPB] are
shown in Figure 4.4.
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Figure 4. 4. Infrared Spectra of HPPB, [Fe(CN)5NH3]3-, [Fe(CN)5-HPPB]2-, and Co[Fe(CN)5HPPB]
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4.2.3. Energy Dispersed X- Ray Analysis

According to EDX analysis, Co[Fe(CN)5-HPPB] compound has the atomic ratio of Co to Fe is
equal to approximately 1.5 with traces of Na and Br ions (Table 4.1). According to EDX analysis
(Figure 4.5) the empirical formula of the Co[Fe(CN)5-HPPB] compound has been determined as
Co1.5[Fe(CN)5HPPB]. xH2O.

Table 4. 1. Atomic Percent Ratios of the Elements in Co[Fe(CN)5-HPPB]

%

C

N

O

Na

Fe

Co

Br
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11.70

2.86

0.35

10.76

15.81

0.52

Figure 4. 5. EDX spectrum of Co[Fe(CN)5-HPPB]
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4.3. ELECTROCHEMICAL WATER OXIDATION STUDIES
4.3.1. Cyclic Voltammetry Measurements
Cyclic voltammogram of Co [Fe(CN)5-HPPB] deposited onto FTO electrode was recorded in the
0.2 - 1.7 V range with respect to NHE reference electrode. A quasi-reversible redox couple was
observed with the oxidation peak at 0.76 V and a reduction peak at 0.53 V vs NHE. Half wave
potential (E1/2) is 0.63 V. This one electron process can be attributed to CoII /CoIII redox couple.
An irreversible peak, appeared above 1.1 V, corresponds to CoIII /CoIV catalytic water oxidation
process. The cyclic voltammogram of Co [Fe(CN)5-HPPB] compared with blank electrode is
shown in Figure 4.6.

Figure 4. 6. Cyclic Voltammogram of Co[Fe(CN)5-HPPB] (red) and Blank FTO electrode (black)
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The CoII/CoIII redox pair was evaluated to determine the surface concentration of
electroactive cobalt sites on the electrode. For this reason, the cyclic voltammograms in the 0.41.05 V potential range was recorded with different scan rates between 2-20 mV/sec and performed
in 50 mM KPi buffer 1 M KNO3 at pH 7 (Figure 4.7). The reduction peak current (mA) versus
scan rate v (mV/sec) was plotted. By using the slope of the linear trend line according to equation
3.1, the electroactive CoII concentration of Co[Fe(CN)5-HPPB] on the electrode surface was
calculated as 12.5 nmol.cm-2. When this value is compared with CHCMs in chapter 3, the surface
coverage is increased at least 2- fold.
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Figure 4. 7. Cyclic Voltammograms of Co[Fe(CN)5-HPPB recorded at different sweep rates.
Insets show the linear relationship between peak current of Co2+/3+ redox couple and sweep rates.
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4.3.2. Tafel Slope and Turnover Frequency Analyses
Steady state chronoamperometry measurement was performed at different applied potential along
600 s of equilibrium time. The measurements were recorded in 50 mM Kpi buffer at pH 7.The
steady state current density results were collected for each overpotential to evaluate the catalytic
activity of Co[Fe(CN)5-HPPB]. The Tafel Plot is shown in Figure 4.8.

Figure 4. 8. Tafel plot for Co[Fe(CN)5-HPPB] from 1 V to 1.4 V vs NHE. Inset shows the linearity
between overpotential and current density from 1.22 V to 1.34 V.

