
 
 
 

 

Activity determinants and limiting factors in 
neutral-pH water oxidation investigated for an 

electrocatalytic cobalt-phosphate system 
 

 

 

A Dissertation 
 

Submitted in Partial Fulfilment of the 

Requirements for the Degree of Doctor Rerum Naturalium 

(Dr. rer. nat.) 

to the Department of Physics 

of Freie Universität Berlin 
 

by 

Si Liu 
 

 

 

Berlin, 2024 
 

 

 



Supervisor: Prof. Dr. Holger Dau 
Second examiner: Prof. Dr. Peter Strasser  

Date of defense: 26. April 2024



I 

Abstract 

The massive consumption of fossil fuels and the severe greenhouse gas effect urgently require 
the development of renewable energy sources. Green hydrogen via water electrolysis powered 
by renewable energy sources such as solar or wind could drive the upcoming energy transition. 
While water electrolysis technology is commercially mature, its operation in corrosive 
electrolytes undoubtedly does not allow for future decentralized energy production by private 
individuals ("personalized energy"). Moreover, the high kinetic barrier of the water oxidation 
reaction (also known as oxygen evolution reaction, OER) limits the overall efficiency of water 
electrolyzer. Therefore, developing OER at neutral pH is crucial but it is typically hampered 
by low catalytic efficiency. Here, an electrocatalytic cobalt-phosphate system is chosen as a 
model system to study activity determinants and limiting factors in neutral-pH OER. 
Electrochemical experiments were used in combination with various in-situ/operando 
spectroscopic techniques (e.g. X-ray absorption spectroscopy (XAS), Raman spectroscopy 
(RM), UV spectroscopy) and total reflection X-ray fluorescence (TXRF) as well as 
mathematical simulations. As a result, project (a) found out the macroscopic proton transport 
in the bulk electrolyte dominating the rate limitation of neutral OER and it is facilitated by the 
diffusion of either phosphate ions (base pathway) or H3O+ ions (water pathway). A proof-of-
principle experiment shows an achievable current density over 1 A cm−2 in neutral-pH OER. 
Project (b) verified the catalytic current of OER depending exponentially on the CoIV 
concentration for the volume-active CoCat material, irrespective of electrolyte pH or mass 
transport limitations. It is the chemical state of the equilibrated material that governs the rate 
of catalysis, rather than electric potentials or field strengths itself. Project (c) via a novel 
potassium XAS supports that the important charge-compensated ion flow is not realized by 
potassium ions but by protons. Project (d) revealed the pronounced local acidification close to 
the outer surface of CoCat for potential applied beyond the Tafel slope regime. A circular 
electrolyte flow between anode and cathode is verified and contributed to the buoyancy effect. 
The non-diffusive flows dominating proton transport may be technically relevant for water 
electrolyser. 
In summary, understanding limiting factors of neutral water oxidation facilitates the 
knowledge-guided design of efficient, technologically relevant catalysts and water 
electrolyzers. The new mechanism of OER catalytic rate governed by the chemical state of the 
equilibrium material may reveal a unifying concept for connecting the heterogeneous, 
homogeneous and biocatalysis.  



 

II 

Zusammenfassung 

Der massive Verbrauch fossiler Brennstoffe und der schwerwiegende Treibhauseffekt 
erfordern dringend die Entwicklung erneuerbarer Energiequellen. Grüner Wasserstoff durch 
Wasserelektrolyse, der aus erneuerbaren Energiequellen wie Sonne oder Wind gewonnen wird, 
könnte die Energiewende vorantreiben. Technologisch betrachtet ist Wasserelektrolyse zwar 
kommerziell ausgereift, aber ihr Betrieb in korrosiven Elektrolyten lässt eine zukünftige 
dezentrale Energieerzeugung durch Privatpersonen ("personalisierte Energie") zweifelsohne 
nicht zu. Darüber hinaus begrenzt die hohe kinetische Barriere der Wasseroxidationsreaktion 
(auch bekannt als Sauerstoffentwicklungsreaktion, OER) die Gesamteffizienz des 
Wasserelektrolyseurs. Daher ist die Entwicklung von OER bei neutralem pH-Wert von 
entscheidender Bedeutung, wird aber in der Regel durch eine geringe katalytische Effizienz 
behindert. Hier wird ein elektrokatalytisches Kobaltphosphatsystem als Modellsystem gewählt, 
um die Aktivitätsdeterminanten und begrenzenden Faktoren von OER bei neutralem pH-Wert 
zu untersuchen. 
Elektrochemische Experimente wurden in Kombination mit verschiedenen in-situ/operando 
spektroskopischen Techniken (z.B. Röntgenabsorptionsspektroskopie (XAS), Raman-
Spektroskopie (RM), UV-Spektroskopie) und Totalreflexions-Röntgenfluoreszenz (TXRF) 
sowie mathematischen Simulationen durchgeführt. Als Ergebnis wurde im Projekt (a) 
festgestellt, dass der makroskopische Protonentransport im Volumenelektrolyten die 
geschwindigkeitsbegrenzende neutrale OER dominiert und durch die Diffusion von 
Phosphationen (Basenweg) oder H3O+-Ionen (Wasserweg) erleichtert wird. Ein Proof-of-
Principle-Experiment zeigt eine erreichbare Stromdichte von über 1 A cm-2 in pH-neutraler 
OER. In Projekt (b) wurde gezeigt, dass der katalytische Strom von OER exponentiell von der 
CoIV-Konzentration für das aktive CoCat-Material in der Masse abhängt, unabhängig vom 
pH-Wert des Elektrolyten oder von Beschränkungen des Massentransports. Es ist der 
chemische Zustand des Materials im Gleichgewicht, der die katalytische Rate bestimmt, und 
nicht die elektrischen Potentiale oder Feldstärken selbst. Projekt (c) unter Verwendung eines 
neuartigen Kalium-XAS beweist, dass der wichtige ladungsausgleichende Ionenfluss nicht 
durch Kaliumionen, sondern durch Protonen realisiert wird. Projekt (d) zeigte die ausgeprägte 
lokale Versauerung in der Nähe der äußeren Oberfläche von CoCat bei einem Potenzial, das 
über den Tafel-Steilbereich hinausgeht. Eine kreisförmige Elektrolytströmung zwischen 
Anode und Kathode ist nachgewiesen und trägt zum Auftriebseffekt bei. Die nicht-diffusiven 
Strömungen, die den Protonentransport dominieren, könnten für Wasserelektrolyseure 
technisch relevant sein. 
Zusammenfassend lässt sich sagen, dass das Verständnis der limitierenden Faktoren der 
neutralen Wasseroxidation die wissensbasierte Entwicklung effizienter, technologisch 
relevanter Katalysatoren und Wasserelektrolyseure erleichtert. Der neue Mechanismus der 
OER-Katalysatorrate, der durch den chemischen Zustand des Gleichgewichtsmaterials 
bestimmt wird, könnte ein vereinheitlichendes Konzept für die Verbindung von heterogener, 
homogener und Biokatalyse aufzeigen.  
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1 Introduction 

