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“Some piously record 'In the beginning God', but I say 'In the beginning 

hydrogen'.” /Harlow Shapley 
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Abstract 

Since fossil fuels are an ending and non-sustainable resource and burning 

them generates rising CO2 levels that contribute significantly to global 

warming, we urgently need to replace fossil fuels with renewable energy 

carriers. This is also required by the world's growing energy demand.  One 

promising option is to convert solar energy into fuels ("solar fuels") by 

“artificial leaf” devices. For this approach, catalysts are needed for water 

oxidation and hydrogen production, in addition to light absorbing pigments, 

and a charge separation mechanism. Several molecular cobalt complexes 

have recently been shown to catalyse hydrogen production. Four cobalt 

complexes were selected, synthesized and then characterized to examine 

their elemental composition, structure and electrochemical characteristics. 

The two complexes with the highest reported catalytic efficiency and best 

agreement with reported literature values were investigated more deeply 

with regard to their catalytic efficiency and stability using electrochemical 

methods such as cyclic voltammetry (CV), linear sweep voltammetry (LSV) 

and controlled potential electrolysis (CPE).  The amount of hydrogen 

produced during the CPE scans was measured with gas chromatography. In 

addition, catalyst decomposition was probed by scanning electron 

microscopy (SEM, EDS) examination of the elemental composition of the 

deposits on the electrodes after the CPE experiments, and/or by UV/VIS 

spectroscopy of the catalyst concentration in solution. . It is shown that both 

studied molecular catalyst, [CF3(PY5Me2)Co(OH2 )]2+ (C3) and [CoP4N2]2+ 

(C4), catalyze H2 production, but degrade to various degrees during a 2 h 

CPE scan and form catalytically active deposites on the GC working 

electrodes. These deposites consisted additionally of Na and K, and up to 

50% of the current was used for their formation. While C4 displays a more 

advantageous onset potential for H2 evolution at pH 7.0 than C3, C3 appears 

to be more stable than C4. This study shows that a combination of 

electrochemical techniques with electron microscopy, spectroscopy and 

direct product (H2) quantification is required for a full evaluation of 

molecular H2-evolution catalysts. It is concluded that the development of an 

easy and universially applicable method for the direct coupling of catalysts to 

electrode surfaces may allow an even more realistic evaluation of such 

catalysts than bulk electrolysis.  
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AP Artificial photosynthesis 

AL Artificial leaf 

C Coulomb 

CE Counter electrode 

CCE  Controlled current electrolysis  

CPE Controlled potential electrolyse 

CV Cyclic voltammetry 
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DLS Dynamic light scattering 

EDS  Energy-dispersive X-ray spectroscopy  

EXAFS  Extended X-ray absorption fine structure  
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HOMO  Highest occupied molecular orbital  
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IPCC  Intergovernmental panel on climate change  
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Enkel sammanfattning på svenska 

Eftersom fossila bränslen är en icke hållbar och dessutom sinande resurs och 

förbränningen av dessa orsakar stigande CO2-nivåer som i högsta grad 

bidrar till den globala uppvärmningen, måste vi snarast ersätta fossila 

bränslen med förnyelsebara energikällor. Detta behövs också på grund av 

världens växande efterfrågan på energi. Ett lovande alternativ är att 

omvandla solenergi till bränslen ("solbränslen"), med hjälp av "artificiella 

löv". För detta behövs, förutom ljusabsorberande pigment och en anordning 

för att separera laddningar, katalysatorer för vattenoxidation och 

vätgasproduktion. Flera koboltkomplex har nyligen visat sig katalysera 

vätgasproduktion. Fyra Kobolt komplex valdes ut, syntetiserades och 

karakteriserades sedan genom undersökning av deras 

grundämnessammansättning, struktur och elektrokemiska egenskaper. De 

två komplexen med högst rapporterad katalytisk effekt, och den bästa 

överenstämmelsen med redovisade litteraturvärden och därmed de mest 

intressanta katalysatorerna studerades mer ingående med avseende på 

katalytisk effektivitet och stabilitet med hjälp av elektrokemiska metoder, 

såsom cyklisk voltammetri (CV), linjär svep-voltammetri (LSV) och 

elektrolys med kontrollerad potential (controlled potential electrolysis, CPE). 

Mängden väte som producerades under CPE försöken, mättes med 

gaskromatografi. Dessutom utfördes ytanalyser på elektroderna av glasartat 

kol (GC-elektroderna) med hjälp av ett svepelektronmikroskop (scanning 

electron microscope, SEM), för att undersöka 

grundämnessammansättningen av beläggningen på elektroderna  efter CPE 

experimenten, och/eller genom UV/VIS-spektroskopi av 

katalysatorkoncentrationen i lösningen.  Det visar sig att de båda studerade 

molekylära katalysatorerna, [CF3(PY5Me2)Co(OH2)]2+ (C3) och [CoP4N2] 2+ 

(C4), sönderdelas i olika grad under ett 2 h CPE försök och bildar katalytiskt 

aktiv beläggning på GC arbetselektroderna. Medan C4 visar en mer 

fördelaktig start potential för H2 evolution vid pH 7,0 än C3, tycks C3 vara 

mer stabil än C4. Denna studie visar att en kombination av elektrokemiska 

metoder med elektronmikroskopi, spektroskopi och en direkt produkt (H2) 

kvantifiering krävs för en fullständig utvärdering av molekylära H2-

producerande katalysatorer. Slutsatsen är att utvecklingen av en enkel och 

allmänt tillämpbar metod för direkt koppling av katalysatorer till 

elektrodytorna kan ge en ännu mer realistisk bedömning av sådana 

katalysatorer än genom bulkelektrolys. 
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Introduction 

Global Energy Consumption and Climate 

The total global energy consumption is according to the IEA (International 

Energy Agency) currently (2012) 12 TW year-1. Two scenarios are presented 

by the IEA for the development until 2035: the central scenario, and the 450 

Scenario. These scenarios would imply global energy consumption of 16 and 

14TW year-1, respectively, in 2035. The IEA central scenario or the New 

Policies Scenario is a scenario in the World Energy Outlook that takes into 

account the broad policy commitments and plans that have been announced 

by countries and national pledges of emissions of greenhouse gases and 

plans on phasing out fossil fuel subsidies, even if those acts not yet are 

determined. The second scenario described is the 450 Scenario, involving an 

energy path consistent with limiting global temperature increase to 2°C, 

commonly referred to as the 2°C target, by limiting the concentration of 

greenhouse gases in the atmosphere to about 450 ppm CO2 (carbon dioxide). 
1 Fossil fuels - oil, natural gas and coal - are still by far our largest source of 

energy, with a global share of 86% (2012) of the total energy production. 

This will decrease slightly until 2035, when fossil fuels are estimated to 

represent 81% of the world's energy need according to BP Energy Outlook 

2035 . 2 Since fossil fuels are mixtures of hydrocarbons, and therefore 

contain varying amounts of carbon and hydrogen, their reaction with oxygen 

(O2), i.e., combustion, represents a reaction in which the carbon and 

hydrogen in the hydrocarbons is converted to the greenhouse gases CO2 and 

H2O. The link between fossil fuels and the greenhouse theory has become 

widely accepted as the observations are accumulating, and we now better 

understand the relationships between fossil fuels, climate change, and 

environmental effects. 3 

CO2 in the Atmosphere 

More than a century ago Svante Arrhenius, the first Swedish Nobel Prize 

laureate presented his article "On the Influence of Carbonic Acid in the Air 

upon the Temperature of the Ground"  in the Philosophical Magazine and 

Journal of Science. 4 Arrhenius was the first to quantify the contribution of 

carbon emissions to global warming. In the article Arrhenius refers to carbon 

dioxide as "carbonic acid" in accordance with the Convention at the time he 

wrote. He proposed that the atmospheric warming effect was influenced by 

the amount of CO2 in the atmosphere. Later he estimated that if the amount 
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of CO2 in the atmosphere is doubled, the temperature would rise by about 

five to six degrees, which is consistent with current forecasts. 5  

In 1958 CO2 measurements were started by Charles D. Keeling, at the Mauna 

Loa Observatory (MLO), near the summit of Mauna Loa on the Big Island of 

Hawaii. These CO2 measurements were performed using an infrared (IR) gas 

analyzer, which was adapted for this purpose by Keeling. This first 

instrument on Mauna Loa was utilized successfully for 48 years until its 

replacement in 2006. The measurements, which resulted in a dataset also 

known as the "Keeling Curve", are the world's longest unbroken record of 

atmospheric carbon dioxide concentrations. By many scientists considered 

as the single most important environmental dataset taken during the 20th 

century. The graph shows that the CO2 concentration has increased from 317 

ppm (1958) to nearly 400 ppm today (Figure 2). 6 The atmospheric CO2 

levels passed 400 ppm at the MLO the first time in May 2013. This is the 

highest known value ever, during the last 800,000 years, based on the 

"Keeling Curve" and atmospheric CO2 levels specified by Antarctic ice-core 

data, which has fluctuated between 170 and 300 ppm during this time. 7 

 

 

Figure 1 a). Mauna Loa record extends back only 55 years, but data from 

samples of old air preserved as bubbles in the Antarctic ice sheet gives a 

record that stretches 800,000 years back in time. These records from the 

Antarctic ice sheet called ice-core record of atmospheric carbon dioxide and 

is based on two ice-core studies that results in the first part of the graph,  

showing atmospheric carbon dioxide before the Mauna Loa record. 7, 8  

1 b). Mauna Loa carbon dioxide (CO2) record, also known as the "Keeling 

Curve," is the world's longest unbroken record of atmospheric carbon 

dioxide concentrations. When Charles D. Keeling started measurements in 

1958 the CO2 readings were around 317 parts per million (ppm), and today 

they have reached close to 400 ppm. 9 
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Other factors and other anthropogenic (caused by man) greenhouse gases 

besides CO2, contribute to a more limited extent to climate impacts, among 

them aerosols, land-use that alters surface reflectance and the greenhouse 

gases CH4 (methane) and N2O (nitrous oxide). Since emissions of CO2 from 

fossil fuel combustion and industrial processes accounted for 78% of total 

greenhouse gas emissions in the period 2000-2010, with a similar 

percentage increase over the period 2000-2010, a simplified reporting often 

displays just the highest contributing CO2 levels. 5 

 

“Human influence on the climate system is clear, and recent anthropogenic 

emissions of greenhouse gases are the highest in history. Recent climate 

changes have had widespread impacts on human and natural systems.”  

“Warming of the climate system is unequivocal, and since the 1950s, many 

of the observed changes are unprecedented over decades to millennia. The 

atmosphere and ocean have warmed, the amounts of snow and ice have 

diminished, and sea level has risen.” 

These quotes from the Intergovernmental Panel on Climate Change (IPCC) 

Synthesis Report 2014 presents declarations on a firmer basis in comparison 

with previous reports. 5 What many citizens of the world already suspected, 

has been scientifically established, i.e. that anthropogenic emissions of 

mainly CO2 from the combustion of the limited natural resource that fossil 

fuels represent, over a global short-term perspective, leads to climate change 

and global heating. The probability of serious, undesirable and irreversible 

consequences for humans and ecosystems is thereby increasing. The obvious 

conclusion of this collective research is that besides reducing emissions of 

carbon dioxide from fossil fuels and other greenhouse gases, we must 

accelerate the introduction of new carbon-neutral renewable energy sources. 
5, 10 

In an article in Nature in 2009,11 a group of famous Earth system and 

environmental scientists led by Johan Rockström from Stockholm Resilience 

Centre made an attempt to define the limits of the biophysical processes that 

determine the Earth's self-regulatory capacity. Their article presents an 

overview on how humanity affects the entire Earth system. They also 

proposed numerical boundaries for seven parameters: climate change, ozone 

depletion, ocean acidification, biodiversity, freshwater use, the global 

nitrogen and phosphorus cycles, and changing land use. These limits are 

based on existing data. The authors believe that in order to avoid rapid and 

non-linear environmental changes, so-called “critical thresholds,” we must 
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stay within all these boundaries. Based on this model climate change, the 

rate of biodiversity loss and human modification of the nitrogen cycle is now 

outside the green proposed safety zone. For others, such as ocean 

acidification, which is also caused by CO2 emissions we are rapidly 

approaching the limit. 