The linearity obtained in intermediate potentials (220-360 mV) with a Tafel slope of 102 mV dec1

for Co[Fe(CN)5-HPPB]. Tafel slope is obtained for Co[Fe(CN)5-HPPB] compared to PBAs in
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chapter 3, the current density values show a noteworthy progress. 1 mA/cm2 of catalytic current
density for was achieved at η = 421 mV.
The observed deviation from linearity can be attributed to the oxygen bubbles that are formed on
the FTO electrode limits the mass transport.
By using the electro active surface coverage value, the minimum turnover frequency (TOF)
value was calculated as 0.0414 s-1 at an overpotential of 400 mV according to equation 3.2.
MHCMs studied in Chapter 3, TOFs at an overpotential of 400 mV were obtained as
5.0×10−2 s−1, 3.0×10−3 s−1, 4.4×10−3 s−1, and 5.0×10−3 s−1 for [CoII-CoIII], [CoII-FeII], [CoII-FeIII],
and [CoII-CrIII] respectively. When the TOF of Co[Fe(CN)5-HPPB] compared with these MHCMs,
it can be seen that, Co[Fe(CN)5HPPB] has higher TOF value than [CoII-FeII], [CoII-FeIII], and [CoIICrIII] PBAs, however lower than [CoII-CoIII]. A comparison of TOFs shows that Co(II) sites
available in [CoII-CoIII] exhibit the higher the catalytic activity than Co(II) sites in
Co[Fe(CN)5HPPB].

Figure 4. 9. Dependence of turnover frequency of Co[Fe(CN)5-HPPB] derivatives in 1.0 V to 1.4
V vs. NHE range.
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CHAPTER 5
RESULTS

AND

DISCUSSION

FOR

METAL

HEXACYANOMETALATES (MHCMs) as WATER
REDUCTION CATALYSTS
5.1. CHARACTERIZATIONS OF METAL HEXACYANOMETALATES
Two metal hexacyanometalates with molecular formulas KxMy[Co(CN)6]2 M: CoII,ZnII
(will be abbreviated as Co-Co and Zn-Co throughout the chapter) have been studied as water
reduction catalysts. Characterizations of the bulk catalysts have been performed by X- Ray
Diffraction, Fourier Transform Infrared Spectroscopy, and Electron Dispersive X-ray spectroscopy
techniques.

5.1.1. Powder X-Ray Diffraction Studies
The powder XRD patterns (Figure 5.1) of Co-Co & Zn-Co PBA crystallites correspond
well with the previously reported PBAs. All the peaks indexed by comparing to the reported PBAs
confirm face-centered cubic unit cell assuming a Fm3m space group (JCPDS Card No: 730687).[46], [80]
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Figure 5. 1. X-ray diffraction patterns of bulk Co-Co and Zn-Co PBA

5.1.2. Infrared Studies
Infrared studies performed on the as synthesized Co-Co PBA reveal strong bands at 2169,
444, and 1607 cm−1 corresponding to the vibrational stretches ν(CN), ν(CoII-CN-CoIII), and
bending stretch δ(H-O-H), respectively. Similarly, ATR spectrum of Zn-Co PBA reveals strong
bands at 2171, 440, and 1609 cm−1 corresponding to the vibrational stretches ν (CN), ν (ZnII-CNCoIII), and bending stretch δ(H-O-H), respectively. FTIR spectra of Co-Co and Zn-Co species are
shown in Figure 5.2.
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Figure 5. 2. FTIR spectra of bulk Co-Co and Zn-Co PBA.

5.1.3. Scanning Electron Microscopy and Energy Disperse X- Ray Analysis
SEM and EDX analyses were performed to probe the compositions and morphologies of samples.
Powder samples have uniform particle sizes in the µm range SEM images of Co-Co and Zn-Co
PBAs are shown in Figure 5.3.
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Figure 5. 3. SEM images of a) Co-Co PBA and b) Zn-Co PBA bulk samples showed uniform
particles
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Molecular formulae of PBAs were determined as K0.76Co2.62[Co(CN)6]2 and
K0.72Zn2.64[Co(CN)6]2 for Co-Co and Zn-Co derivatives, respectively, based on EDX analysis.
EDX spectra of Co-Co and Zn-Co PBAs are shown in Figure 5.4.