1.1 Broad context 

Fossil fuels (i.e., coal, oil, natural gas) have been used for energy supply and in chemical 
industry for about 260 years.[1] In 2021, the consumption of the three resources reached over 
595 EJ accounting for over 80% of the globally consumed energy. Their use has increased 
steadily over the past two decades, with the exception of 2009 and 2020 due to the global 
economic crisis and the coronavirus pandemic.[2] Global annual energy consumption is 
predicted to reach 20 terawatts by 2030, doubling by 2050 and tripling by the end of the 
century.[3;4] Considering the non-renewable nature of burning fossil fuels, the global 
community will face energy depletion in the next century. Data published in the 2021 British 
Petroleum (BP) Statistical Review of World Energy shows that global coal, oil and natural gas 
could be depleted in 139, 54 and 49 years, respectively, based on trends in the ratio of global 
coal, oil and natural gas reserve-to-production from 1980 to 2020.[5] Taking into account the 
accelerated process of industrialization in underdeveloped and developing nations, fossil fuels 
will undoubtedly remain the main form of energy in the short term to meet the growing demand 
for energy.[6] Global combustion/oxidation of fossil fuels increases carbon dioxide emissions 
into the atmosphere and oceans, leading to global warming, extreme weather phenomena, 
ocean acidification and increased geopolitical instability.[5;7] 
Cumulative emissions of carbon dioxide from fossil fuels over the entire 1850-2021 period are 
about 172 million tons per year, with coal accounting for 46%, oil 35%, and natural gas 15 %.[8] 
Huge anthropogenic CO2 emissions are viewed as a major source of the greenhouse gas effect, 
which is why the Paris Agreement came into force in 2016. The agreement sets a goal of 
achieving net-zero CO2 emissions by 2050 in order to keep global average temperatures well 
below 2 °C or pursue efforts of 1.5 °C above pre-industrial level.[9] In order to realize the 
provisions of the Paris Agreement, complete or drastic reductions in the use of fossil fuels need 
to be accompanied by a strong development of clean/renewable energy sources, i.e., wind/solar, 
hydropower and biomass, among others. According to statistics, the utilization of renewable 
energy accounts for only about 15% of total global energy consumption.[5] In recent years, 
countries around the world have developed a variety of policies around renewable energy 
technologies, carbon pricing policies, carbon dioxide capture and conversion, clean materials 
development, solar energy utilization, and others.[10;11] Green hydrogen plays an indispensable 
role in decarbonization processes, for example in industry (e.g., steel manufacture), transport 
(e.g., shipping or aviation), buildings (e.g., hydrogen heating) and power generation.[12] 
Demand for pure hydrogen tripled between 1975-2018, leading to more than 70 million tons 
of hydrogen production in 2018.[12] Currently, 90% of hydrogen is produced by burning fossil 
fuels (natural gas).[7] 
Notably, the electrolysis of water using renewable energy sources such as solar or wind to 
generate electricity can produce energy without releasing carbon and has emerged as a 
promising method for producing green hydrogen.[13-15] More than 50 years ago, Fujishima and 
Honda discovered a titanium dioxide semiconductor that splits water under light illumination, 
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and their pioneering work inspired (photo)electrochemical water splitting and a combination 
of photovoltaics and water electrolyzers.[16;17] In practice, water splitting via indirect electricity 
is currently the most matured technology and is commercially available, but it is 6-25 times 
more costly than using conventional fossil fuels (e.g., steam-methane reformation, coal 
gasification).[18;19] As a whole, superior performance to date has mostly been achieved in 
lab-scale applications, while larger scale applications (>100 W) are more challenging. To date, 
the most efficient photovoltaic-powered electrolyzers have achieved solar-to-hydrogen (STH) 
efficiency of up to 30% on a laboratory scale.[20] Noteworthily, a new research on solar 
hydrogen production shows that an unprecedented large-scale hydrogen production (0.5 kg per 
day) can be achieved with concentrated sunlight, demonstrating more than 20% STH device 
(5.5% system), which can power a fuel cell vehicle for about 50 km.[21] In addition, a hydrogen 
rate of more than 2 kilowatts (>0.8 g min−1) was realized, which represents an improvement of 
about two orders of magnitude over previous findings.[22] In addition to utilizing renewable 
energy sources, another way to close the carbon cycle is by electrochemically converting waste 
carbon dioxide into chemical feedstocks.[11] A report notes that if electricity prices are below 4 
cents per kWh and energy conversion efficiency is at least 60 percent, the cost of converting 
CO2 into chemicals using green electricity could be comparable to the cost of burning 
conventional fossil fuels.[11] 
Challenges for achieving CO2 conversion also include capturing CO2 directly from the air, 
which currently costs between $94 and $232 per tonne of CO2 captured due to the lack of 
mature technologies for capturing CO2 from the atmosphere.[23] From a practical standpoint, 
there has never been a better time for academia, government, and industry to join forces to 
improve the efficiency of catalytic conversion and to understand the determinants of various 
catalytic reactions, whether hydrogen utilization or CO2 conversion. 
The hydrogen evolution reaction (HER) and carbon dioxygen reduction reaction (CO2RR) 
involve multi-electron and multi-proton transfers, similar to the metabolic process involving 
hydrogenase in microorganisms [24;25] or the dark reaction period in natural photosynthesis that 
converts CO2 into glucose.[26-29] Natural photosynthesis has provided great inspiration for 
energy storage and conversion and has been continually reviewed (Figure 1-1).[4;7;30-35] Natural 
photosynthesis is divided into light and dark reaction processes, corresponding to photosystem 
II (PS II) and photosystem I (PS I) systems, respectively.[36] Typically, photosynthesis consists 
of four stages: (i) light absorption, charge separation and electron transfer; (ii) water oxidation 
at the center (Mn4CaO5) of PSII cluster center; (iii) proton/electron separation for energy 
storage (generating adenosine  triphosphate (ATP) and nicotinamide adenine dinucleotide 
phosphate (NADPH)); (iv) CO2 fixation (Calvin cycle).[35] The first two stages of PS II produce 
oxygen, electrons, and protons, followed by the transfer chains of electron (proton) to PS I. 
This process is known as the Z-scheme process.[6;32;37] Interestingly, the widespread mimicry 
of natural photosynthesis occurred during two periods: the oil crisis of the 1970s; and the 
process of decarbonization initiated by the massive burning of fossil fuels that led to global 
warming.[38] The complexity of biological photosynthesis has led to many research topics in 
building artificial photosynthesis, including light capture, charge separation, catalysis, 
semiconductors, nanoscience, biomimicry, (photo)electrochemistry and photophysics, reaction 
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mechanisms, and engineering technologies.[32;39-41] It has been noted that the electron and 
proton equivalents generated by water oxidation (step ii) provide the driving force for 
carbohydrate production. In addition, the water oxidation center of PS II has been regarded as 
a natural paradigm for topics involving redox-potential leveling, proton removal, and O-O bond 
formation. Thus, water oxidation (also known as OER) plays a critical role in storing solar 
energy, which is the center of my dissertation. 
 