 

 

Figure 2. The Nine Planet Boundarys. The inner green highlighted zone 

represents the proposed safe operating place for the nine planetary systems 

(two as yet undefined). The red wedges represent an estimate of the current 

position of each variable. The boundaries of the three systems (loss of 

biodiversity, climate change and human interference with the nitrogen cycle), 

have today already been exceeded. 11 

 

 
Solar Fuels 

Our sun is the greatest of all energy sources, and delivers more energy to the 

earth in one hour than we currently use in one year from fossil, nuclear 

power and renewable energy sources combined.12 Abundant energy 

technologies including biomass, solar thermal and photovoltaic, wind power, 
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water power, etc., most of which are run by converted solar energy, is not 

enough to replace fossil fuels today, but the share of energy from renewable 

sources is increasing substantially every year. This emerges in the World 

Energy Outlook 2014 (IEA), which predicts an increase in the renewable 

energy sources share of total power generation, from 21% in 2012 to 33% in 

2040. 13  A future source of clean, cheap and sustainable energy, may be to 

convert water with the help of sunlight directly into oxygen and 

environmentally friendly energy carriers, such as hydrogen. This process of 

producing solar fuel is termed artificial photosynthesis (AP).  

Natural Photosynthesis 

The natural photosynthesis takes place in a special cell organelle, the 

chloroplast, as shown in figure 3. Inside the two membranes of the 

chloroplast in the stroma is the thylakoid membrane, a closed double-

membrane vesicle. It is based on highly efficient photon absorption, 

production of charge separated states and multi electron catalysis to split 

water, and release of oxygen (O2) and protons (H+). The extracted electrons 

are passed along the photosynthetic electron chain that includes the 

cytochrome b6f complex and photosystem I, where the electron gains the 

reducing power required for the formation of NADPH from NADP+ and 

protons, natures equivalent of dihydrogen (H2). Normally these reduced 

protons are utilized for ATP synthesis and then to fix carbon dioxide (CO2) in 

the Calvin cycle in form of carbohydrates (CH2O)n , but many green algae 

and cyanobacteria also contain hydrogenases. Under anaerobic conditions, 

these enzymes are able of forming gaseous dihydrogen from protons and 

chemically stored photosynthetic electrons. Organisms that can perform 

natural oxygenic photosynthesis are green plants, algae and cyanobacteria.14, 

15 
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Figure 3.  A schematic representation of the cofactor-protein complex that 

participates in the light-induced electron and proton transfer reactions in the 

Thylakoid membranes in the chloroplast,  called the oxygenic  photosynthesis. 

The products of the light reaction, NADPH and ATP, is driving the CO2 fixation 

dark reaction of Calvin-Benson cycle in the stroma leading to the production of 

carbohydrates. The Calvin-Benson cycle can be divided into three phases: 

reduction (1), regeneration (2), and carboxylation (3). 

From ref. 16 

Artificial Photosynthesis  

Artificial Photosynthesis aims – by understanding the natural 

photosynthetic processes – to develop biomimetic or bioinspired 

applications such as the “artificial leaf”(AL) (figure 4) for direct solar to fuel 

conversion. The AL device is an integrated unit that connects without wires 

all the processes required for the conversion of solar light energy into a solar 

fuel such as H2.14, 15, 17-19 If successful, it will thus be possible to produce H2 

via water oxidation by simply immersing an AL in water and exposing it to 

sunlight. The target fuel could thus be hydrogen, which is provided by 

reducing the protons released during water oxidation to hydrogen. Another 

option is to make a carbon based solar fuel by reducing atmospheric CO2. A 

carbon based fuel could be easier to use, but is more difficult to produce 



 

7 

compared to hydrogen production. Given the fact that established chemicals 

processes exist for the conversion of H2 into many useful chemicals, 

including carbohydrates 20  it thus appears most attractive to aim for direct 

solar H2 production. 

Thus, in Artificial Photosynthesis the main research challenge is to 

synthesize two types of catalysts: one for splitting water, the reaction that 

takes place in PSII, and one for reducing protons to dihydrogen. Such 

catalysts can be molecular (homogeneous) or non-molecular 

(heterogeneous). Molecular catalysts have the advantage of having well-

defined structures that can be modified and studied by various spectroscopic 

methods. Non-molecular catalysts for water-splitting are usually metal-

oxides, and often from rare and expensive metals, which are incompatible 

with a sustainable approach. Another disadvantage is that the catalytic 

mechanism is more difficult to study in heterogeneous materials. The 

advantage is, that while most now known molecular catalyst are unstable 

under multiple turnover conditions,, most of the non-molecular catalysts are 

robust and resistant to degradative side reactions 15,18.  

The concept of Artificial photosynthesis was first mentioned in 1912 by G. 

Ciamician.21 Later, in 1972, an outline for a functioning AL is presented, 

powered by sunlight and splitting water into oxygen and hydrogen.22 A 

complete system that stored 12% of the incoming solar energy as hydrogen 

fuel, was presented in 1998 by Turner.23 This was a major achievement, but 

one electrode was of rare Platinum, the cost was not competitive and 

performance decreased after a short time due to degradation of the 

semiconductor electrode. In 2011 Daniel G. Nocera and his team presented 

the first generation of Artificial Leaf for hydrogen production.19 For the first 

time, all components of the solar water-splitting cell were comprised of earth 

abundant elements, and with an efficiency of 2.5%, which could be increased 

to 4.7% by using wires in the device. Although the efficiency was higher than 

in nature, the costs were still too high to compete with fuels on the market. A 

new company, Sun Catalytix was founded to develop low cost catalyst. but 

the company announced last year that they put that research on hold in favor 

of less challenging products. Although many research groups are working 

hard, a flawless artificial leaf seems to linger a while. It must be effective, 

inexpensive and robust, and right there is the difficulty, namely to combine 

all these properties. Today researchers can combine two of these properties, 

but not all three at the same time in an AL.24 
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Figure 4.  

The Artificial Leaf.            

The Artificial Leaf consists 

of a membrane, thin as a 

credit card, containing a 

chlorophyll-like pigment.  

The positive side of the 

membrane is coated with 

an oxygen evolution 

reaction (OER)-catalyst, 

and the negative side of the 

membrane with an 

hydrogen evolution 

reaction (HER)-catalyst. 

When immersed in water 

and placed in sunshine 

electrical charges arise.  

Absorbed sun energy gives 

rise to catalysed chemical 

reactions. On the positive 

side, the OER-catalyst split 

water into oxygen (O2), 

protons (H+) and electrons 

(e-) (eqn. 2). Oxygen is collected, and the protons migrate through the 

membrane. On the negative side, the HER-catalyst reduces protons to 

hydrogen (H2) (eqn. 3). Hydrogen gas is then collected to be used as 

solarfuel. 

 
Water Splitting 

In order to produce hydrogen from water, the water molecule needs to be 

split, which may be accomplished by electrolysis of water, using renewable 

solar energy. In equation 1, the reaction towards the right shows the splitting 

of water into hydrogen and oxygen using energy from renewable sources. 

The reverse reaction shows the production of energy when needed, by a 

combination of H2 and O2, for example in a fuel cell. 

 (1) 
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The electrochemical water splitting, first observed by two Dutchmen, Paets 

van Troostwijk and Deiman in 1789, is divided into two half-cell reactions: 

oxygen evolution reaction (OER) and hydrogen evolution reaction (HER)  

(shown in equations 2 and 3). Both of these reactions require catalysts to 

reduce the electrochemical overpotential, which is the difference between the 

applied and thermodynamically required potential of a certain 

electrochemical reaction. The platinum group metals are the best catalysts 

for HER, and Platinum has often been used previously for this purpose, 

because it catalyzes the HER highly effectively. But because of its low 

abundance and concomitant high cost, platinum is not the right choice as a 

catalyst in a more environmentally friendly low cost system, which is the aim 

for the "artificial leaf"  25,26. 

 

The energy needed to convert water electrochemically into hydrogen and 

oxygen at standard temperature and pressure (p0 = 1 bar and T0 = 298 K) 

(STP) is 237.2 kJ per mole of H2. This corresponds to an applied voltage  

of 1.23 V. In addition, energy is needed for expanding the gases generated 

(TΔS0). When taken into account the enthalpy change (ΔH0 = ΔG0 + TΔS0) 

the required energy increases to 286 kJ per mole of H2. Accordingly, an 

applied cell voltage of = 1.48 V is needed. Ideally, if the energy to gas 

expansion is supplied by an external source, it would be sufficient with an 

external potential of 1.23 V to split water in an electrochemical cell. At 

electrolysis, however, these potentials are not enough, instead potentials well 

above the thermodynamic minimum value of 1.23 V is required. These 

overpotentials are needed to power electron transfer processes, and to 

overcome the kinetic barriers stemming from the high activation energies for 

formation of reaction intermediates on the surface of the electrode. Catalytic 

systems with high efficiency need to be developed to reduce these 

overpotentials of both reactions (eqn 2 and 3) , i.e. HER and OER 27 . 

 

The Hydrogen Society 

From being discussed as a possible fuel in the 1970´s, hydrogen, (H2) is 

today regarded as a realistic option for an energy carrier. When methods are 

fully developed for large-scale production, storage, transportation and 
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handling of the hydrogen, it can be used in numerous ways. Hydrogen can be 

utilized directly as a fuel or used for energy storage of excess energy from 

renewable sources. Hydrogen can also be used as a way to reduce the amount 

of CO2 in the atmosphere while creating energy in the form of hydrocarbons 
28. The main part of hydrogen fuel is currently produced by steam reforming 

of methane (SRM). This method of producing hydrogen using SRM leads to 

emissions of greenhouse gases (CO2) and thus climate change since methane 

is a fossil fuel. Reported calculation show that CO2 emissions from vehicles 

driving on hydrogen obtained by SRM, are about half as large per km, 

compared with emissions for a vehicle driving on conventional combustion 

engine with spark ignition run on gasoline. 29 This reduction is not enough to 

overcome present and future climate problems, and thus the introduction of 

hydrogen as a fuel in large scale requires a H2-production that is CO2 neutral.  

In a recently published report, the most likely evolution of market prices for 

hydrogen fuels produced in different ways is presented, including SRM, 

water electrolysis (splitting) using electricity grid and solar cells, ie 

photovoltaics (PV) electricity, as well as the price of hydrogen generated by  

photo electrochemical cells (PEC) also called photo electrochemical water 

splitting. The results in the report is based on the assumed most feasible 

technologies for hydrogen production. Starting points for an intended 

successful commercialization of solar hydrogen technology has been to 

maximize the efficiency of energy conversion (ECE), while the cost of 

materials used to exploit solar energy is minimized. In this report hydrogen 

produced by the PEC method is assumed to be the commercial winner, 

compared with hydrogen produced by other methods including SRM. This is 

based on the incrementally increasing costs of climate impacts that will be 

included in the price of SRM produced hydrogen, which is not done today. 

Additionally hydrogen produced by the PEC method has a higher purity and 

is thereby better suited for fuel cells.30 

To succeed in the transition from fossil-based fuels produced using 

traditional techniques to solar fuels generated with new environmentally 

friendly technologies, the need for research and training of workforce for this 

purpose is significant. As part of efforts reducing effects of climate change a 

key document of the United Nations on the Commitment to the Sustainable 

Practices of Higher Education Institutions on the occasion of the UN 

Conference on Sustainable Development in Rio de Janeiro 2012 has been 

released. This document, expresses the need to conduct research on new 

sustainable technologies. The UN document stresses that the development of 

renewable energy technology must be accompanied by adjustments of the 

education system, as required by the technical staff at the front line of 

environmentally friendly technologies.31 
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Catalysis 

If one adds a pinch of "magic substance" to reactants in a mixture that 

usually won’t react or would do so very slowly, this may trigger them to form 

one or more new product(s). That remarkable phenomenon has fascinated 

both scientists and others for a long time. It was found in the early 

nineteenth century that presence of a metal or a mineral could contribute to 

decomposition of a substance into different products. Shortly after in a 

report published in 1836 Berzelius describes a number of previous findings 

on the chemical change in both homogeneous and heterogeneous systems.32  

These findings, he suggested, to be categorized by the introduction of a new 

concept called "catalysis". In a short paper in which he summarizes his ideas, 

he wrote the following: 

 “It is, then, proved that several simple or compound bodies, soluble and 

insoluble, have the property of exercising on other bodies an action very 

different from chemical affinity. By means of this action they produce, in 

these bodies, decompositions of their elements and different recombinations 

of these same elements to which they remain indifferent.”  