Figure 5. 4. EDX spectra of a) Co-Co PBA and b) Zn-Co PBA.
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5.2. ELECTROCHEMICAL

WATER

OXIDATION

STUDIES

OF

METAL

HEXACYANOMETALATES
5.2.1. Linear Sweep Voltammetry Studies
Linear sweep voltammetry (LSV) curves were recorded in a 50 mM KPi buffer solution
with 1 M KNO3 as electrolyte at pH 7.0 with a sweep rate of 5 mV. s−1. LSVs of Zn-Co PBA,
[CoCo(CN)6@FTO], as shown in Fig. 2, exhibits a significant HER activity with an onset
overpotential of 257 mV(Eo= -413 mV and Eonset= 875 mV vs. Ag/AgCl) , which is extracted from
the beginning of linear regime in the Tafel plot. LSV of [ZnCo(CN)6@FTO] and that of bare
electrode are identical indicating that the origin of HER activity in [CoCo(CN)6@FTO] is only
due to CoII sites surrounded with nitrogen atoms (CoN6) of nitrile group and that CoIII centers in
hexacyanocobaltate units do not participate in catalytic water reduction process.

Figure 5. 5. LSV curves of [CoCo(CN)6@FTO], [ZnCo(CN)6@FTO], and blank FTO electrodes
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Inset: Tafel plot for [CoCo(CN)6@FTO] derived from the LSV curve (black line) and linear fitting
curve (blue dotted).
Tafel plot of the catalyst, which was obtained from the LSV curve of [CoCo(CN)6@FTO]
at a scan rate of 5 mV.sec−1, was used to extract two important electrochemical parameters;
i)

Tafel slope (b) and

ii)

exchange current density (i0).

Tafel slope, as shown in Fig. 5.5 Inset, was used for the specification of the overpotential required
to raise the current density by one order of magnitude[116] and the prediction of mechanism for
catalytic process. Tafel slope determined as 80.2 mV.dec−1, was similar to the reported values for
cobalt-sulfide film (Co−S/FTO) (93 mV.dec−1),[117] and Co–P/CC NWs array (93
mV.dec−1)[118]. This value was also found to be slightly higher than the ones reported for FeP/CC
(70 mV.dec−1),[119] Ni0.33Co0.67S2 (67.8 mV.dec−1),[120] Co–P/Ti (58 mV.dec−1),[121] and Co30Ni–B (51 mV.dec−1)[116] at neutral conditions. From the Tafel plot a 2 step mechanism for
HER was predicted to be initiated by 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). A value of 80.2 mV.dec−1 for [CoCo(CN)6@FTO] suggests Volmer-Heyrovsky
reaction mechanism as expected for heterogeneous catalysts.[116], [122], [123].
Exchange current density (j0) could also be determined at an overpotential of 0 V from
Tafel analysis. The exchange current density for [CoCo(CN)6@FTO] in pH 7 was calculated to be
2.55×10−8 A.cm−2, which was similar with 2×10−8 A.cm−2geom for electropolymerized Co(II)
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dibenzotetraaza(14) annulene system (CoTAA),[124] 5.9×10-8 A.cm−2 for CoSe2 films,[125] and
8.2×10-8 A.cm−2 for MoO3-MoS2/FTO electrode.[126]
5.2.2. Chronopotentiometry Studies
Since the stability of the catalyst is essential particularly for practical applications,
chronopotentiometry measurement was performed for [CoCo(CN)6@FTO] at a constant current
density of 1 mA.cm−2 for two hours. The performance of [CoCo(CN)6@FTO] for hydrogen
evolution showed very good durability for two hours with an overpotential of 295 mV. No
significant increase of the overpotential under this condition was observed, suggesting the stability
of the catalyst throughout the experiment as shown in Figure 5.6. Furthermore, the similarity of
LSV curve of the pristine catalyst and that of the catalyst after 2h of chronopotentiometry
experiment supports the aforementioned claim on the superior stability of the modified electrode,
as shown in Figure 5.6 inset.
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Figure 5. 6. Chronopotentiometry curve obtained for [CoCo(CN)6@FTO] at 1 mA.cm−2. Inset
shows the LSV comparison between the pristine (black) and post-catalytic (red) electrodes with a
scan rate 5 mV. s−1
5.2.3. Long Term Stability Measurements
Chronoamperometric