 
Figure 1-1. A simplified scheme showing experimental techniques of energy storage and conversion 
inspired by natural photosynthesis. The leftmost picture points out the general steps of natural 
photosynthesis.[35] The middle cell emphasizes the ideal cycle of a water electrolyzer and a fuel cell. 
The purple dotted box illustrates the integration of OER and CO2RR to produce valuable fuel or 
chemical products and mitigate CO2 emission. HOR, hydrogen oxidation reaction; ORR, oxygen 
reduction reaction; CO2RR, carbon dioxygen reduction reaction. 

As a half-reaction of water splitting, OER reduces the overall efficiency of the water 
electrolyzer because it involves 4e−/4H+ transfer reactions, which have slower kinetics and 
require higher overpotentials compared to HER.[42] Here, instead of discussing the effect of the 
electrolyte environment on OER, we summarize the general progress of water electrolysis 
under different electrolyte conditions. Water electrolysis is a well-established technology, more 
than two centuries old since its discovery in 1789.[43] Although water splitting was discovered 
in acidic electrolytes, it has been used commercially in alkaline solutions for over a century.[44] 
Depending on the type of electrolyte, water electrolyzers are categorized into three systems:[45] 
alkaline water electrolysis (AWE),[46-48] proton exchange membrane water electrolysis 
(PEMWE),[43;46;49-51] and solid oxide (steam) electrolysis cells (SOEC). Besides operating in 
extremely acidic or alkaline media, neutral-pH water electrolysis is another way to produce 
hydrogen and facilitate the combination with CO2 reduction reaction.[52-58] However, current 
densities at neutral pH are still largely lower than those at extreme conditions. Why current 
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densities at neutral or near-neutral pH are so low? Further discussions of water oxidation in 
neutral pH media are provided below. 

1.2 Water oxidation at neutral pH and evaluation of catalytic performance 

Numerous mechanistic studies have been conducted on alkaline or acidic OERs.[59-63] 

Compared to extreme conditions, water oxidation under neutral pH conditions has been less 
studied. In order to achieve large-scale water splitting, OER studies at neutral pH will be critical: 
(i) In contrast to OER in strong acids or bases, neutral-pH OER facilitates the assembly of 
catalysts with other semiconducting materials in manufacturing devices (e.g., artificial 
leaf[32;64]); Furthermore, unlike natural water, where metals or biomolecules are always present, 
passivating oxide layers (e.g., Ca(OH)2, Mg(OH)2, etc.) are easily formed in alkaline media, 
which can also lead to denaturation of biomolecules;[65] 
(ii) For achieving “personalized energy”, where cheap and simple devices substitute the 
centralized large-scale energy conversion and utilization procedures,[66] its safety aspect is 
guaranteed at neutral pH and it also reduces the installation costs of the equipment; 
(iii) In order to combine OER with CO2 reduction, neutral pH can reduce the conversion of 
CO2 to carbonate and improve the utilization of CO2 compared with alkaline conditions. In 
addition, compared with acidic conditions, neutral pH can inhibit the HER side reaction, thus 
improving the product selectivity of CO2RR.[67;68] 
Since water oxidation is an endothermic process, efficient catalysts usually work under harsh 
conditions,[69], therefore it is crucial to develop superior catalysts at neutral pH. Ideal catalysts 
should be characterized by at least four aspects, inter alia, cost-effectiveness, durability (from 
years to a decade), low overpotential (high current densities), and high turnover frequency 
(TOF).[53] A simple catalyst synthesis procedure is essential. First-row transition metal 
compounds involving Co-, Ni-, and Fe-based materials have been extensively studied as 
efficient electrocatalysts in neutral or alkaline media. Whereas NivFewOx(OH)y catalysts are 
widely recognized as the best alkaline OERs, volume-active cobalt oxides (CoCat), pioneered 
by the Nocera group in 2008, are one of the best-performing electrocatalytic materials currently 
available at neutral pH conditions.[70;71] Many derived catalysts with other properties have been 
developed through strategies such as changing components, surface area, morphology,[72] and 
electronic states.[42;53;73-76] Although the reported catalysts have been tested mainly on a 
laboratory scale, there is no specific uniform procedure for direct comparison of catalysts 
prepared in different protocols or laboratories. In order to compare the performance of catalysts 
in terms of activity, stability and efficiency, the following parameters are usually evaluated: 
(1) Overpotential (h): it defines the potential difference between the experimentally measured 
potential at a specific current density and the theoretically thermodynamic equilibrium 
potential of the OER at 1.23 V versus reversible hydrogen electrode (RHE). A smaller 
overpotential means a higher energy conversion efficiency, thus indicating a better 
performance of the catalysts. Therefore, several common overpotentials are listed here based 
on electrolyte type and activity value: (a) the “Onset h” is typically found in the field of 
homogeneous catalysis and is defined as the onset potential at which the catalytic current 
density just begins. However, the exact starting position at which the initial catalytic reaction 
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occurs is often poorly defined due to the overlap with the redox peak; (b) the other h is defined 
at a specific current density such as 1 mA cm−2, and is commonly used as a metric for the OER 
at a neutral pH; and (c) the overpotential (denoted as η10) at a constant current density of 10 
mA cm−2 is widely accepted for evaluating the actual performance of electrochemical devices. 
This value is based on a solar-to-fuel efficiency of 12.3 % under one sun illumination.[77;78] It 
is worth noting that η10 is not measured in terms of the intrinsic activity of the catalyst;[78] (d) 
importantly, some catalysts (e.g., nickel-based material) can typically reach high current 
densities (200-400 mA cm−2 is often observed in industrial electrolyzers), therefore it is 
necessary to measure overpotentials at higher current density such as 100 mA cm−2 to access 
the OER performance of a catalyst. It should be noted that the overpotential at a given current 
density depends on several parameters, including the electrochemical setup device, the type 
and concentration of the electrolyte, the method of film preparation, the sample size, etc. 
(2) Tafel slope and exchange current density: Tafel slope is the slope of a linear regression of 
a Tafel plot describing the relationship between overpotential (η) and the logarithm of the 
current density (log(j)), and is expressed by the Tafel equation (η = blog(j) + j0, where b 
represents Tafel slope, j0 represents the exchange current density). It provides information 
about the reaction kinetics and therefore the reaction mechanism.[79-82] The exchange-current 
density (j0) reflects the intrinsic electrocatalytic activity of the catalyst. Good OER 
electrocatalysts typically have lower Tafel slopes and larger exchange current densities.[83] It 
is important to note that the determination of the Tafel slope should be free from mass transfer 
limitations such as bubble interference.[84-88] Moreover, the Tafel equation adapted from Butler-
Volmer model provides insights into the catalytic kinetics involving charge transfer at the 
metal-electrolyte interface based on a series of assumptions,[89-91] and therefore, understanding 
the mechanism of OER catalytic rate in terms of the Tafel slope should be mindful of some 
partially contradictory reports.[40;92] 
(3) Catalytic activity: the catalytic performance of catalysts is reflected in the catalytic current 
normalized by several factors, i.e., the geometric area of the electrode (geometric activity), the 
mass loading of the catalyst (mass activity), and the effective active area of the catalyst (specific 
activity). Geometric activity is used to assess the efficiency of solar-to-fuel conversion and 
does not reflect the intrinsic activity of the catalysts;[78] mass activity is an important indicator, 
especially for noble-metal catalysts. A high mass activity means that less catalyst is used and 
therefore more cost-effective; specific activity is proportional to the effective active area, which 
can be measured by the Brunner-Emmett-Taylor (BET) method [93;94] or by determining the 
electrochemically active surface area (ECSA). The former is based on the principle of gas (N2) 
adsorption and is commonly used for drying samples, assuming that the gas enters the entire 
surface of the catalyst and is affected by the porosity or morphology of the material.[93;94] The 
ECSA is proportional to the electrochemical double-layer capacitance (Cdl), which can be 
determined by collecting a series of CVs in a small non-Faradaic region at different scan 
rates.[95] By plotting half of the difference in anode and cathode current densities versus the 
scan rates, the fitted slope represents Cdl and it is further divided by the specific capacitance 
(Cs) to get the ECSA value. Cs can usually be found in the literature depending on the electrode 
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substrate and the electrolyte, but we recommend direct measurement of the capacitance per 
unit area of a smooth planar electrode substrate under the same electrolyte conditions.[95] 
(4) Stability: as one of the crucial parameters for judging the performance of a catalyst, good 
stability is a prerequisite for practical application, and ideally the catalyst should be able to 
operate for several years.[96] Catalyst stability is assessed by taking continuous CVs, 
chronopotentiometry (CP) or chronoamperometry (CA) measurements, respectively, over a 
long operating period. When comparing CV curves before and after hundreds of cycles, good 
stability is indicated if the CV curves of the last cycle and the first cycle nearly coincide or if 
the decrease is less than 10%. Stability measurements at 100-200 mA cm−2 and high 
temperatures (70-100 °C) are typically required for large-scale installations.[45] 
(5) Turnover frequency (TOF): it describes the intrinsic activity of OER catalysts by the 
following equation:[97;98] 