Berzelius introduction of this new force, which he termed "catalytic force" 

and the result thereof, which he called "catalysis" is probably the first 

reporting of catalysis as a comprehensive natural phenomenon.33 Catalysis is 

all about energy. Starting up a chemical reaction requires activation energy. 

By adding a catalyst, the activation energy needed, is reduced by pursuing 

the reaction in alternative routes. The catalytic process is usually categorized 

as homogeneous or heterogeneous (Figure 5), and the catalysts can be 

divided into the following three groups: 

-Homogenous Biological catalysts (Large complex macromolecules) such as 

hydrogenases, 

-Homogenous Non-biological catalysts (Small molecules) such as molecular 

cobalt complexes 

-Heterogeneous Solid state catalysts (Non-molecular) e.g. mixed platinum 

alloys.34, 35  

For homogeneous catalysis, the input reactants are in the same phase as the 

catalyst, usually in liquid phase. In heterogeneous catalysis the reactants and 

catalyst in contrast are in separate phases, typically solid heterogeneous 

catalysts interacting with reactants in solution or gas phase, but can also take 

place between two immiscible liquid phases such as oil / water. 

Heterogeneous catalysts are more easily separated from the reaction 

mixture, thereby facilitating reuse to a greater extent than homogeneous 
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catalysts. On the other hand, homogeneous catalysts are more efficient being 

in the same phase and thus more readily encounter and react with the 

species in solution.36,37  

 

Figure 5. There are two main types of catalysts – homogeneous and 

heterogeneous. In a homogeneous catalytic reaction, the catalyst is in the 

same phase as the reactants, typically in liquid phase (shown in the left 

beaker).  In a heterogeneous catalytic reaction, the catalyst is located in a 

different phase than the reactants (shown in the beaker in the middle).  

Typically, solid heterogeneous catalysts interact by reactants in solution or 

gas phase, but heterogeneous catalytic reaction can also take place between 

two immiscible liquid phases such as oil / water (shown in the beaker to the 

right). Adapted from http://www.chemguide.co.uk/physical/catalysis/introduction.html.  

 
HER Catalysts for Artificial Leaf Devices  

In order to find alternatives to the expensive and rare catalysts from the 

platinum group, research and development of earth abundant metal 

complexes as molecular catalysts for HER has met increasing interest in 

recent years, and has resulted in significant progress in the area. Over one 

hundred molecular complexes of non-precious metals are reported to be 

catalytically active for electrochemical hydrogen generation. Most of these 



 

13 

require organic solvents or mixtures of organic solvents and water in the 

presence of various proton sources to operate.  A few catalysts, less than 

thirty, have been reported to operate as HER catalysts in fully aqueous 

solutions. Many of them exhibit low activities and/or large 

overpotentials.38,39,35,40  

Many of the water-stable complexes contain cobalt as catalytically active 

metal. Cobalt is not found in any biocatalyst for H2 evolution, nor is it as 

common in the crust of the Earth as iron, manganese or nickel (Co; 20-30 

ppm, Fe; 6.3%, Mn; 0.1%, Ni; 90 ppm). Nevertheless, cobalt is significantly 

more abundant than Pt (0.003 - 0.005 ppm) and is thus considered as an 

interesting candidate due to its relatively high catalytic HER activity.40  

In this study the focus was on molecular catalysts rather than heterogenous 

catalysts for H2-evolution19, 41. The reason was their well-defined structure, 

which can be easily studied by various spectroscopic methods, and that in 

future can be modified for increased efficiency, stability and coupling to 

various electrode surfaces42, 43.   
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Aims 

Presently it is difficult to select the H2-evolution catalysts most suitable for 

artificial leaf devices from the literature. This is largely due to the fact that 

the reported activities and stabilities were tested under largely different 

conditions. 

The goal of this thesis was to develop procedures for comparing the 

efficiencies and stabilities of H2-evolution catalysts under conditions that 

are as similar as possible to those for the operation of an artificial leaf. For 

this, reported molecular cobalt complexes with good catalytic efficiencies 

and stabilities for proton reduction to H2 in water needed to be selected, 

synthesized and characterized. Finally, the selected complexes should be 

evaluated with regard to their suitability as candidates for hydrogen-

evolution catalyst in future artificial leaf devices. 
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Experimental section 

Materials 

Solvents were dried prior to use according to the standard methods. 

Tetrahydrofuran (THF), Methylene chloride and Ethyleter were obtained 

from a Solvent Dispensing System (SG WATER USA LLC), Acetonitrile 

(HPLC-grade) was dried and stored over a 4 Å molecular sieve. Analytical or 

reagent grade chemicals were used in this study. All the other chemicals 

including solvents were used as received from vendors.  

Instruments 

Elemental analyses (C, H, N, S) were performed by Eurofins Mikrokemi AB 

Uppsala or by the department of Chemistry at the University of Kiel (on a 

HEKAtech CHNS Analysator). 

 Proton-NMR spectra were acquired on a Bruker 400 MHz Avance III 

spectrometer with DCCl3 as solvent in the NMR facility at Umeå University. 

High-resolution mass spectra were recorded on a LTQ/Orbitrap mass 

spectrometer (Thermo Fisher Scientific, Bremen, Germany), by Maria 

Ahnlund at the Swedish Metabolomics Centre at Umeå University.  

UV-Vis absorbtion measurments were carried out on a T90+ UV/Vis 

Spectrometer (PG Instruments Ltd) at the department of Chemistry at Umeå 

University. 

Inductively coupled plasma (ICP) mass spectrometric analyses were 

recorded on an Optima 2000 DV ICP optical emission spectrometer (Perkin 

Elmer Instruments, Wellesley, United states) at the department of Chemistry 

at Umeå University. 

  

Electrochemical data were acquired using an Autolab PGSTAT302N 

(Metrohm Autolab B.V.) potentiostat. For details see section Electrochemical 

measurements p. 23 
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EDS spectra were obtained from a Carl Zeiss Merlin Field Emission 

Scanning Electron Microscope (FESEM) with an Oxford Instruments X-

MAX 80 mm2 X-ray Detector and a Quorum PP3000T Cryo Transfer System 

at Umeå Core Facility for Electron Microscopy (UCEM) at Umeå University. 

H2 evolution was recorded using a GC-8A gas chromatograph with a thermal 

conductivity detector (TCD)  (Schimadzu Scientific Instruments, Columbia, 

USA), a 80–100 mesh molecular sieve column (3 mm x 2 m) and Argon as 

carrying gas. The measurements were carried out at the Department of Plant 

Physiology, UPSC at Umeå University. For experimental details see section 

H2-evolution measurements p. 34 

 

Syntheses of the Cobalt Complexes 

Four Cobalt-complexes were selected for synthesis, these were C1, 

Co(dmgBF2)2 (H2O)2 
44

 , C2,  [(PY5Me2)Co(OH2)](CF3SO3)2 
45, C3,  

[(CF3PY5Me2 )Co(OH2)](CF3SO3)2  
45

  and C4, CoP4N2 
46 (Figure 6). Also 

synthesized was the intermediate PY2MeCH, 47  needed in step 1 in the 

synthesis of C2 and C3, and the cobalt salt Co(CF3SO3)2(CH3CN)2.48 The 

syntheses of C1,  C2,  C3, and Co(CF3SO3)2(CH3CN)2 were carried out under 

inert (Ar or N2) atmosphere in a glovebox or with standard Schlenk 

techniques. 

 

Figure 6. Synthesized Co-complexes 

Synthesis of C1 

0.95 g (8 mmol) of dmgH2 was dissolved in 75 ml dry and oxygen free 

diethylether in a 250 ml round bottom flask by stirring for 2 h with a 

magnetic stirrer. Then 1 g (4 mmol) of Co(OAc)2•4H2O was added, and the 

suspension was thereafter treated with an excess of BF3•Et2O (5 ml)  
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(Figure 7). The mixture was stirred for 6 hours under argon. The resulting 

solid was filtered under argon by using a coarse sintered glass frit, washed 

with ice cold water (3 x 5 ml MilliQ, O2 free). In the same fritted glass funnel 

the product was dried while covered with parafilm under reduced pressure. 

A brownish red solid product was obtained. Yield: 1.1 g (65%). 

 

Figure 7. Synthesis Scheme for C1 

 

Synthesis of C2 

The synthesis of C2 was carried out in three steps, and in addition the cobalt 

salt Co(CF3SO3)2(CH3CN)2  used in step three was synthesized (Figure 8). In 

step 1 the intermediate (1,1-Bis(2-pyridyl)ethane) or (PY2MeCH) was 

syntesised. In step 2 the ligand 2,6-bis(1,1-di(pyridin-2-yl)ethyl) pyridine or  

(PY5Me2) was formed. Finnaly, in step 3 two variants of the Co-complex were 

syntsized by using different solvents, namely [(PY5Me2)Co(OH2)](CF3SO3)2  

and [(PY5Me2)Co(CH3CN)] (CF3SO3)2. The purpose of the two variants was 

to avoid solvent contamination during the electrochemical measurement 

(see section Electrochemical measurements p. 23). 
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Figure 8. Synthesis Scheme for C2. 

Step 1: Intermediate 1,1-Bis(2-pyridyl)ethane, PY2MeCH.         

A solution of 11.3 g (105 mmol) 2-ethylpyridine in 100 ml dry THF was 

cooled to - 78° C (dry ice/acetone, cooling bath) in a 250 ml round bottom 

flask. To this 40 ml of a n-Butyllithium solution (2.5 M in hexane) was added 

slowly (1 h) with a syringe, resulting in a change of color from light yellow to 

dark red. After further stirring for 45 minutes, 4.86 g (50 mmol) 2-

fluoropyridine was added. The cooling bath was removed and after reaching 

room temperature the reaction mixture was refluxed at ~ 70 °C for 30 

minutes. The suspension was then cooled back to room temperature, and 30 

g cruched ice was added to remove litium fluoride from the solution. The 

water and organic phases were separated, and the water phase was extracted 

with dicloremethane (3 x 30 ml). The combined organic phases were dried 

with MgSO4. After filtration, the solvent was removed by evaporation with 

the sample heated under reduced pressure in a rotary evaporator. The 

remaining yellow orange oil was distillated under reduced pressure (142°, 10 

Torr) to give a light yellow oil as product. Yield: 6.35 g (69 %)   

Step 2: Ligand 2,6-bis(1,1-di(pyridin-2-yl)ethyl) pyridine, PY5Me2 

5.6 g (30 mmol) of freshly distilled 1,1-bis(2-pyridyl)ethane was stirred in 60 

ml dry THF at - 78° C (dry ice/acetone, cooling bath) in a 250 ml 

roundbottom flask. This was followed by slow addition of 12.3 ml n-

Butyllithium solution (2.5 M in hexane). The stirring was continued for 20 

min after addition, and after that 0.7 ml (7.5 mmol) of 2,6-difluoro-pyridine 
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in 3 ml of THF was slowly added via a cannula. The cooling bath was 

removed and the mixture was allowed to slowly reach room temperature. 

The mixture was then heated at reflux for 48 h.  In order to remove water-

soluble side products 30 ml H2O was added and the organic layer was 

separated from the aqueous layer. Then the aqueous layer was extracted with 

dichloromethane (4 x 50 ml) and the combined organic layers were dried 

over Na2SO4. The drying agent was removed by filtration using a coarse 

sintered glass frit, and the solvent was removed in a rotary evaporator to 

obtain a brownish orange oil. This residue was dissolved in about 2-3 ml 

dichloromethane, and then covered with a layer of about 6 ml diethylether, 

before being set in freezer at - 25° C. After 3 days brownish crystals were 

collected by filtration using a glass frit funnel, washed with diethylether and 

dried with dry N2-gas. Yield 1.40 g (21 %). 

Syntesis of the cobalt salt: Co(CF3SO3)2(CH3CN)2.  