analysis

was

performed

at

-0.8

V

(vs

NHE)

using

[CoCo(CN)6@FTO] for three days in 50 mM KPi solution with 1 M KNO3 (pH 7.0), with intervals
of 24 h Figure 5.7 shows the chronoamperometric study of Co-Co PB on FTO electrode. Black
arrows in Figure 5.7 indicate the termination of electrolysis. Upon further continuation of the
electrolysis, current density decreases until it reaches stabilization at around 0.6 mA.cm−2 after 24
h. The same current density observed at the end of each electrolysis steps implies stable
performance of [CoCo(CN)6@FTO] during electrolysis and no degradation of the FTO electrode
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surface.

Figure 5. 7. Current profile of long-term electrolysis performed for 3 days at −0.8 V (vs.NHE) at
pH 7.0 of a [CoCo(CN)6@FTO]. Black arrow indicates the termination of electrolysis.
5.2.4. Chronocoulometry Measurements
The charge accumulated over time is measured in a controlled potential electrolysis at −0.8 V (vs
NHE) in the absence and presence of Co-Co PBA on FTO electrode in 50 mM KPi buffer solution
with 1 M KNO3 as an electrolyte at pH 7.0. The catalyst affords a robust and essentially linear
charge build-up over time with no significant loss in activity over the course of at least 2 h. In
contrast, negligible charge was passed when a blank FTO electrode was used as the working
electrode under the same conditions.
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Figure 5. 8. Charge accumulated over time in a controlled potential electrolysis at −0.8 V vs. NHE
in the absence (black line) and presence of Co-Co PBA on FTO electrode (red line)

5.2.5. Surface Coverage and Turnover Frequency Studies
Cyclic voltammogram (CV) at different scan rates was recorded in the range of 0.7 – 1.2 V vs
NHE to determine the coverage of redox-active Co centers on the electrode. The cyclic
voltammograms

are

shown
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in

Figure

5.9.

0,0

y = -0.0019x - 0.0043
2
R =0.998

2

Current Density (mA/cm )

2

Current Density (mA/cm )

1,2

-0,1

-0,2

0,8

-0,3

-0,4

0

25

50

75

100

125

150

175

200

Scan rate (mV/s)

0,4

0,0
10 mV/sec

-0,4
0,7

200 mV/sec
0,8

0,9

1,0

1,1

1,2

Potential (V vs NHE)
Figure 5. 9. Cyclic voltammograms of [CoCo(CN)6@FTO] electrode recorded at different scan
rates (10 - 200 mV sec−1). The inset displays linear dependence of the peak current of the Co3+/Co2+
reduction peak vs. scan rate.

The surface concentration, calculated to be 2.0 nmol.cm−2 by using equation 3.1, was used
to determine the turnover frequency (TOF) for [CoCo(CN)6@FTO]. A TOF value of 0.090 s−1 was
calculated from Tafel plot at an overpotential of 250 mV, which is higher than that reported for
Co-cat (0.022 s−1 at 385 mV)[127] and Co–S film (0.017 s−1)[117] at pH 7.0. The comparison of
TOF for different systems suggests that cobalt sites surrounded with nitrogen atoms exhibit
superior catalytic performance compared to the ones surrounded with oxygen and/or sulfur atoms.
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5.2.6. Faradaic Efficiency Measurements
Controlled potential electrolysis (CPE) experiment was performed to calculate faradaic
efficiency. Protons consumed during H2 evolution results in the formation of hydroxide anions
increasing the pH of the medium. Thus, monitoring this increase of pH during electrolysis, can be
used to quantify the faradaic efficiency of a HER catalyst.[124] The charge measured during
electrolysis can also be used to calculate the theoretical amount of evolved H2. Figure 5.10 shows
accumulated charge over time during a 60 min CPE experiment at −0.9 V vs NHE using 10 mL 1
M KCl solution. The excellent agreement between calculated and observed pH changes during
experiment clearly indicates that the only origin of catalytic current is H2 evolution.
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Figure 5. 10. Electrochemical data of Co-Co coated FTO electrode in 1 M KCl for 60 min. a)
Charge accumulated over time in a controlled potential electrolysis at −0.9 V (vs.NHE). Linearity
is shown in red line b) measured pH change with time during the electrolysis (red diamonds) and
the calculated pH change over a ten-minute interval (black squares).