 𝑇𝑂𝐹 =
𝑗𝑁!
4𝐹G

 Equation 1-1 

j denotes current density at a certain overpotential, NA represents the Avogadro constant, F is 
the Faraday constant, G stands for the number of active sites. Due to the uncertainty of the exact 
number of active sites, it is challenging to obtain an accurate TOF value. Typically, there are 
two methods of calculating TOF. One is to consider the entire mass loading as active sites, 
which leads to an underestimation of the TOF value because not all meal sites are active sites. 
The other method is to integrate the redox peak area of the metal element under the cathodic 
current curve as shown in Equation 1-2:[99] 

 G =
𝐴
n𝑛𝑒

 Equation 1-2 

A denotes the area of integration of the cathodic CV wave (mA V); n is the scan rate of CV 
(mV s−1); n is the number of electrons transferred for the redox reaction (a typical value of n is 
1, e.g., Co2+ to Co3+); e is the elementary charge (e = 1.602 × 10−19 C). 
(6) Faradaic efficiency (FE): it represents the charge transfer efficiency of transferring charge 
from an external circuit to oxygen (for OER) and can be quantified as the ratio of actual oxygen 
evolution to theoretical oxygen evolution. The actual amount of oxygen is often measured by 
gas chromatography or water-gas displacement, while the theoretical amount of oxygen is 
calculated by Faraday’s law.[100] Moreover, the FE can be used to assess the selectivity of 
catalysts, such as those catalysts used for CO2RR. An alternative way to directly quantify FE 
is to use a rotating disc electrode (RRDE) but it is only applicable to OER.[100;101] The basic 
principle is that oxygen produced by a glassy carbon (GC) disk is consumed on a Pt ring via 
the oxygen reduction reaction. The currents recorded from the discs and rings as well as the 
collection efficiency determined by RRDE can be used to calculate the FE according to 
Equation 1-3: 

 𝐹𝐸 =
𝐼"𝑛#

𝐼#𝑛"𝑁$%
 Equation 1-3 
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Here, the ring and disc currents are denoted as IR and ID, respectively; nR and nD are the number 
of electrons transferred on the ring and disc, respectively; NCL represents the collection 
efficiency of RRDE. Theoretically, the FE should be 100% for an excellent electrocatalyst, but 
due to the formation of by-products or heat, the FE is often lower than unit.[42;43] 
The above parameters reflect the thermodynamic and kinetic behavior of catalysts and are the 
cornerstone for screening excellent neutral water electrolyzers catalysts. 

1.3 Amorphous cobalt-based material 

As OER catalysts, noble metal oxides (e.g., IrO2 and RuO2) have been widely investigated and 
have shown excellent performance and are regarded as the benchmark electrocatalysts for OER. 
However, its high cost and scarcity limit its commercial application.[102] As a result, there is a 
growing research interest in searching for non-precious transition metal oxides.[42;76;103] In 
recent years, amorphous catalysts have shown higher catalytic performance and advantages 
than crystalline materials (Figure 1-2).[42;75;104-108] 

 
Figure 1-2 Scheme showing amorphous materials having better activity because of the above-mentioned 
properties. Readapted with permission from ref.[109]. In the case of the CoCat, however, the 
electrochemically active surface area (ECSA) is not particularly large and corresponds to that of the 
substrate electrode.[99] The CoCat can be regarded as a hydrated oxide, with thin (mono)layers of water 
molecules between oxide layer fragments (similar to birnessite), so that there is no ionic double layers 
within the CoCat material. 