  

         Co+ CF3SO3H + CH3CN    Co(CF3SO3)2(CH3CN)2 

 

468 mg (7.95 mmol) Cobalt-powder was suspended in 10 ml anhydrous 

CH3CN. The mixture was cooled under stirring to 0°C. Then 2.5 g (1.46ml, 

16.7 mmol) triflic acid (HSO3CF3) was added dropwise during a period of 3 

min. After removal of the ice-bath the stirring was continued for 30 min. The 

mixture was then heated and put under reflux for 2 h.  Thereafter, the 

solvent and the excess of triflic acid were removed by evaporation in a rotary 

evaporator. The residual solid was dissolved in dry CH3CN and filtered 

through a bed of Hyflo Super Cel to remove the remaining Cobalt. The 

resulting red solution was evaporated in a rotary evaporator until crystals 

formed. By adding a minimum amount of dry CH3CN the solid was 

redissolved. The solution was then covered with a layer of twotimes the 

volume with dry diethylether and left at room temperature for tree days in 

N2-atm. The formed pink crystals were collected, washed with dry 

diethylether, dried under vacuum and stored under N2-atm. Yield: 1.22 g 

(35%). 

  

Step3: C2 variant 1: [(PY5Me2)Co(OH2)](CF3SO3)2 

193 mg Co(CF3SO3)2(CH3CN)2 and 195 mg PY5Me2 were added to a 10 ml 

mixture of acetone/water (9/1). The mixture was stirred under N2-atm. at 

room temperature for 5 h. The solution volume was reduced to ~1 ml by 

rotary evaporation, covered with ~2 ml diethylether, and stored in freezer for 



 

22 

several days. The lightbrown solid crystals were collected by filtration, 

washed in dietyhlether and dried by blowing N2 over the solid. Yield 0.20 g 

(71%). 

   

Step3: C2 variant 2: [(PY5Me2 )Co (CH3CN) ] (CF3SO3)2 

175 mg of Co(CF3SO3)2(CH3CN)2 was added to a 5 mL acetonitrile 

suspension of 177 mg PY5Me2, purged with N2 for 30 minutes. The mixture 

was stirred under N2-atmosphere at room temperature for 5 h. The solution 

was then concentrated to 1 mL under vacuum, and diethyl ether vapor was 

then allowed to diffuse into this solution. The lightbrown solid crystals were 

collected by filtration, washed in dietyhlether and dried with N2 blowing over 

the solid. Yield: 227 mg (68%). 

Synthesis of C3 

The synthesis of C3 (Figure 9) was carried out in a similar way as described 

above for C2. In step 1 the intermediate (1,1-Bis(2-pyridyl)ethane) or 

(PY2MeCH) was syntesized. In step 2 the ligand 4-Trifluoromethyl-2,6-

bis(1,1-di(pyridin-2-yl)ethyl) pyridine or  (CF3PY5Me2) was formed. Finaly, 

in step 3 two variants of the Co-complex were syntsized, namely 

[(CF3PY5Me2)Co(OH2)](CF3SO3)2  and [(CF3PY5Me2)Co(CH3CN)] (CF3SO3)2, 

by using different solvents. Again this was done to avoid solvent 

contamination during the electrochemical measurement in either H2O or 

CH3CN (see section Electrochemical measurements p. 23). 
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Figure 9. Synthesis Scheme for C3. 

Step 1: Intermediate 1,1-Bis(2-pyridyl)ethane, PY2MeCH.        

See Syntheses of  C2, Step 1. 

 

Step 2: Ligand 4-Trifluoromethyl-2,6-bis(1,1-di(pyridin-2-yl)ethyl) 

pyridine, CF3PY5Me2. 

1 g ( 5.43 mmol) of freshly distilled 1,1-bis(2-pyridyl)ethane was stirred in 20 

ml THF at - 78° C (Dry ice/acetone, cooling bath). This was followed by the 

slow addition of 2.6 ml  n-Butyllithium solution (2,5 M in hexanes). The 

stirring was continued for 15 min after addition, and after that 0.5 g (2.31 

mmol) of  2,6-dichloro-4-(trifluoromethyl)pyridine in 3 ml of THF was 

added slowly via a cannula. The mixture was allowed to reach room 

temperature. Before refluxing the solution, the solvent THF was replaced 

with 20 ml p-dioxane. This was done by evaporating THF directly in the 

Schlenk line by reducing the pressure, and then adding p-dioxane through a 

septum via a syringe. After 48 h, the mixture was cooled by adding 8 ml H2O, 

and the organic layer was separated from the aqueous layer. The aqueous 

layer was extracted with dichloromethane (3 x 5 ml) and the combined 

organic layers were dried over Na2SO4. The drying agent was removed by 

filtration using a coarse sintered glass frit, and the solvent was removed in a 

rotary evaporator to obtain brownish oil. This residue was dissolved in 1 ml 

dichloromethane, and then covered with a layer of about 3 ml diethylether, 
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before being set in freezer at - 20° C. After 2 days the brownish crystals were 

collected by filtration using a glass frit funnel, washed with diethylether and 

dried with dry N2-gas. Yield: 0.59 g (52 %). 

  

Step 3: C3 variant 1: [(CF3PY5Me2)Co(OH2)](CF3SO3)2.  

193 mg Co(CF3SO3)2(CH3CN)2 and 226 mg CF3PY5Me2 were added to a 20 ml 

mixture of acetone/water (9/1). The mixture was stirred under N2-atm. at 

room temperature over night. The solution volume was reduced to 1.5 ml 

and covered with 2 ml diethylether, and stored in freezer for several days. 

The lightbrown solid was collected by filtration, washed in dietyhlether and 

dried by blowing N2 over the solid. Yield: 367 mg (94%).  

 

Step 3: C3 variant 2: [(CF3PY5Me2 )Co (CH3CN) ] (CF3SO3)2.  

175 mg of Co(CF3SO3)2(CH3CN)2 was added to a 5 mL acetonitrile 

suspension of 177 mg CF3PY5Me2. The mixture was stirred under N2- 

atmosphere at room temperature for 5 h. The solution was then concentrated 

to ~1 mL under vacuum, and diethyl ether vapor was then allowed to diffuse 

into this solution. Yield: 263 mg (78%). 

 

Synthesis of C4 

 

1.07 g (aqueous solution 70-75.5%, 2.0 mmol) [P(CH2OH)4]2SO4 was added 

to a solution of 0.40 g (1.0 mmol) of [Co(NH4)2](SO4)2·6 H2O in 50 ml 

Millipore water (18.2 M) under stirring. This was immediately followed by 

the addition of small portions of solid Ba(OH)2 to keep the pH of the mixture 

in the range of 4.5 -5.0. The addition of solid Ba(OH)2  was stopped (after 

1.5-2 h) when the pH was stable. After stirring overnight, the solid BaSO4  

was removed by filtration, and the remaining filtrate (~50ml) was reduced in 

volume by evaporation in a rotary evaporator, and decantated into 100 ml 

methanol under vigorous stirring. The orange-yellow solid was filtered, 

washed with diethylether three times, and dryed in vacuum. Yield: 224 mg 

(37 %).  



 

25 

 

  

 

Physical methods 

 
Electrochemical Measurements 

Electrochemical measurements were acquired with an Autolab 

PGSTAT302N potentiostat (Metrohm) that was connected to a three-

electrode cell. Oxygen was removed from the electrolyte by flushing with N2. 

All Cyclic Voltammetry (CV) experiments were performed in a 3-electrode 

electrochemical cell (20 ml, ALS Co., Ltd; Figure 10, to the left) using either 

CH3CN with 0.1 M Tetrabutylammoniumperchlorate (TBAP) or phosphate 

buffer (K2HPO4/KH2PO4, K2HPO4/NaH2PO4) as media.. A glassy carbon disc 

electrode (diameter, 3 mm, area 0.07 cm2) was used as Working Electrode 

(WE).  The Counter Electrode (CE) was a platinum coil (3.6 cm2), and the 

Reference Electrode (RE) was either a silver wire electrode (Ag/Ag+, 0.01 M 

AgNO3) in CH3CN or a commercially available water-based Ag/AgCl (3M 

KCl) electrode.  

The Controlled Potential Electrolysis (CPE) in aqueous media were carried 

out in a larger 3-electrode electrochemical cell (200 ml, Metrohm; Figure 10, 

to the right) that was closed by a gas-tight lid, which was equipped with a 

teflon septum for gas sampling. The experiments were performed with a 

glassy carbon plate electrode (2 x 25 x 25 mm, area 12.5 cm2, www.2spi.com, 

www.low2high.se) as working electrodes (WE). The glassy carbon plate 

electrode (Figure 11) was constructed by connecting the purchased square 

GC-plate to an insulated copper wire with silver-epoxy, and the silver-epoxy  

was insulated by ordinary nail lacquer. The CE was a Pt-gauze (~14 cm2), 

and the RE was a commercially available Ag/AgCl (3M KCl) electrode. A 

phosphate buffer (K2HPO4/NaH2PO4), or a phosphate/NaClO4 buffer was 

used as electrolyte and Millipore water (18.2 M) as solvent.  

The WE were polished before use with a PK-3 electrode polishing kit 

containing 1 micron diamond polish, diamond polishing pads, 0.05 micron 

polishing aluminum, alumina polishing pads and a glass plate for polishing 

pads (ALS Co., Ltd. Tokyo, Japan). The glassy carbon disc electrode 

(diameter, 3 mm, area 0.07 cm2) was polished with 1 µm diamond powder 

for at least 30 seconds and thereafter rinsed thoroughly with Milli-Q water 

(Millipore), and then sonicated in Milli-Q water for 3 x 5 minutes. Sonication 
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more than 5 minutes is not recommended for electrodes embedded in plastic 

blocks consisting of PEEK (polytheretherketone) to avoid overheating and 

damage of the electrode/PEEK connection. Then the electrode was polished 

with Aluminia 0.05μm for at least 30 sec, followed by thoroughly rinsing 

with Milli-Q water (Millipore), and sonication in Milli-Q water for 3 x 5 

minutes. This was repeated at least once and, if necessary several times. 49  

The glassy carbon plate electrodes (2 x 25 x 25 mm, area 12,5 cm2) was 

treated in the same way except that the sonication was performed for a 

longer time (3 x 15 minutes) to remove as much as possible of polishing 

leftovers from the electrode, and especially from the edges exhibiting 

cavities.   

 

Figure 10.  3-electrode electrochemical cell (20 ml, to the left).   3-electrode 

electrochemical cell, (200 ml, to the right) equipped with a gas-tight lid, 

and a teflon septa for gas sampling. 
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Figure 11.  Glassy carbon plate electrode (2 x 25 x 25 mm, area 12,5 cm2)  

after CPE, with deposit on electrode surface (to the left), and a freshly 

polished glassy carbon plate with a newly “glued” copper wire (with silver-

epoxy; to the right).  

 
 
Electrochemical Techniques 

To characterize the efficiency of the catalyst, different electrochemical 

methods can be used. These methods can be divided into sub-categories.. 

The electrochemical techniques fall into two main categories based on 

current (i): static (i = 0) and dynamic (i  0).  Furthermore, the methods are 

classified into the following categories: 

potentiometry, a static method, which measures the difference in potential 

between the electrodes vs time (this method is used for example in pH 

electrodes).  

coulometry, a dynamic method, in which the current in the cell is measured 

over time. There are two forms of coulometry: Controlled Potential 

Electrolysis (CPE), in which a constant potential is applied to the 

electrochemical cell and Controlled Current Electrolysis (CCE), where a 

constant current passes through the electrochemical cell. 
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voltammetry, a dynamic method, in which the current in the cell is 

measured while the cell potential is controlled.  

In this study Controlled Potential Electrolysis  (CPE), Linear Sweep 

Voltammetry (LSV) and Cyclic Voltammetry (CV), are the electrochemical 

methods used. These methods allow to charaterize the electrical phenomena 

that occur when applying an electric field on the interface between 

conductors. This interface forms the boundary between two different 

chemical phases, and generally consists of a metal conductor (electrode) and 

a liquid ionic conductor (solution, electrolyt). The electric field is usually 

controlled by a potentiostat, a device by which the potential is controlled, 

and the resulting current can be measured. 50, 51 

Linear Sweep Voltammetry (LSV) 

In voltammetry, the potential is stepped or swept at a constant speed from 

one potential to another. Linear sweep voltammetry (LSV) implies that the 

potential is swept from an initial potential to a final potential. The potential 

span is chosen so that it includes the redox potential, E°, of the analyte. 