5.3. CHARACTERIZATION OF THE ELECTRODES
Co-Co and Zn-Co PBAs have been studied as water reduction catalysts. Characterization
studies of the catalysts on electrodes have been performed by Grazing Incidence X- Ray
Diffraction and X-ray Photoelectron Spectroscopy techniques.
5.3.1. Grazing Incidence X-Ray Diffraction Studies of [CoCo(CN)6@FTO]
GI-XRD (grazing incidence) analysis was also performed on [CoCo(CN)6@FTO] to
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investigate the change in crystallinity during electrolysis. No distinguishable change was observed
between the pristine and post-catalytic electrodes in the patterns as shown in Figure 5.11, which
indicates that the structure and the composition of the Co-Co PBA is not affected by the partial
reduction of cobalt sites. Therefore, it can be assumed that the partial reduction in the cobalt sites
is reversible.

Figure 5. 11. Thin film XRD for pristine and post-catalytic [CoCo(CN)6@FTO] electrodes.

5.3.2. X-Ray Photoelectron Spectroscopy Studies
XPS studies performed on the [CoCo(CN)6@FTO] before (pristine) and after (postcatalytic) bulk electrolysis at −0.8 V (vs NHE) are shown in Figure 5.12.a. The Co2p spectrum of
pristine Co-Co PBA shows sharp and distinctive principle Co2p3/2 and Co2p1/2 signals,
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respectively, at 784.38 eV and 799.48 eV [47], [81]with scalable FWHM of ~2 eV while the postcatalytic electrode shows broad principle Co2p3/2 and Co2p1/2 signals at 782 eV and 797.68 eV,
respectively, with relatively wider FWHM of ~3 eV. Furthermore, weak but identifiable satellite
signals at 788.38 eV and 803.98 eV were observed for the post-catalytic electrode corresponding
to Co2p3/2 and Co2p1/2, respectively. The appearance of identifiable satellite signals in the postcatalytic electrode suggests partial reduction of the cobalt sites.
The pristine Zn-Co PBA shows sharp, distinctive principle Co2p3/2 signal at 786.08 eV and
Co2p1/2 signal at 801.08 eV, with scalable FWHM of ~3.5 eV. Where in the post-catalytic ZnCo
shows sharp principle Co2p3/2 signal at 784.68 eV and Co2p1/2 signal at 799.48 eV with a FWHM
of ~3 eV. The pristine Zn-Co PBA shows sharp, intense principle Zn2p3/2 signal at 1025.88 eV
and Zn2p1/2 signal at 1048.98 eV with a FWHM of ~3 eV. The post-catalytic Zn-Co PBA shows
broad but intense principle Zn2p3/2 signal at 1024.18 eV and Zn2p1/2 signal at 1047.08 eV with a
FWHM of ~1.8 eV. The absence of any additional satellite signals in both Co2p and Zn2p lines of
the Zn-Co PBA electrodes confirms that there is no change in the oxidation states suggesting the
absence of electrochemical activity. XPS studies for Zn2p satellites are shown in Figure 5.12.b.