As an exemplary model catalyst, the electrodeposited amorphous CoCat catalyst from the 
pioneering work of Nocera's group,[70] showed the best catalytic performance in neutral OER 
catalysis, stimulating a strong interest in this material.[65;71;99;110-143] CoCat offers a number of 
advantages: (i) high catalytic activity at room temperature and neutral pH, (ii) economical and 
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abundant transitional metal components, (iii) self-healing (repair) properties by reapplying the 
potential,[71;121;132] (iv) high activity in nature water and salt (sea) water, (v) high 
manufacturability and broad compatibility with a variety of substrates, and (vi) the ability to 
be used as a co-catalysts for modifying photoelectrodes to enhance photo- (electro-) chemical 
activity.[144-146] This is similar to the mechanism involving self-assembly[70] and 
self-repair[71;132;140] of the PSII active centers (CaMn4O5 clusters).[147-149] Additional functional 
and structural comparisons of CoCat with the OER active centers of PS II are given in ref. [66]. 
It is noteworthy that by slightly modifying the electrodeposition technique or changing the 
electrolyte, some CoCat-derived catalysts, such as nickel-based[150;151] or 
manganese-based[152;153] catalysts, have an extremely similar structure to amorphous 
CoCat.[112;152;154] In the following, previously reported work on CoCat is summarized 
concerning its preparation, structural and functional relationships, determinants of catalytic 
activity, and possible catalytic models. 
In 2008, CoCat catalysts were electrodeposited on ITO using different cobalt salts (e.g., CoSO4, 
Co(NO3)2, or Co(OTf)2 (where OTf = triflate)) dissolved in potassium phosphate buffer (KPi) 
or similar buffer systems at a catalytic potential (1.29 V vs. NHE) at neutral pH, which was the 
starting point of the study of neutral CoCat catalyst. Cobalt, phosphate and potassium ions were 
all incorporated into CoCat with a stoichiometry of approximately 2-3:1:1.[70] Other buffer 
systems including methyl phosphonate (MePi), borate (Bi) or fluoride were investigated and 
showed comparable catalytic activity, suggesting that the catalytic activity is electrolyte 
independent.[111;114] CoCat can be deposited on a variety of semiconductor or conductive 
substrates such as titanium dioxide,[155-157] silicon,[64] glassy carbon,[111;121;123] nickel foil,[111] 
etc., which means that it is highly manufacturable and can be used directly to construct 
photovoltaic electrodes without the need for post-modification. Cobalt metal can also be used 
to prepare CoCat.[115] Recently, the intrinsic photoelectrochemical effect of CoCat has been 
reported and its excitation wavelength dependence has been emphasized.[157] 
The amount of cobalt deposited can be controlled by varying the deposition time. By selecting 
the catalytic potential, the prepared CoCat films will be rougher. A quantitative equation for 
the conversion between deposition amount and film thickness is available in ref. [99;128]. It is 
worth noting that CoCat can be operated in natural water or even salt water (seawater) with 
negligible interference from Cl− or impurities, which means that it has robust properties.[65;111] 
The presence of KPi or other buffers (e.g., Bi, MePi) promotes the self-repair mechanism. The 
reason for this is that in the presence of phosphate ions, dissolved Co2+ is redeposited when 
Co2+ is oxidized to Co3+, which is analogous to the process of CoCat preparation.[66] In isotope 
experiments with labeled cobalt (57Co) and phosphate (32P), switching off the electrode 
potentials, cobalt is released much slower than phosphate, which supports the role of cobalt as 
the main active center in water oxidation catalysis.[71] The detailed mechanism of self-healing 
and self-repairing under different potential conditions was discussed in ref. [140]. 
Structurally, CoCat was first characterized by quasi-X-ray absorption spectroscopy (XAS),[112] 
and it shows that complete or incomplete CoIII–oxo cubanes interconnected by di–µ2,3–O/OH 
are likely to constitute the central structural unit of CoCat. Subsequently, theoretical 
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calculations discuss the protonation states of CoCat, including protonated µ2–O atoms or 
deprotonated µ3–O atoms, and suggest existing terminal oxygen atoms for almost all 
catalysts.[40;112;113;122;158] This facilitates the formation of low-barrier hydrogen bonds and can 
increase the proton mobility at the catalyst-water interface.[120] Subsequently, by comparing the 
extended X-ray absorption fine structure (EXAFS) and X-ray absorption near edge structure 
(XANES) between CoCat and the well-known LiCoO2 reference, it further supports the 
short-range ordered structure of CoCat and reveals the bulk oxidation state of Co3+ at static 
state.[110] In addition, Nocera group proposed a molecular cobaltate cluster (MCC) model[117] 
and suggested that CoCat has a similar structural motif to the cobaltate compound CoO(OH) 
with edge-sharing CoO6 octahedra that differs from the corner-sharing cubane model.[112] An 
average Co valency greater than 3 was detected in the catalytic region (1.25 V vs. NHE) by 
XANES spectroscopy.[117] The MCC model was further supported and extended to a 3D 
layered double-hydroxide structure by stacking the oligocobaltate lamellae.[118] By X-ray 
photoelectron spectroscopy (XPS), it was observed that the hydrated layered double-hydroxide 
structure contains nonstoichiometric electrolyte anions.[118] Direct evidence of Co(IV) species 
was detected by ex/in situ EPR during catalysis.[116;136] Pair distribution function (PDF) 
analysis of high energy X-ray scattering indicates that the CoCat structure domain consists of 
13–14 cobalt atoms with a disordered component of phosphate.[122] Subsequently, larger cobalt 
domains with 19 Co atoms were evaluated for CoCat deposited at low potential (1.04 V vs. 
NHE).[159] Another PDF analysis showed that when electrodeposited with different buffers 
(CoBi vs. CoPi), intermediate-range structures are distinct, suggesting that CoBi has 
multi-layered coherent state domain clusters, while CoPi has unstacked smaller cluster.[159] 
Another comparison between CoBi and CoPi centered on the charge transport and bulk 
conductivity properties conducted by various spectroscopies.[133] 
Preliminary mechanistic findings of CoCat were deduced from electrodynamic and cyclic 
voltammetry studies.[113] The results show that catalytic water oxidation involves the 
pre-equilibrium of one electron, one proton process (PCET), and that phosphate acts as a 
proton acceptor to facilitate the PCET equilibrium redox process, which precedes the 
turnover-limiting chemical step of O-O bond formation.[113] However, the critical nature of the 
rate-determining step in the formation of O-O bonds is not well understood. The O-O bond 
formation pathways reported in recent years are shown in Figure 1-3, mainly through bulk 
water nucleophilic attack (BWNA) and intramolecular oxygen coupling (IMOC). Subsequently, 
the structure, stability, and activity of CoCat in water oxidation reactions were investigated at 
pH 0–14, revealing the pH dependence of the homogeneous and heterogeneous reactions.[118] 
The proposed catalytic mechanism for O–O bond formation involves the nucleophilic attack of 
the Co(IV)=O site by bulk water (BWNA, a path of Figure 1-3A). This was also confirmed by 
rapid-scan FTIR spectroscopy studies of Co3O4 nanoparticles, which identified superoxide 
species bridging two cobalt ions.[160] Density functional theory (DFT) calculation using the 
cuboidal Co4O4 complex as a structural model [161] suggested that Co(IV) to Co(V) is required 
for O–O bond formation, also seen more in refs. [128;162-164]. Alternative DFT and molecular 
dynamics simulation of CoCat suggest that the direct intramolecular oxygen coupling (IMOC) 
mechanism involves the coupling of a Co(IV)═O oxyl to geminal (i.e., bonded to the same Co 
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atom) Co–OH (b path of Figure 1-3A) or Co-μO–Co groups (d path of Figure 1-3A) to produce 
either hydroperoxo or peroxo intermediates prior to the formation of O–O bond.[162;164] 
However, the coupling of the d-path to the bridging oxygen is discouraged in refs. [131;162;163]. 