Initially, the analyte is unaffected by the electrode, but as the potential 

sweeps over the formal redox potential, it begins to be oxidized (or reduced) 

by the electrode. This provides a concentration gradient, and a current 

change can be observed.  The resulting current is plotted as a function of the 

voltage. 50, 51, 52 

Cyclic Voltammetry (CV) 

A common variation of LSV is Cyclic voltammetry (CV), which involves 

repeated potential sweeping back and forth between the initial and final 

potentials. In cyclic voltammetry one starts, just as in linear sweep 

experiments, with the analyte oxidized (or reduced) during the first sweep, 

but during the return sweep it is reduced (or oxidized) back to its original 

state. This gives the typical cyclic voltammograms with two peaks of the 

same magnitude but opposite sign since one process is anodic and the other 

cathodic, and this illustrates a reversible electron transfer reaction. If the 

compound decomposes or undergoes some other chemical reaction after 

been oxidized (or reduced), it will at the return sweep be at a lower 

concentration in the diffusion layer and thus the return peak will be smaller 

or missing in the cyclic voltammogram. This type of voltammogram shows 

an irreversible electron transfer reaction. 50, 51, 52 
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Controlled Potential Electrolysis (CPE) 

Controlled potential electrolysis (CPE) is a method of coulometry where a 

constant potential is applied to the electrochemical cell. The current is 

recorded as a function of time, and from this the total charge, Q, in coulombs 

(C) is calculated. By knowing the total charge passing through the 

electrochemical cell, the amount of product, e.g. hydrogen, can be 

determined by using Faradays law: 

Q=nFNA   

Where n is the number of electrons (2 e-/H2) per mole of analyte, F is 

Faraday’s constant (96487 C· mol-1 ), and NA gives the moles of analyte.  

The cell required for CPE usally has a larger volume than for voltammetry 

experiments. The WE used have a greater surface area which increases the 

rate of electrolysis, and also a CE with an equal or greater surface area than 

the WE should be used (e.g., platinum coil or gauze). Furthermore, the 

solution should be stirred to increase the rate of mass transfer to and from 

the working electrode. The CE must in many cases be isolated from the WE 

to prevent the species that is generated at the CE from interfering with the 

electrolysis reaction at the WE. This can be done by placing the CE in a 

compartment isolated from the WE- compartment by a sintered-glass disk. 
50,51,53  

Potential 

By measuring the difference in electrical potential between the electrodes of 

an electrochemical cell, with a voltmeter, one provides a measure of cell 

potential in volts (V), where 1 V = 1 Joule/Coulomb (J / C). This is a measure 

of the energy used to move the charge (electrons or other charge carriers) 

between the electrodes. Electrochemically, the term cell potential implies the 

difference in volts between two electrodes, and is denoted as E. Charge 

movement can be made between the electrode and species present in the 

solution when the cell potential is sufficient to either transfer an electron 

into the lowest unoccupied molecular orbital (LUMO) of the species in 

solution, resulting in a reduction, or to allow movement from the highest 

occupied molecular orbital of the species in solution (HOMO) into the 

electrode, causing an oxidation. These electrons involved in the charge 

movement are striving towards a location with the lowest available energy. 

This charge movement process is illustrated for a reduction in Figure 12. 

Simplified, the potential at which the electron transfer occurs is related to 

the free energy change (ΔG) in the reaction by ΔG = - n FE 
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Where n is the stoichiometric number of electrons per mole of atoms or 

molecules (moles of electrons/mol of reactant) involved in the reaction, and 

F is the Faraday constant, which is the charge of one mole of electrons in 

Coulomb (C), 1 F = 96 485 C . 51, 52 

 

Figure 12. The energy of the electrons can be raised by driving the electrode 

to more negative potentials, with a resulting charge transfer from electrode 

into the lowest unoccupied molecular orbital (LUMO) of the  species in the 

solution (i.e. a reduction). Adapted from reference 51. 

 

The Standard Cell Potential (E°cell ) 

By using a scale of relative potentials, we can predict the direction of an 

electrochemical reaction and the size of the driving force for the reaction. By 

measuring the potentials for the two half-reactions, oxidation and reduction, 

of different substances against a standard potential (SHE), under 

comparable conditions, such a scale of standard electrode potentials (E°) has 

been established. The standard cell potential (E°cell) is defined as the 

potential of a cell that has been measured under standard conditions (1 M 

solutions, 1 atm for gases, solids for other subjects) and at a fixed 

temperature (25 ° C). Since only the difference between the potential of the 
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two half-reactions at the cathode and anode can be measured, there is a need 

for a reference electrode whose potential is defined as 0 V under standard 

conditions. The Standard Hydrogen Electrode (SHE) is universly used for 

this purpose and assigned a standard potential of 0 V. The total cell potential 

is obtained by taking the reduction potential of the reductive half-reaction 

minus the reduction potential for the oxidative half-reaction: E°(cell) = E°( 

cathode) - E°(anode). 50, 51  

The Standard Hydrogen Electrode (SHE) 

The standard hydrogen electrode (SHE) is the basis of the thermodynamic 

scale of the reduction-oxidation potentials. Its absolute electrode potential is 

estimated to be 0.41 ± 0.02 V at 25 ° C, but to provide a basis for comparison 

with all other electrode reactions, the hydrogen standard electrode potential 

(E0) is declared to be zero at all temperatures according to IUPAC.54 

Potentials for all other electrodes are compared with this standard hydrogen 

electrode at the same temperature. The active parts of an SHE are usually a 

platinized platinum foil or wire in contact with an aqueous solution 

containing 1 M hydrogen ions. The hydrogen ions in solution are in 

equilibrium with H2 gas at a pressure of 1 atm at the Pt-solution interface. 

The half-cell reaction for the SHE is seen in the following equation:    

                                       2H+ (aq) + 2e-   ⇌   H2 (g) 

 

Gibbs Free Energy and Cell Potential (Cell emf) 

The change in the free energy has a sign associated with the direction of the 

net cell reaction. We can turn the sign by reversing the direction. There is a 

source of confusion when comparing a direction-dependent quantity as 

Gibbs free enegy (ΔG) to a direction-insensitive observable Cell potential (E). 

This is because the real meaning of signs - and + are different for free energy 

and potential. For the Gibbs free energy, - and + means that energy is lost 

from or returns to the system. For Cell potential - and + means an excess or a 

shortage of electronic charge. In most cases this is of little importance, since 

the context, thermodynamic versus electrostatic, is clear. But when it comes 

to electrochemical cells, where both thermodynamic and electrochemical 

concepts are needed for the theoretical explanation, it is important to clearly 

distinguish between these two conventions.
51 
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Electrochemical Cell 

Electrochemical cells are usually defined as systems consisting of two 

electrodes that are separated by at least one electrolyte phase (Figure 13 a).51 

Voltammetric measurements are performed in an electrochemical cell, where 

a potential from an external source of power (potentiostat) is applied to a 

solid working electrode (WE), relative to a reference electrode (RE), with 

both electrodes immersed in the same electrolyte solution. Such a simple 

two-electrode cell can be used for measurements at very low currents. In 

voltammetry, an additional electrode, the counter electrode (CE), is used to 

get the most common electrochemical cell setup, the three-electrode cell 

setup (Figure 13 b).  By adding the CE the current flows between the counter 

electrode and the working electrode, while by control from the potentiostat 

little or almost no current is allowed to pass the reference electrode. 

 

 Figure 13a. Two-electrode cell                         13b.  Three-electrode cell  

This arrangement prevents the referens potential from being changed  

during the experiment. The desired potential between the working and 

counter electrode, set by the user is then kept at a stable value. Since the 

potentiostat is adjusted to get the potential difference between the working 

and the reference electrode equal to the selected potential, this configuration 

allows the potential difference between the working and the counter 

electrode to be controlled by measuring the potential difference against the 

reference electrode.51, 55 

 

 

Potentiostat 

 A potentiostat is required to control a three electrode cell and is used to run 

most electroanalytical experiments. The potentiostat is in control of the 

voltage between the WE and the CE pair and adjusts this voltage so that the 
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potential difference between the WE and RE is well defined, and correspond 

to the potential specified by the user. Chemically, it is the electron flow 

required to support the active electrochemical processes at a rate that 

matches potential. This means that the response from the potentiostat 

(current) is actually the one experimentally observed and measured.51, 55 

Electrodes for Electrochemical Measurements 

Working electrodes (WE) 

The working electrode (WE) is the most important part of an electrochemical 

cell, since at the interface between WE and solution the electron transfers of 

greatest interest occur. Several important factors should be considered when 

selecting the working electrode material. First of all, an advantageous redox 

behavior of the analyte, and second a fast, reproducible electron transfer 

without electrode fouling. Additionally, the WE should have a wide potential 

window over which the electrode operates in a given electrolyte. And finally, 

one must take into account the cost of the material, how easily the electrode 

surface can be renewed after a measurement, and the electrode toxicity. The 

most commonly used working electrode materials are platinum, gold, 

carbon, and mercury. Described here are only carbon and mercury 

electrodes.  

 

Glassy carbon working electrodes 

Carbon electrodes have the advantage of allowing scans to more negative 

potentials than platinum or gold, and also? have a good anodic potential 

window. The most commonly used form of a carbon electrode is the glassy 

carbon electrode. The names “glassy carbon” and “vitreous carbon” are 

trademarks, and are not recommended by IUPAC as technical terms; instead 

the term glass-like carbon is preferred. It nevertheless appears that these 

brand names are the most commonly used in the scientific literature today, 

and will therefore be used in this work also. Glassy carbon (GC) is the carbon 

electrode material that is most commonly used in electroanalysis. It can be 

prepared in a variety of forms, where the most common are rods, sheets and 

plates. The material is produced by a long thermal treatment of 

polyacrylonitrile (PAN) or phenolic resin under pressure at high 

temperatures (1000 - 3000° C). This results in the removal of the non-

carbon atoms, and leaves the original polymer backbone largely intact. The 

result is a mechanically hard and polishable material. The microstructure is 
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isotropic, i.e. the same in all directions, and impermeable to gases and 

liquids. 50, 51 , 52, 54 

Mercury working electrodes 

Mercury has historically been a common electrode material, but because of 

concerns for human health and the environment, mercury electrodes are 

used less frequently today. The most common mercury working electrode is 

probably the dropping mercury electrode (DME), in which spherical droplets 

formed at the end of a glass capillary fall off repeatedly during a potential 

scan, being replaced by a "fresh" electrode during specific time intervals, 

seconds or more. Today, more commonly films of mercury formed on the 

surface of solid electrodes are employed instead of the pure metal. This 

implies that, a small volume of the mercury film provides a larger electrode 

surface thereby allowing the analyte to concentrate in larger quantities, 

increasing the rate of diffusion of the analyte between the electrode and the 

solution. 50, 51 , 52 

Reference electrodes (RE) 

Reference electrodes are half-cells, stable over time and resistant to 

temperature change, and have fixed, reproducible electrode potentials. The 

standard hydrogen electrode (SHE) described earlier, is widely used for this 

purpose and is assigned a standard potential of 0 V. Due to practical 

limitations other electrodes than the SHE are more frequently used in the 

electrochemical experiments. For aqueous solutions, silver/silver chloride 

reference electrodes (Ag/AgCl) are probably the most commonly used RE 

because of their simple and inexpensive construction, and their non-toxic 

components. For aqueous solutions, silver/silver chloride reference 

electrodes (Ag/AgCl) are probably the most commonly used RE. The most 

widely used mercury RE is the Saturated Calomel Electrode (SCE), which has 

the diasvantage of containing the environmental toxin mercury. For non-

aqueous solutions, the silver/silver cation reference electrode (Ag/Ag+) is the 

most commonly used RE.  

Silver/silver chloride reference electrode (Ag/AgCl) 

The silver/silver chloride reference electrode (Ag/AgCl) consists of a silver 

wire (Ag) coated with a layer of solid silver chloride (AgCl), immersed in a 

solution saturated with KCl, and AgCl. The half-reaction for the electrode is: 

AgCl (s) + e-       Ag (s) + Cl- (aq) 

http://commons.wikimedia.org/wiki/File:Leftrightarrow.gif
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with a potential of 0.197 V relative to the SHE at 25 oC. 52 

 

Silver/silver cation reference electrode (Ag/Ag+) 

The silver/silver cation reference electrode (Ag/Ag+) has the same basic 

construction as the silver/silver chloride reference electrode, but usually 

with 10 mM or 0.1 M AgNO3 and a supporting electrolyte of 0.1 M  TBAP  

dissolved in MeCN or any other organic solvent as filling solution. The half-

reaction for this electrode is: 

Ag+ + e-       Ag0      E0
Ag/Ag

+ =   0.799 V relative to the SHE at 25 oC. 