84

Figure 5. 12. XPS spectra of a) Co2p signals and b) Zn2p signals of Zn-Co PBA.
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CHAPTER 6
CONCLUSION
In this thesis, various kinds of Prussian blue Analogues with different metals and ligands are
synthesized to show their electrocatalytic water oxidation and water reduction capabilities. These
studies are presented in three main themes:
Firstly, previous electrochemical studies on Prussian blue analogues have shown that having a
cobalt site coordinated to nitrogen atoms of cyanide bridging group is essential to obtain efficient
PBA electrocatalysts for water oxidation. In this part, a series of cobalt hexacyanometalates with
a general formula of KaCob[Fe(CN)6] have been prepared to investigate the effect of
hexacyanometal group to the electrocatalytic activity of CHCMs. Tafel analysis and
chronoamperometry experiments reveal that [CoII-CoIII] serves as the most efficient electrocatalyst
for water oxidation among the CHCMs studied. Infrared and XPS studies indicate that it has the
Co(II) center with the lowest electron density. Overall, studies lead to the following conclusions:
i) Electron density of Co2+ is a decisive electronic criterion for achieving efficient water oxidation
electrocatalysis and this parameter could be tuned by changing the type of hexacyanometal group.
ii) The electron density of Co(II) can be reduced by increasing the oxidation state of the metal ion
of [M(CN)6] n− group.
iii) Nucleophilic attack of water to the cobalt-oxo intermediate should be the rate determining step
for water oxidation catalysis with Prussian blue analogues.
Secondly, a quite new synthesis route was practiced synthesizing a new Prussian blue Analogue
as water oxidation electrocatalyst. Cyanide ligand in hexacyano ferrate complex has been
substituted with an N- donor ligand which is 1-heptyl 4-(4 pyridyl) pyridinium bromide. This
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ligand helps to prepare an amorphous Prussian blue analogue. With this system, the active cobalt
sites are increased. According to surface concentration analysis of the cobalt sites on the electrode
is increased at least two-fold. This amorphous nature has positive impact on the catalytic activity
when compared to cobalt hexacyanoferrates. A current density of 1 mA.cm-2 was achieved at the
421 mV overpotential. This value is much lower than cobalt hexacyano ferrate species (661 mV
and 692 mV overpotentials for [CoII-FeIII] and [CoII-FeII] respectively). Tafel slope was also
diminished to 102 mV.dec-1 from approximately 120 mV.dec-1 for cobalt hexacyanoferrates. For
400 mV overpotential, a turnover frequency value of 0.0414 s-1 could be achieved with this path.
This study is a subsequent investigation of our group. In the previous study, cobalt- P4VP
coordinated- pentacyano ferrate was used as a water oxidation electrocatalyst. These two studies
enable to see that new and efficient catalysts, which are stable and easy to synthesize could be
presented as water oxidation catalyst with the help of well-known and miscellaneous
pentacyanometalate chemistry.
Finally, a wide range of cobalt containing three-dimensional compounds including oxides,
sulfides, phosphides, and borides have recently been investigated as water reduction catalysts.
While these studies assist researchers in the optimization of the coordination environment of cobalt
center for higher catalytic activity and higher stability, it is clear that new systems should be
introduced to the field to expand the portfolio of cobalt-based electrocatalysts with convenient
anionic groups. It should also be noted that such a catalyst should have a straight-forward synthesis
that allows easy modification and superior robustness in a wide range of pH and at high cathodic
potentials. PBAs with their unique structural motives wherein metal ions are connected to each
other with cyanide groups meet all of the aforementioned requirements. Where in this study,
demonstrated for the first time that a Co-Co Prussian blue analogue can be used as an efficient
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water reduction catalyst as well. Comparative electrochemical studies indicate that catalytic
activity of Prussian blue analogue is due to the cobalt(II) ions surrounded by the nitrogen atoms
of nitrile group. Co-Co Prussian blue modified FTO electrode exhibits a significant HER activity
with an onset overpotential of 257 mV. The Tafel slope obtained from cyclic voltammetry of the
electrode (80.2 mV.dec−1) is in good accordance with the previously studied cobalt-based
heterogeneous systems, which suggests a mechanism involving the formation of a metal-hydride
intermediate followed by reaction of hydride and the proton of water resulting in H2 evolution.
The catalyst performs at a much higher turnover frequency (0.090 s−1 at an overpotential 250 mV)
compared to other cobalt-based systems. Long-term electrolysis studies together with
comprehensive characterization studies confirm that the catalyst retains its structure throughout
the catalytic process.
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APPENDIX
ELECTROCHEMISTRY TERMS and EXPERIMENTS
An electrochemical cell is a device where oxidation and reduction reactions occur. Oxidation takes
place at the anode compartment and reduction occurs at the cathode.[1]
Electrolyte contains ions in order to minimize the effect of migration and reducing the resistance
of the solution. In this thesis, 1 M KNO3 used as supporting electrolyte for all of electrochemical
experiments. It is added into 50 mM KPi buffer solution.[2]
Overpotential (η) is the difference between intrinsic thermodynamic potential and the applied
potential (η = Eapplied – Eo) shows the driving force needed to flow current through the system.[3]
Onset potential is the potential where the current sharply starts to increase. It is a good indication
of the catalytic activity.[4]
Faradaic efficiency is defined as the ratio of experimentally measured produced hydrogen or
oxygen and theoretical amount of produced hydrogen or oxygen as Faraday’s Law.[1]
Faradaic Efficiency=
Surface Coverage Analysis: The number of electroactive Co2+ metal centers has been determined
by performing cyclic voltammograms in 50 mM KPi buffer solution with 1 M KNO3 at pH 7 with
different sweep rates in a certain potential range where Co2+/3+ redox pair is observed. In order to
calculate the concentration of electroactive metal centers (mol.cm-2), sweep rate versus current
plot is drawn and the slope of this line gives the concentration:

Where F is Faraday’s constant (96485 C.mol-1), A is area, Γo is the surface coverage in the unit of
mol.cm-2. R stands for ideal gas constant, and T is temperature. [1]
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Turnover Frequency (TOF) is the number of oxygen (WOC) or hydrogen (HEC) evolved per
electroactive metal site per time. It is calculated according to the equation:

Where Q is the charge accumulated (coulomb), t is time (s) and
2).

is the surface coverage (mol.s-

[1], [5]

TOF value for a certain overpotential is calculated by plotting logarithm of TOF versus
overpotential and it is calculated by the equation of the trendline of the graph in the Tafel region.
For water oxidation catalysis, in order to ease the comparison of the values with the literature, 400
mV overpotential was used to calculate TOF.
Tafel Equation and Tafel Slope
Tafel analysis was performed by electrolysis experiment. Chronoamperometric measurements
were conducted at each overpotential for 10 minutes in KPi buffer at pH 7. In order to obtain the
value of Tafel slope, which is an important parameter to get insight about the mechanism of the
reaction and identifying the rate determining step of the system, the logarithm of the densities of
the final current values are plotted versus the overpotential. In the linear trend region, the catalyst
shows catalytically active behavior (See Figure 3.6). The linear fit of this linear region is the Tafel
equation of the system. Tafel slope is extracted from the Tafel equation.[6]
General form of Tafel Equation: η=a+b log (j) where η is overpotential, b is Tafel slope and j is
current density. [7]
Pourbaix Diagram: Pourbaix Diagram shows the effect of pH on potential. For this experiment
series of cyclic voltammograms were performed at different pH values (between 2-13). For the
experiments KPi buffer solution with 1 M KNO3 was used and pHs were adjusted as adding either
KOH or H3PO4. The diagram was plotted pH vs. E1/2. [8]
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Long Term Stability Experiments: In order to check the stability of the catalyst
chronoamperometric measurements were applied. Measurements were performed at -0.8 V &
+1.2V (vs NHE) using for at least three days in 50 mM KPi solution with 1 M KNO3 at pH 7.0,
with intervals of 24 h. After every 24 hours a cyclic voltammograms were performed to check the
stability of the catalysts.
Reference Electrode Potential Conversions
All of the experiments were performed with Ag/AgCl reference electrode (3.5 M KCl). All of the
potentials were reported as normal hydrogen electrode (NHE) scale.
In order to convert the potentials, E (NHE) = E (Ag/AgCl) + 0.205 V is used since E (Ag/AgCl)
(3.5 M KCl at 298 K) = 0.205 V [9]
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