 
Figure 1-3. Possible pathways for O–O bond formation and the proposed OER models of CoCat. (A) 
The O–O bond formation pathways via either bulk water nucleophilic attack (BWNA) onto pre-bound 
oxygen of Co-oxo species (a) or intramolecular oxygen coupling (IMOC), which involves geminal 
coupling to O atoms bound to the same cobalt atom (b and d) as well as coupling of two adjacent cobalt 
oxyl radicals (c). Cobalt, blue spheres; oxygen, red spheres; hydrogen, white spheres. For clarity, only 
a portion of the cobalt coordination is shown. (B) The potential-dependent change of structural motifs 
for CoCat prior to the oxygen evolution steps. Note that the terminal water/OH ligand or phosphate 
ligand are not shown for simplicity of presentation. The proposed OER mechanism for CoCat is shown 
in the upper part of panel C, assuming that catalysis occurs at the periphery of the CoCat fragments. 
The bottom region of panel C shows representative catalytic intermediate states prior to the rate-
determining step, with the red letters (a-c) aligned with panel A. Readapted with permission from refs. 
[126;134;162]. 
 
Another IMOC mechanism reveals the direct coupling between two Co(IV)═O metal oxo 
groups (c path of Figure 1-3A), as evidenced by computational analysis and experimental 
studies (e.g., isotopic oxygen labelling experiment coupled with differential electrochemical 
mass spectrometry (DEMS)) based on CoCat or other cobalt (hydr)oxides.[131;132;134;165] In 
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addition to the discussion of the direct mechanism of O–O bond formation, other mechanistic 
factors affecting the turnover of water oxidation reaction have been extensively investigated. 
Importantly, a methodology focusing on proton transfer or transport within the CoCat film was 
presented and various Tafel slopes (e.g., F/RT ln 10, F/2RT ln 10 or 0) associated with different 
rate-controlling factors are elucidated.[124] Furthermore, a simpler model emphasizes proton 
transport mediated by buffer bases in the electrolyte as the crucial activity limiting factor.[135] 
Experimentally, in situ XAS tracked the change in the CoCat oxidation states and proposed a 
catalytic framework model involving the accumulation of oxidation equivalents before O-O 
bond formation.[126] The proposed changes in structural motif shown in Figure 1-3B include 
dynamic redox transitions, the most probable O(H)-bridging-type modifications between 
cobalt ions, and the corresponding changes in proton states.[126] Interestingly, individual cobalt 
redox transitions involving Co(II/III) and Co(III/IV) were obtained by operando Raman 
spectroscopy rather than merely obtaining averaged oxidation states by XAS.[139] Surface 
interrogation scanning electrochemical microscopy (SI-SECM) provides the first direct 
measurement of the density of surface active sites, enabling the calculation of accurate TOF 
values.[127] Quantification of OER parameters by Fourier transformed alternating current (FT 
ac) provides unique mechanistic insights into redox transformations of cobalt oxides and other 
metal oxides.[129] Additional qualitative and quantitative models related to charge transfer and 
catalytic activity of CoCat were revealed by CVs measurements under different parameters 
including KPi buffer concentration, scan rates and film thickness.[128] Furthermore, another 
model shows a close relationship between film conductivity, cobalt cluster size, redox 
properties, and catalytic performance.[138] H/D isotopic labeling studies and the oxidation states 
measurements as well as time-resolved UV-vis spectroscopy indicate that the rate-determining 
step is independent of proton or electron transfer and support the c path involving the pairing 
of terminal oxygen atoms of two neighboring cobalt species shown in Figure 1-3A. Moreover, 
the important role of Co(IV) oxidation states accumulation in the turnover-limiting O–O bond 
formation was verified (Figure 1-3C).[134] 
Whereas phosphate function has been emphasized,[71;99;111-113;117;118;122;123;128;158;166;167] there is 
no direct evidence for phosphate coordination environment in CoCat. 31P NMR analysis 
indicates that most phosphate ions in the intercalation of cobalt hydroxide sheets are not bonded 
to the cobalt ions but have pseudo-contact interactions with the interlayer.[168] The Co K-edge 
XAS and P K-edge XAS consistently show that phosphate species are bound to the edges of 
CoO2 fragments.[130] With arsenate substituting phosphorus, the first arsenate binding motif in 
an amorphous catalyst is acquired by EXAFS at the As K-edge, and the results of the study 
indicate that the rate-determining steps is independent of the anion type.[169] Subsequently, by 
the stimulated Raman spectroscopy, the presence of orthophosphate species and the 
corresponding network in CoCat clusters is hypothesized.[137] The presence of different 
redox-inert anions (Cl−, OAc−, Pi) and cations (K, Li, Ca) apparently had no significant effect 
on CoCat activity.[123] The effect of anion type is reflected in the difference in Co-oxide cluster 
size, long-range ordering, and redox charge accumulation, electrodeposition rates, and catalytic 
properties.[123] The decrease in the catalytic current is due to an increase in the cluster size, 
which implies that the active sites may locate at the periphery of clusters likely linked to the 
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terminal oxygen ligands of the cobalt domain.[123] XAS at the Ca K edge shows that CoCat 
prepared from Ca salts has a small portion of CaCo3O4 cubes, similar to the Mn complex of 
PS II, otherwise other monovalent cations are present in hydrated form and are located 
unspecifically between the Co-oxide layers.[123] Infrared spectroscopy (IR) suggests that 
phosphates may be incorporated into CoCat clusters.[170] Atomic force microscopy combined 
with synchrotron-based X-ray grazing incidence diffraction analysis showed that the high 
porosity of CoCat films originated from the aggregation of nanoparticles.[170] The 
thickness-independent TOF per cobalt ion under low overpotential conditions suggests the 
volume activity of CoCat.[99] Based on CoCat, the distinction between OERs occurring at the 
surface or in the bulk is revealed, providing a complete picture for the study of heterogeneous 
water oxidation.[105] 
Despite the numerous research reports on the catalytic properties, structural modeling, and 
reaction mechanisms of CoCat, there is still a lack of knowledge guiding the determinants of 
catalytic activity from the macroscopic to microscopic scales, which is the focus of this 
dissertation. 