The potential of the RE varies with different solvents due to differences in 

the degree of ionization of silver ions in each solvent. A well-defined redox 

couple is usually used to calibrate a RE. 50, 51  

Reference redox couples must be stable during the measurement, and must 

have a repeatable potential in the system used. A good reference redox 

couple for non-aqueous media is the ferrocene/ferrocenium (Fc/Fc+) couple 

at 0.5-10.0 mM concentration. Potential for (Fc+/Fc) vs (SHE) = 630 mV in 

ACN  at 250 C. 50, 56 

Counter electrodes (CE) 

There are no specific requirements for the electrode material in counter 

electrodes except that it must not affect the reactions occurring at the WE. 

The three electrodes in a cell should be positioned so that the solution 

resistance is as small as possible. This can usually be accomplished by having 

the tips of the three electrodes as closely together as possible, without 

disturbing the current paths between the electrodes. Close distance is 

particularly important between the RE and the WE. In addition the shape 

and size of the CE in relation to the WE can be important to consider. The 

area of the CE should be at least as large as the area of the WE, and 

additionally it is advantageous if the shape of the electrodes mirror each 

other so that the current density and potential along its entire length and 

area is constant. To avoid the interference of products formed on the CE with 

the reaction at the WE, the CE can be physically separated from the WE 

space using a fritted tube. Platinum is the most common material for the CE, 

because of its inertness. 50, 51 , 52 

http://commons.wikimedia.org/wiki/File:Leftrightarrow.gif
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Plotting Conventions in Voltammetry 

The measured current from the voltammetric experiments is expressed as a 

current-potential curve, where current is expressed in ampere (A), or current 

per surface unit (current density in A/cm2) on the y-axis, and the potential in 

volt (V) on the x-axis. Two major conventions prevail to express these 

current-potential curves, the polarographic or “classical”convention used in 

the United States, and the international or IUPAC convention used in this 

work. The IUPAC convention shows negative potentials (reduction) to the 

left of zero, and positive potentials (oxidizing) to the right. Cathodic currents 

(reduction) are shown as negative values (down), while the anodic currents 

(oxidation) are shown as positive values (up) along the y-axis.52 This 

convention is shown as a diagram in Figure 14. 

 

Figure 14. Plotting convension according to IUPAC. Adapted from ref 52. 
 

H2-Evolution  Measurements  

The amount of hydrogen produced in the CPE experiments was measured 

with a gas chromatograph. From the headspace (125 mL) of the 

electrochemical cell, equipped with a gas tight lid with Teflon septum, gas 

samples of 1 ml were taken every 15 minutes during a 2 hours CPE-

experiments. The gas samples were injected in the GC, and the resulting 

peak areas (AreaH2) were recorded and compared to peak areas of the 
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calibration gas, containing 1800 ppm H2 in N2 (AGA-gas AO nr 7939-0001, 

Hydrogen 1817 ppm  2 % in Nitrogen). The calibration factor was calculated 

from the meanpeak area (Areacal.) of at least three measurements from 

injected calibration gas. The calculations were based on the assumption that 

we have an ideal gas, with the gas volume 24.2 dm3 (l) per 1 mole at 25 0C 

and 100.0 kPa. The calibration factor was then calculated according to the 

following formula.  

Calibration factor (mol H2· area-1)  = Injected volume (1·10-3 l) x ppm H2 

(1817·10-6)/24.2 mol l-1 x Areacal.  

This calibration factor was then used to calculate the hydrogen evolution (in 

mol H2) from the formula below. 

Hydrogen evolution = AreaH2 x Calibration factor (mol H2· area-1)  

x Headspace volume (125·10-3 l-1) /  Injected volume (1·10-3 l-1)   (mol H2 ) 

An estimate of dissolved H2 in the solution (50 ml) based on Henry’s law is 

 < 0.05 ml at a measured volume of 4 ml H2 in the headspace. 

(SEM)/(EDS) Characterizations  

Surface analyses on the GC-electrodes were carried out with a Field Emission 

Scanning Electron Microscope (FESEM) equipped with an energy dispersive 

X-ray Detector, performing Energy-dispersive X-ray spectroscopy (EDS). 

This was done to check if the elecrodes were clean before an experiments and 

to get an idea of the elemental composition of the deposit on the electrodes 

after the bulk electrolysis experiments. The surface analyses performed were 

both of the visual field, i.e. elemental mapping, and spot analyzes of small 

particles.  
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Results 

Characterisation of the Molecular Catalysts 

The synthesized complexes have been characterized by a variety of 

techniques in order to determine their elemental composition, structure and 

electrochemical characteristics. For structure determination spectroscopic 

and spectrometric methods, IR (infra red spectroscopy), UV-Vis (Ultra 

Violet-Visible spectroscopy), 1H NMR (Proton Nuclear Magnetic Resonance 

Spectroscopy), LTQ/Orbitrap MS (Ion trap/mass analyser Mass 

Spectrometry), and ICP-MS (Inductively Coupled Plasma Mass 

Spectrometry) have been used. The reported values are compared with 

literature values. Several electrochemical methods have been employed to 

obtain information about the stability and the catalytic properties of the 

complexes. Moreover, the working electrodes have been examined by 

Scanning Electron Microscope (SEM), to obtain information about the 

chemical composition of the electrode surface before and after the CPE 

experiments. The results of the structural characterization of the complexes 

were in good agreement with reported values, but the mass spectra of C1 and 

C2 did not confirm the reported and calculated values. Therefore, it was 

decided to proceed in this work, partly owing to time constraints, only with 

the electrochemical characterizations of C3 and C4. 

Characterisation of Complex C1 

IR (KBr):  Found: 3602, 3532, 3020, 2959, 2929, 1620, 1551, 1440, 1385, 

1343, 1216, 1183, 1095, 1006, 956, 827, 626, 605 cm-1; Litt.57: ν(B–O) 1160.47 

cm-1, ν(B–F) 1160.47 cm-1, ν(B–F) 954.14,  826.29 cm-1, ν (C=N) 1620.04 cm-

1.  

UV-Vis: Found:  1 260 , 2 328, 3 456; Litt (H2O)58:  1 260 , 2 328, 3 456.  

Elemental analyse: Found: C 26,3%, H 4,39%,N 15,25%; Calculated  for 

CoC8H16O6N4 (+MeCN): C 22,8% (26,01%), H 3,80%(4,15%), N 

13,3%(15,16%).  

LTQ/Orbitrap MS: Found: (C1 in ACN) m/z 461.0766; Calculated: for 
[Co(dmgBF2)2) (H2O)2] = (C8H16CoB2F4N4O6) m/z 420.0670 (M+H+), 



 

40 

[Co(dmgBF2)2) (ACN)1] = (C8H16CoB2F4N4O6) m/z 425 (M+H+), 

[Co(dmgBF2)2)] = (C8H16CoB2F4N4O6) m/z 384 (M+H+). 

Characterisation of Complex C2 

1H NMR: Ligand PY5Me2: (CDCl3, 400 MHz) Found: = 8.50 , 7.54, 7.20, 

7.05, 6.88, 2.23; Litt.47:  = 8.50 , 7.56, 7.39, 7.04, 6.82, 2.20.  

Elemental analyse: Found: C 46,70%, H 3.03%, N 9,13%, S 7,12%; 

Calculated for C31H27CoF6N5O7S2 +(MeCN): C 45.48% (46,10%), H 3.32% 

(3,52%), N 8.55% (9,78%), S 7,83% (7,46%).  

LTQ/Orbitrap MS: Found: m/z 766.1199 (M+) ([(PY5Me2)Co +CO2+4*H2O] 

(CF3SO3)1 
(+) ); Calculated for [(PY5Me2 )Co] (CF3SO3)1  = (C30H25CoF3N5O3S) 

m/z 651.0957 (M+).  

Characterisation of Complex C3 

1H NMR: Ligand CF3PY5Me2: (CDCl3, 400 MHz), Found:  = 8.45-8.44, 

7.37, 7.23-7.19, 6.79-6.77, 2.14-2.10; Litt.45:  = 8.51, 7.47, 7.34-7.27, 7.10, 

6.88, 2.22,  

Elemental analyse: Found:  C 42,25 %; H 2.85 %; N 7.40%; Calculated for 

C32H26CoF9N5O7S2, C 43.35 %; H 2.96 %; N 7.90 %..   

LTQ/Orbitrap MS: Calculated for [(CF3PY5Me2 )Co ] (CF3SO3)1  = 

(C31H24CoF6N5O3S) m/z 719.0831 (M+), Found, m/z 719.0826 (M+). 

Structural Characterisation of Complex C4 

UV-Vis: max  270 nm, 440 nm, Litt.(H2O).46  max  270 nm, 440 nm 

Elemental analyse: Calculated for C12H34N2O12P4SCo, C  23.50 %;  H  

5.59 %; N 4.57%, Found:  C 23.95 %; H 5.60 %; N 4.70 %.  

ICP-MS: Found: Co/P Ratio 1:4,  Litt.46 Co 8,32%, P 17,51% Co/P Ratio 1:4 

  

Electrochemical Characterisation 

The complex C3, [(CF3PY5Me2)Co(OH2)] (CF3SO3)2 was synthesized in two 

variants whith the exogenous ligand at the apical position changed from 

(H2O) to (CH3CN) for electrochemical studies in acetonitrile (CH3CN) in 
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order to to avoid any solvent contamination in the electrochemical 

measurements. The complex C3(H2O) was only used for electrochemical 

experiments in aqueous solutions. C4, CoP4N2 is insoluble in organic 

solvents and was therefore examined only in aqueous media regarding the 

electrochemical measurements. 

Cyclic Voltammograms in Organic Media 

The cyclic voltamogram (CV) of C3(CH3CN) in acetonitrile solution (black 

line in Figure 15) shows two reversible redox couples, at E1/2 = 0.92V and  at 

E1/2 = - 0.66V vs SHE. These values agree well with the literature 

(Co(III)/(II) 0.98V vs SHE, Co(II)/(I) -0.64V vs SHE), where these signals 

were assigned to the metal-based Co(III)/Co(II) and Co(II)/Co(I) redox 

couples, respectively.59  As internal reference also ferrocene was recorded 

(red line in Figure 15). 

 

Figure 15.  Cyclic voltammogram of 2.4 mM C3(CH3CN) (black solid line) 

and internal reference ferrocene (red solid line) in 0.1M TBAP in acetonitrile. 

Other conditions: Scan rate 100 mV/s, N2 atmosphere. 
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Cyclic Voltammograms in Aqueous Media 

The CV of C3(H2O) in aqueous media shows a sharp reversible cathodic peak 

(black line in Figure 16) assigned to Co(II)/Co(I) reduction at -0.92 V vs 

SHE in 1.0 M phosphate buffer at pH 7.0, which  is consistent with 

literature.59  Additionally, a smaller but distinct oxidation peak was observed 

for the redox couple Co(II)/Co(I) resulting in E1/2 = -0.83 V vs SHE. A CV 

scan without catalyst (blank) was also recorded (dotted line in Figure 16).  

 

Figure 16.  Cyclic voltammogram of 3.7 mM C3(H2O) (black solid line) and 

witout catalyst (grey dotted line) in 1.0 M Pi-buffer pH 7.0. Other conditions: 

Scan rate 100 mV/s, N2 atmosphere. 

Towards the positive potential direction a reversible redox couple 

(Co(III)/Co(II))  at E1/2 = 0.33 V vs SHE was obtained (Fig. 17). This 

oxidation wave shifts positively from high to low pH with a slope of 55 

mV/pH, which is close to the ideal value of 59 mV/pH. This indicates a one-

proton one-electron redox process (Inset of Fig. 17).  Comparable results 

have been reported previously for other pentadentate cobalt complexes in 

aqueous media.59,60,61  The pH dependence of the E1/2 value of the reduction 

couple Co(II)/Co(I) have not been investigated in this study, and according 

to the literature it seems to be more complex and has not yet been 

reported.59 
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Figure 17.  Cyclic voltammogram of 3.7 mM C3(H2O) (black solid line) and 

without catalyst (grey dotted line) in 1.0 M Pi-buffer pH 7.0. Inset: pH 

dependence of the oxidation wave for C3(H2O) in Pi-buffer at various pH 

values. Other conditions: Scan rate 100 mV/s , N2 atmosphere. 

 The CV of C4 shows in aqueous 1.0 M phosphate buffer at pH 7.0 a sharp 

cathodic peak with an onset potential (solid line in Figure 18) of -1.00 V vs. 