1.4 Potential determinants of OER behavior 

In the last two decades, OER catalysts have sprung up, elucidating a large number of activity 
determinants through experimental methods and theoretical calculations, which have facilitated 
the knowledge-oriented design of novel catalyst materials.[74;171;172] Two strategies are 
commonly used to increase the activity of catalysts, i.e., increasing the intrinsic activity and/or 
increasing the number of active sites.[42] The former approach described in the literature 
includes heteroatom doping,[75;173;174] controlling the atomic coordination environment[175-177] 
and the electronic structure (charge, spin, orbitals etc.),[42;176;178-183], engineering modifications 
including regulating phase components,[184;185] defect,[186-190], crystal facets[191], and creation of 
heterogeneous nanointerfaces,[73;192;193] among others; the latter increases the number of active 
sites through morphological or structural engineering, which alters the surface area and exposes 
more active sites,[194] electrode structure (e.g., growth of catalysts on three-dimensional 
substrates) [43;195], size, particle distribution, and porosity modulation can also increase the 
number of active sites.[95;196;197] Generally, those factors interplay with each other to achieve 
optimal performance. Several activity determinants of neutral water oxidation related to the 
four topics of this dissertation are discussed below. 

1.4.1 Role of the electrolyte 

For water oxidation reactions operating at neutral pH, the choice of electrolyte is of great 
importance,[54;198] and it has been extensively studied due to its role in OER performance, 
reaction mechanism and stability.[54;99;111;118;123;135;138;199-203] The need for a neutral pH has been 
discussed in section 1.2 and is usually represented by protonatable ion pairs (e.g.,  phosphate 
species). Parameters such as buffer concentration, pH, and electrolyte composition (identity of 
cations, anions) have already been discussed.[54;99;111;118;123;135;138;142;143;199-203] Another 
noticeable phenomenon of OER under neutral pH conditions is the formation of a pH gradient 
due to a limited (de)protonation process of buffer species, which leads to the need for higher 
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water oxidation overpotentials or catalyst corrosion.[54;111] Quantification of local pH was 
reviewed.[204-207] Due to the lack of high concentration of hydroxide, the deprotonation process 
is crucial for accelerating OER kinetics at neutral pH,[200;208-210] which is dependent on factors 
such as buffer capacity, current density, and the design of electrochemical cell.[135;198;200] The 
availability and mobility of electrolyte ions (anions and cations) at the electrodes were also 
emphasized for converting catalysts from laboratory to industry.[211] Therefore, efficient proton 
transfer or transport and maximizing the mass transfer flux of buffer species are necessary to 
prevent proton accumulation and increase the reaction rate of OER. In addition, aqueous inert 
salts are commonly used to enhance the ionic conductivity of electrolytes. Therefore, my thesis 
discusses the role of various salt concentrations (including buffered electrolytes) and 
redox-inert salts in determining catalytic neutral water oxidation activity. 
Buffers (e.g., KPi) can function as proton acceptors, facilitating proton 
transfer.[66;99;113;121;124;134;208;212] Insights into the subject of proton transfer or transport have 
been unveiled, involving three different hypotheses, all using CoCat as an example.[99;124;135] (i) 
Assuming that proton transfer and transport limitation (proton-coupled electron hopping) 
occurs within CoCat films, Tafel slopes coexist over a wide range of potentials as a function 
of KPi concentrations and other physical parameters, and the reaction kinetics and mechanism 
are revealed (Figure 1-4A);[124] (ii) Among nine different buffered electrolytes, the catalytic 
activity at high potentials (1.35 V vs. NHE) under stirring conditions was not related to the 
classical pH dependence but was determined by the pKa of the buffered base. The proposed 
reason is the proton transfer limitations occuring at the catalyst-bulk electrolyte interface 
(Figure 1-4B);[99] (iii) We propose that it is the macroscopic diffusion of buffer base in the 
electrolyte that mediates proton transport. Thus, (macroscopic) acidification near the electrode 
surface was predicated and the increased Tafel slope under moderate current density conditions 
was explained by a simple mathematical model. Therefore, the rate limitation of neutral OER 
is investigated in Chapter 2, and in particular, three possible proton transport limitations are 
distinguished. 

 
Figure 1-4. Possible controlling factors for neutral OER catalytic activities on CoCat. (A) The proton-
coupled electron hopping within internal CoCat film is the rate-controlling factor.[124] (B) The 
availability of buffer base at the catalyst-electrolyte interface controls the OER rate.[99] Reproduced with 
permission from refs. [99;124]. Copyright American Chemical Society (2013) and Wiley-VCH GmbH 
(2014). 
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1.4.2 Accumulation of high-valence oxidation states 