SHE at a current desity of 0.5 mA/cm-2, indicating a reduction process, (see 

also ref 46). The same reduction process can also be seen in the later 

conducted LSV measurements (blue solid line in Figure 19), and suggests a 

catalytic proton reduction.  
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Figure 18.  Cyclic voltammograms of 0.65 mM C4 (solid line) and Glassy 

carbon-electrode (0.07 cm2 ) (dotted line) in 1.0 M Pi-buffer at pH 7, 

Other conditions: scan rate 100 mV s-1 , N2 atmosphere. 

Cathodic Scans (Linear Sweep Voltammetry, LSV) in Aqueous 

Media 

To obtain a comparison of the two cobalt complexes C3 and C4 to platinum, 

cathodic scans of these catalysts were performed with a glassy carbon 

working electrode (diameter 3 mm) in 0.1 M Pi-buffer with 0.1 M NaClO4 as 

supporting electrolyte at pH 7.0. The cathodic scan with a platinum disc as 

working electrode (diameter 3 mm) was performed under the same 

conditions, and resulted in an onset potential of -0.41 V vs SHE at 0.50 mA  

cm-2. The Co-pentapyridine complex C3 gave an onset potential of -1.31V vs 

SHE compared to -1.16 V vs SHE for the CoP4N2 complex C4, and the glassy 

carbon electrode exhibited the onset potential of -1.56 V vs SHE at 0.50 mA  

cm-2. This implies that C4 exhibit an overpotential compared to E0 (H+/H2)  

of 740 mV, and C3 an overpotential of 890 mV. (Fig. 19) . For both 

complexes a small reductive peak (Inset of Fig. 19) was observed at a more 

positive potential than the onset values, i.e. before catalyzed hydrogen 

production occurred.  
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Figure 19.  Cathodic Scans of 0.13mM C3 (red), 0.13 mM C4 (blue), Glassy 

carbon-electrode (black) and Platinum-electrode (grey), in 0.1 M Pi/NaClO4 

pH 7 , E0 (H+/H2) (red dashed)  -0.42V vs SHE , Other conditions: scan rate 

100 mV s-1, N2 atmosphere. Inset: Reduction peaks of C3: -0.89V vs SHE and 

C4: -0.55V vs SHE. 

Controlled Potential Electrolysis (CPE)  

CPE measurements of the two catalysts in a phosphate buffer solution at pH 

7.0 with a Glassy Carbon-plate (Area 12.5 cm2) as WE was performed to get 

an indication of their stability, and their efficacy in hydrogen production. 

The potential was set to the constant value of -1.10 V. This potential was 

sufficiently negative to cause rapid reduction, but not negative enough for 

causing too strong oxygen production at the CE disrupting the current flow. 

To determine the amount of H2 produced the experiment was performed in a 

sealed container, from which 1 ml samples of the gas phase were taken 

during the experiment every fifteen minutes with a syringe. The H2 was 

quantified using a gas chromatograph. The first CPE-experiment performed 

with 0.2 mM C3 in 0.05 M Pi-buffer at pH 7.0 gave a resulting charge of 9.5 

Coulomb (blank not subtracted), and a measured volume of 0.3 ml (14 µmol) 
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H2 after 2h. (Fig. 20 a).  The Faradaic Efficiency (FE) with blank subtracted 

(see Fig. 22 and connected text) was 48-100%. Then the electrode was rinsed 

thoroughly, and immersed in new 0.05 M phosphate buffer without catalyst, 

and a second 2h CPE-experiment was performed. An unexpected increase of 

the resulting charge to 31 Coulomb, and a hydrogen volume of 1.6 ml (66 

μmol) was obtained (Fig. 20 b). 

 

Figure 20 a. Controlled potential electrolysis of 0.2 mM C3 in 0.05 M Pi-

buffer pH 7.0, showing resulting charge vs. time (blue line), measured 

volume H2 (blue line+symbol) and Figure 20 b. resulting charge (black 

line), measured volume H2 (black line+symbol), from rinsed GC-electrode in 

0.05 M new Pi-buffer pH 7.0. Applied potential -1.10 V vs SHE.  

The identical CPE experiments were then carried out with C4 instead of C3 

in the same buffer solution. The resulting charge of 51 Coulomb (blank not 

subtracted), and the measured volume of 3.1 ml (126µmol) H2 after 2h (Fig. 

21 a) were significantly higher than for C3. The FE with blank (see Fig. 22) 

subtracted was 52-59%. Also in this case an increase in the resulting charge 

and H2 was noticed if the rinsed electrode was subjected to a second CPE 

scan in catalyst-free buffer: the charge rose to 59 Coulomb, and the produced 

H2 to 4.2 ml (174 µmol), (Fig. 21 b). UV-Vis measurements at 270 and 440 

nm were taken prior to and after the 2h CPE scan, and the results show that 

the absorbance before the 2h CPE, is 0.852 at 270 nm and 0.204 at 440 nm. 

After the 2h CPE the absorbance decreased to 0.657  at 270 nm and to 0.192 

at 440 nm. 

a) b) 
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Figure 21 a. Controlled potential electrolysis of 0.2 mM C4 in 0.05 M Pi-

buffer pH 7.0, showing resulting charge vs time (blue line), measured 

volume H2 (blue line+symbol) and Figure 21 b.  resulting charge (black 

line), measured volume H2 (black line+symbol) from rinsed GC-electrode in 

0.05 M new Pi-buffer pH 7.0. Applied potential -1.10 V vs SHE.  

Finally, two identical CPE experiment were performed without catalyst in 

the buffer solution to obtain the blank value. The results were slightly 

variable for the current, giving a total charge of 4.0 C and 9.6 C, respectively 

(mean of 6.8 Coulomb). In contrast, in both cases the same low amount of 

H2 was detected after 2 h (Fig. 22 a): 0.003 ml (0.1 µmol) H2. When the 

electrode was rinsed, and then subjected to a second CPE scanning in buffer 

of same concentration the mean charge  increased to 12.8 Coulomb (6.7 C 

and 18.8 C, respectively), while the produced H2 was again similar and 

increased to 0.26 ml (10.8μmol; Fig. 22 b). 

 

Figure 22 a. Controlled potential electrolysis of 0.05 M Pi-buffer pH 7.0, 

showing resulting mean-charge from two experiments (grey and lt.grey line) 

vs time (green line), measured volume H2 (green line+symbol), and  

Figure 22 b.  resulting mean-charge from two experiments (grey and lt.grey 

line) vs time (green line), measured volume H2 (green line+symbol),  from 

a) b) 
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rinsed GC-electrode in 0.05 M new Pi-buffer pH 7.0. Applied potential -1.10 

V vs SHE. 

Energy-Dispersive X-ray Spectroscopy (EDS), Characterization 

of GC-electrode after CPE Experiment 

After the bulk electrolysis experiments, deposition on the GC-electrode (area 

12.5 cm2) was observed. The surface analyses of the deposit on the GC-

electrodes were carried out with a Scanning Electron Microscope (SEM) 

equipped with an energy dispersive spectrometer, performing Energy-

dispersive X-ray spectroscopy (EDS). This characterization was done before 

and after the CPE experiments, as well as on a new “as received” GC-

electrode. From an “as received” GC-electrode (Area 1.5 cm2) the EDS-scan 

exhibited an O/C atomic ratio of 9.3 %, and no other elements were found. 

By conducting an EDS scan (Fig. 23) on a polished GC electrode which prior 

to polishing was used as WE in a CPE experiments with 0.05 mM Pi buffer, 

pH 7.0, we could test our polishing and cleaning method. This gave the 

following result: K: 3.8-4.9 Wt%, Na: 0.6-0.9 Wt%, O/C atomic ratio: 4.7  % 

(litt. 15% 62, 10-11% 63 )  

 

Figure 23. EDS-scan of a polished GC-electrode (12.5 cm2; left side). The 

electrode had prios to polishing been subjected to an CPE-experiment (2h) 

in  0.05 M Pi-buffer. The determined elemental composition (example on 

right side) was: K: 3.8-4.9 Wt%, Na: 0.6-0.9 Wt%, O/C  atomic ratio: 4.7  % 

Figure 24 shows the depositions formed during CPE of complex C3, detected 

in an EDS scan after CPE experiments in two steps where 0.2 mM C3 in 0.05 

M Pi buffer was electrolyzed, followed by an electrolysis in 0.05 M Pi buffer 

alone, without a catalyst. The result shows that no cobalt was found in the 

deposition of the electrode, and the same result, i.e. no detected cobalt was 

obtained for 45 of 46 EDS scans of the same deposit. Only in one case cobalt 

was found at an EDS scan of the electrode deposition, after CPE with C3 in 
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solution. The result (Co: 0.5 weight%)  was obtained in one of two EDS spot 

analyses (spectrum 23) of a small particle on the electrode surface shown in 

Figure 25. Moreover, higher levels of potassium than sodium is found in the 

deposit, giving the following results, based on values from all mapping 

spectra obtained: K: 7.4-9.1 wt% Na: 0.3 - 1.7 wt%, and a high O/C atomic 

ratio, 16.1 %. 

 

Figure 24. EDS mapping analyse of GC-electrode (12.5 cm2; left side), after 

2h CPE-experiment in 0.2 mM C3 in 0.05 M Pi-buffer at pH 7.0, and 2h with 

rinsed GC-electrode in 0.05 M Pi-buffer at pH 7.0. The determined 

elemental composition (example on right side) was: K: 7.4-9.1 Wt% Na: 0.3-

1.7 Wt%, O/C atomic ratio, 16.1 %. 

 

Figure 25. EDS spot analyse of GC-electrode (12.5 cm2; left side), after 2h 

CPE-experiment in 0.2 mM C3 in 0.05 M Pi-buffer at pH 7.0, and 2h with 

rinsed GC-electrode in 0.05 M Pi-buffer at pH 7.0. The determined 

elemental composition (right side) was: Co: 0.5 Wt% , K: 19.3 Wt%, Na: 5.2 

Wt%, Cl: 0.3 Wt%,  Si: 0.6 Wt% 

Figure 26 shows the depositions formed during CPE of complex C4, 

performed in an EDS mapping analyse after an identical CPE-experiment in 

two steps as previously described. The result  indicates that C4 is less stable 
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than C3, as small amounts of cobalt are found in the deposit (0.4-0.8 Wt%). 

Regarding the distribution Cobalt is found unevenly distributed in spots on 

the electrode, unlike Potassium that is uniformly distributed in the deposit, 

which is shown in Figure 26c and d. The amounts of potassium compared 

with sodium, shows the same pattern as in the previous EDS scan, with 

larger amounts of potassium, giving the following results, based on values 

from all spectra obtained: K: 4.0 to 8.9 wt%, Na: 1.0-1.1 wt%, and an 

increased O/C ratio, 13.0 atomic%. 

  

Figure 26 a. Electron image of GC-electrode after 2h CPE-experiment in 

0.2 mM C4 in 0.05 M Pi-buffer at pH 7.0, and 2h with rinsed GC-electrode 

in in 0.05 M Pi-buffer at pH 7.0. Figure 21 b. The elemental composition of 

18a, as in compilation with the other spectra gave the result: Co: 0.4-0.8 

Wt%, K: 4.0-8.9 Wt%, Na: 1.0-1.1 Wt%, and O/C atomic ratio, 13.0 %. 

Figure 26 c, d. EDS layer of Cobalt (orange) unevenly distributed in spots 

and Potassium (yellow) uniformly distributed in the deposit.  

EDS scans from spot analysis of small particles in the deposit, show very 

high cobalt concentrations (> 14 Wt%), after an CPE-experiments (2x2h),  

performed with 0.2 mM C4 in 0.05 M Pi-buffer, which is exemplified in 

Figure 27.  
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Figure 27. EDS spot analyse of GC-electrode (12.5 cm2; left side),  after 2h 

CPE-experiment in 0.2 mM C4 in 0.05 M Pi-buffer at pH 7.0, and 2h with 

rinsed GC-electrode in in 0.05 M Pi-buffer at pH 7.0. The determined 

elemental composition (right side) was: Co: 14.42 Wt%, K: 5.67 Wt%, Na: 

0.85 Wt%.  
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Discussion 

In this study four molecular cobalt catalysts for hydrogen production (C1, C2, 

C3 and C4) have been synthesized, and characterized in order to reveal the 

elemental composition and structure. Two of these (C3 and C4) were tested 

for catalytic performance and stability using electrochemical techniques. The 

CV´s of complexes C3 and C4 in aqueous solution showed reduction 

processes, which could also be seen in the later performed LSV 

measurements. Comparable onset potentials have been reported in the 

literature. 46, 59 Such reduction waves are frequently taken as evidence for 

catalytic proton reduction.  

Amount of Hydrogen Produced 

Only more recently some publications appeared that showed that it is highly 

important to confirm H2 production by direct measurements, thereby 

obtaining analytical confirmation and quantification of H2 production often 

by performing bulk electrolysis and simultaneously measuring the generated 

hydrogen volume by gas chromatography.  As also shown by the results of 

this study, it is important for molecular catalysts that these experiments are 

followed by a control experiment ("rinse-test"), where after the catalysis the 

electrodes are thoroughly rinsed with Millipore water (18.2 M), immersed 

in new buffer without catalyst, followed by a CPE experiments under the 

same condition. This allows evaluating if the molecular/homogeneous 

catalysts are stable or if they decompose and eventually transformes into 

solid/heterogeneous species on the electrode surface.64  

Is the Catalyst Homogeneous or Heterogeneous? 

Recently, there have been reports of decomposition of molecular/ 

homogeneous catalysts, where the presumed catalyst has been found to be 

heterogeneous, that is, converted to metal film/particles or soluble metal 

colloids/nanoclusters.65,66,67,68,69 For example, the conversion of the 

molecular cobalt complex C1,65 (synthesized in this work) in phosphate 

buffer at neutral pH, wherein an electrocatalytic material initially consisting 
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of nanoparticles (10 nm) is formed, and after prolonged deposition, particle 

size increases up to 100 nm. Upon decomposition to metal films or particles 

they are found as a deposit, and should be detectable  by EDS and X-ray 

photoelectron spectroscopy (XPS), while metal colloids can be revealed  

using for example dynamic light scattering (DLS). Both metal films/particles 

and metal colloids are considered to be heterogeneous because of the 

presence of multiple types of active sites on their surface, whereas 

homogeneous catalysts have a single type of active site.64,70 Additionally, the 

stability of a homogeneous catalysts in the reaction mixture shall be 

controlled by measuring its concentration using spectroscopy before and 

after CPE. In this study this was done for C4 by UV/VIS spectroscopy, and 

the data provided independend evidence for its decomposition. 

Pros and Cons of a Glassy Carbon Plate Electrode 

GC electrodes are commonly used because of their high temperature 

resistance, hardness, low thermal resistance and impermeability to gases and 

liquids. In addition, they exhibit small residual current, and a wide potential 

range, especially at the positive potential side. However, prior to each 

experiment extensive cleaning is required in order to obtain reproducible 

results. This study shows, in agreement with previous reports, that manual 

polishing commonly gives variable results, even if one closely followes an 

extensive protocol.71  

In this study, the GC electrodes were examined for cleanness by EDS before 

and after the CPE experiments. The presented EDS scans were obtained 

mainly from the side of the GC plate facing the RE and CE (see Figure 10 and 

11), here called front surface, but also a few examination of the edge surfaces 

have been performed. These edge surfaces are, unlike the smooth front 

surface, rough and full of cavities that probably arose when the plate was cut 

into a square shape, and may thus hide residues from the polishing or 

electro-deposited residues from the current or previous CPE scans. Although 

no remnants of cobalt were found in the EDS scans of the edges after 

polishing the GC plates, one should take into account that detection of 

remnants in the cavities is much more difficult than on flat surfaces.  

By covering the edges and the back of the electrode to reduce the surface that 

requires polishing and by using mechanical polishing or other cleaning 

methods such as electrochemical or vacuum heat cleaning72 63, the sources of 

error can be further reduced. 
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Suitability of C3, for Solar Fuels Applications 

For the evaluation of the suitability of a catalysts for solar fuels application 

both its catalytic (Faradaic) efficiency, i.e. rate of H2 production at a given 

potential, and its stability are highly important parameters. 

The CPE scan with C3 in the bulk solution (electrolyte) gave at a potential of 

-1.10 V vs SHE a resulting charge of 9.5 Coulomb, and a hydrogen 

production of 0.33 ml (13.5 mol) after the first CPE scan (2h). The H2 

produced within this period is clearly less than stoichiometric compared to 

the amount of catalyst in solution, and corresponds to a catalytic rate of 

about 6 µmol / h. 

During the rinse test an increase of the resulting charge to 31 Coulomb, and 

of hydrogen to 1.60 ml (65.7 mol) was observed. If C3 would act as 

homogeneous catalyst, and if it were the only way for the H2 production, 

then we should have observed no current and no H2 evolution during the 

rinse test. Therefore, the observation of an even higher catalytic effectivity 

during the rinse test suggests that a catalytically active deposite was formed 

on the electrode surface during the first 2h scan. We thus visualised and 

analysed the deposits by 46 EDS scans, of which 18 were EDS spot analyses. 

The deposits were found to consist of Na and K, and in only one spot analysis 

a trace of C0 was detected. In addition, the O/C ration increased. This may 

suggest that either the Na/K deposits and/or the increased oxidised carbon 

are catalytically active. Consistent with this idea we did also observe an 

increase in current and H2 production between the first 2 h CPE and the 

rinse experiment also in our blank experiments (Fig. 22). However, while 

somewhat variable, the absolute values in these blank experiments remained 

below those seen for C3. It is thus concluded, that some C3 deposition or 

decomposition (deposition of Co) should take place and account for this 

difference in activity. The single observation of Co in one EDS spot analysis 

can be seen as support for this idea, but further tests with more sensitive 

techniques such as XPS will need to be performed in future to test this 

hypothesis.  

In such future studies, it would be good to also undertake spectroscopic 

analysis of the catalyst concentration before and after the H2 production 

measurements, as well as to test for colloid formation in the electrolyte.  

Our data deviate somewhat from  a previous report, in which a glassy carbon 

plate (area not defined) was used during CPE of 0.1 M C3 in 0.1 M Pi / 

NaClO4 at a potential of -0.963 V vs. SHE 59.  These authors observed a total 

charge of 9 C after  the first 3h scan, and a charge of 1 C after the rinse test. 
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However, with no reported H2 volume, the efficiency and stability are based 

solely on the total charge. 

In summary, our data confirm that C3 exhibits catalytic efficiency for H2 

production in neutral water. However, the level of activity is too low for solar 

fuels applications when C3 is simply added to the water phase. In addition, 

indications for a limited stability were obtained. As a possible way forward 

we suggest a direct chemical linkage of complex C3 to the electrode. It has 

been reported previously that the covalent attachment of a diimine–dioxime 

cobalt catalyst to the surface of a carbon nanotube electrode has a stabilizing 

effect.42 Since C3 showed promising reducing (reductive) properties based 

on CV and LSV measurements, it may be possible that the covalent 

attachment of C3 on the electrode material makes  C3 a suitable candidate 

for an artificial leaf device. 

Suitability of C4, for Solar Fuels Applications 

The CPE scan of C4 in bulk gave at an applied potential of -1.10 V vs SHE a 

resulting current of 51 Coulomb after 2h, and a measured volume of 3.07 ml 

(127 μmol) H2, which was significantly higher than that for C3. However, 

also here a considerable portion of the electrons goes to side reactions 

instead of H2 production, since the FE was 52-59% (background subtracted). 

After the second CPE scan in catalyst-free buffer (rinse test) the charge rose 

to 59 Coulomb, and the volume of H2 to 4.20 ml (174 μmol).  The increase in 

this case, compared with C3, is less pronounced, but still noteworthy because 

just as in the previous control experiments, no catalyst was added to the Pi 

buffer during the rinse test. The finding of cobalt in the deposition on the 

electrode and the decrease by 23 % and 6% in the UV-Vis absorbance at 270 

and 440 nm during the CPE experiments indicates that C4 undergoes 

decomposition. Furthermore, this suggests that the catalytic effect in the 

rinse test originates from electro deposited nanoparticles on the electrode 

surface. The higher catalytic effect compared to C3, seen in the first CPE 

scanning containing C4 in buffer, appears at first sight to indicate that C4 is 

a more efficient H2 evolution catalyst than C3. However, the rinse test and 

the discovered Co deposits on the electrode rather suggest that the activity 

observed in our experiments is mostly derived from the transformation of 

the molecular catalyst into nanoparticles deposited on the electrode. The also 

possible conversion of the catalyst into soluble metal colloids or 

nanoclusters67 has not been investigated, but if present would have resulted 

in a lower volume of H2 during the rinse test experiments, making this 

unlikely.  
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C4 has been reported to have a very high H2-producing efficiency based on 

CPE tests with Static Mercury Drop Electrode (SMDE). A resulting charge of 

~ 1800 C at a CPE experiments with 4 µM C4 in 2 M Pi buffer for 20h was 

reported (~ 250 C for 2 h). However, it must be considered that a 

comparison between SMDE and GC electrode is problematic because the 

catalytic reactions at the electrodes are reported to have different reaction 

mechanisms.46, 51, 73 When using a mercury electrode the reaction has been 

suggested to be highly affected by adsorption of the molecular cobalt 

complex at the electrode, which is constantly renewed. This adsorption may 

modify the structure of complexes such as C3, which in turn is bound to alter 

the reactivity.  

Regarding C4, we have observed catalytic properties, which largely appears 

to stem from the converted Co-complex to a solid deposit of nanoparticles 

containing Co, on the electrode. This catalytically active solid/ 

heterogeneous catalyst needs to be studied in more detail, using various 

spectroscopic methods in addition to EDS. The relatively high catalytic 

efficiency observed for C4 makes it important to reveal if the complex is a 

promising candidate as a catalyst or pre-catalyst in an artificial leaf unit, by 

testing the stabilizing effect of grafting and electrodepositing65 on different 

surfaces. 

Conclusions and Suggestions  

When comparing C3 and C4, the catalysts C3 shows greater stability, since 

cobalt was found in only one out of 46 EDS scans of the deposit of the GC 

electrode after 4 hours of CPE, while the catalyst C4 showed clear signs of 

degradation, and cobalt was found in 70% of the EDS scans of the electrode-

deposition after 4 hours of CPE. In addition the UV-Vis spectrum of C4 in 

the solution decreased during the CPE experiment. Our data show that for 

both C3 and C4 a large portion of the electrons is used during the CPE 

experiments to electrodeposition. This demonstrates that simply measuring 

the total charge is not enough for determining the amount of H2 produced. 

Comparison of complex C3 to previously reported CPE experiments 

performed on GC electrode, shows a comparable charge after 2h CPE, but 

differs in the control experiment "rinse test” in which a significantly higher 

charge was observed in our experiments. A comparison of our results 

regarding complex C4 to reported values from CPE tests performed using a 

SMDE is complicated by different materials in the working electrode, i.e. GC 

vs SMDE. We observed ~200-times lower H2 production, indicating that the 

adsorption of Co to Hg has a strong co-catalytic effect. 
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The data of this study show that a careful combination of electrochemistry, 

gas chromatography/mass spectrometry, UV/Vis spectroscopy and electron 

microscopy (EDS) is required for a detailed evaluation of H2 evolution 

catalysts. For further examination of the elements included in the deposits (if 

any), with even more sensitive spectroscopic methods such as  XPS, 

Extended X-Ray Absorption Fine Structure (EXAFS) and X-ray absorption 

near edge structure (XANES) will be necessary to study the oxidation state of 

elements, and for understanding the details of the local structure in the 

deposited metal clusters.  

Since deposition problems in bulk electrolysis seem to complicate 

assessment of catalysts, attempts should be made to attach these complexes 

to different electrode material, either by covalent linkage or by reductive 

electrodeposition, and then to evaluate them electrochemically.  These 

materials can preferably be carbon-based, GC, graphite, carbon paper, or 

maybe new electrode material such as NFC graphene composite, made of a 

mixture of nanographite and NFC (Nanofibrillated cellulose).74 This would 

probably be more successful, and also provide advantages in the terms of 

simpler and more reliable estimates of catalysts efficiency. It would also be 

closer to the intended future application of an artificial leaf device. But also 

here extensive test will be required to probe the presence and intactness of 

the catalyst after activity tests. Furthermore, ligand modifications may 

contribute to increased efficiency and stability and the reduction of 

overpotentials. 
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