Transitional metal oxides based on the elements Co, Mn, Fe, and Ni have been reported to 
accumulate oxidized equivalents in a charge-neutral form, which is mediated by charge 
compensation from proton release or other ionic fluxes.[126;134;139;213-221] Accumulation of 
oxidizing equivalences prior to the OER rate-determining steps seems to affect the catalytic 
activity.[222-224] It is not unprecedented for charge-neutral accumulation to produce higher 
oxidation states, as is often seen in batteries[225-228] and photosystem II[40;229-231]. A recent 
review concludes that the effect of the oxidation state on catalyst performance is achieved by 
modulating the spin state, work function, active site, and energy band structure.[218] In 
biological photosynthesis (PSII), the water oxidation complex (Mn4CaO5) promotes the 
optimal redox-potential leveling through the thermodynamic coupling of metal oxidation, the 
corresponding deprotonation events and changes in oxo bridging between metal ions, which 
leads to the accumulation of multiple Mn oxidizing equivalents in a low free energy pathway 
and induces the generation of reactive intermediates for the formation of O–O bonds.[40;229;232] 
The stable accumulation of oxidizing equivalents, known as “molecular picture”, prior to the 
multi-electron O–O bond formation facilitates OER kinetics, as is the case for the Mn4CaO5 
complex in PSII or molecular transitional-metal complexes.[40] Therefore, is it possible that 
molecular-scale mechanisms in natural photosynthesis can be applied to artificial systems such 
as (photo)electrochemical catalysis and serve as a knowledge-guided approach for the 
development of efficient catalysts? 
Functional studies of oxide species began in the 1950s, initiated by Conway,[233] in which 
oxygen was continuously produced after the potential was turned off, implying that oxide 
species were reduced to produce oxygen, as was the case of CoCat[126] and Ni(Fe)OOH[216]. 
Similar redox dynamics between biocatalysts and inorganic Mn oxides are discussed, 
suggesting that Mn oxidation coupled with structural changes involving bridging oxygen 
between two Mn ions is used to accumulate oxidizing equivalents prior to the onset of water 
oxidation,[213] which is the same case as the amorphous CoCat catalyst[113;118;126] as well as 
catalysts undergoing post-modification at the surface layer.[105;234-236] It has also been pointed 
out that the common determinants of the catalytic activity of redox reactions include not only 
the accumulation of oxidizing equivalents, but also the rate of redox transformations and the 
specific active-site structures.[213] Furthermore, spectroelectrochemical studies performed on a 
series of NiFeOx catalysts showed that catalytic activity is controlled by the equilibrium 
between accumulated species and reactive intermediates and that the increase in oxidative 
species correlates with an acceleration of the OER kinetics, leading to a reaction order of 
approximately four (Figure 1-5A).[216] Based on iridium oxide catalysts, Nong et al. found that 
the accumulation of oxidation states rather than electron transfer plays a key role in determining 
the rate of OER catalysis. Accordingly, an increase in electrode potential raises the amount of 
oxidized charge stored on the surface, while the accumulation of oxidized equivalents further 
reduces the free energy of activation for the rate-determining step, which involves the 
formation of an O-O bond through the chemical reaction of water with adsorbed oxygen 
(Figure 1-5B).[217] Similar to the study of Nong et al., a series of metal oxide photoanodes (WO3, 
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TiO2, BiVO4, a-Fe2O3) showed a rate law between current and the concentration of holes on 
the surface(Figure 1-5D).[232;237-240] Spectroelectrochemical analyses of nickel oxides doped 
with different elements showed that the change in the density of the oxide species clearly 
reflects the change in the redox potential of the nickel center, which in turn affects the OER 
kinetics (Figure 1-5C).[221] Cooperation or interactions between active species on 
heterogeneous catalysts (e.g., IrOx, CoCat [126]) directly contribute to the rate of OER, which 
does not exist for isolated metal centers in molecular catalysts.[224;241] Therefore, the role of 
accumulated oxide species in the kinetics of water oxidation, whether metal oxides or 
semiconductors or electrocatalysis or photocatalysis, is crucial and independent of the type of 
catalyst and catalytic reaction. 

 
Figure 1-5. Rate law plots of OER current density (or OER kinetics) versus the concentration of 
oxidative species or hole densities or photogenerated charge carriers. (A) The log-log plot of the current 
density versus the concentration of oxidation states. MOOH(++) represents the concentration of high 
oxidation states. (B) A linear relationship between stored charge and the logarithmic current density. 
The stored charge is obtained by integrating the current trace of the cathodic pulses. (C) A unified slope 
of 2 for the log-log plot for nickel oxides doping with different elements. (D) The log-log plot of water 
oxidation current density versus surface hole density shows the biphasic behavior of the transition from 
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first-order to approximately third-order reactions. Reproduced with permission from refs.[216;217;221;232]. 
Copyright Spring Nature (2019, 2020), Nature Protfolio (2020), American Chemical Society (2022). 

In order to track redox processes and the density of oxidative species, a variety of advanced 
techniques are available, including electrochemical measurements,[217] XAS,[126;213] Raman 
spectroscopy,[139;242] spectroelectrochemistry,[203;216;220] XPS,[243;244] and others (Figure 1-6). 
Among these techniques, in situ XAS and atmospheric pressure XPS can obtain direct 
oxidation states due to their high bulk or surface sensitivity. In situ Raman spectroscopy can 
identify individual redox transitions by combining XAS results.[139] As a simple method, pulsed 
electrochemical voltammetry with potential jumps can gain information on oxidatively stored 
charges by integrating the cathodic current trace.[217] In addition, time-resolved 
spectroelectrochemistry can provide an experimental method for detecting the kinetics of redox 
transitions or OER catalytic reactions, for which UV-vis spectroscopy is employed to extract 
the concentrations of oxide species by tracking changes in optical absorption at fixed 
wavelengths.[126;216;220;221;232] 

 
Figure 1-6. Representative operando techniques for extracting oxidation state information. (A) X-ray 
absorption spectroscopy (XAS) in fluorescence mode. (B) UV-vis spectrum in transmission mode used 
in photoelectrochemistry. (C) Operando Raman spectroscopy is combined with XAS to extract 
information on individual redox transitions. (D) Ambient pressure X-ray photoelectron spectroscopy 
(AP-XPS) directly monitoring surface oxidation states. Note that the detection direction of this 
technique is not exclusive. The areas within the blue boxes illustrate the range of detection for each 
technique. Readapted from ref.[245]. Copyright Wiley-VCH GmbH (2023). 
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In brief, the heterogeneous metal oxides described above revealed that the stored charge 
(concentration of oxidized species) can determine the kinetics of water oxidation in the aspect 
of the molecular domain, and that the potential bias exclusively controls the formation of 
oxidizing equivalents, which contrasts with the classical picture of electrochemical water 
oxidation. Conventionally, it assumes that catalytic reaction occurs at a single metal site on the 
surface of the electrode, or at adjacent metal sites, and involves a four-step process of concerted 
proton and electron transfer.[40;118;172;246-249] According to DFT studies, the formation of *OH, 
*O, and *OOH intermediates prior to the release of oxygen from the active site is often 
considered to be the thermodynamic barrier associated with the "potential-limitation" step, 
which takes the free energy of all the elementary reaction steps downhill.[40;246;247] In contrast 
to the classical mechanisms for heterogeneous catalysts,[246;247] the mechanistic concepts often 
discussed in protein-bound Mn4CaO5 complexes or molecular homogeneous catalysts,[40;213;229] 
are better suited to describing the behavior of these amorphous metal oxide catalysts.[126;213] 
The advent of quantitative and time-resolved spectroscopy (e.g., in situ XAS) as well as DFT 
calculations have allowed us to get insights into whether electrochemical reactions are 
determined by chemical interactions or electrochemical potentials.[221-223] For water oxidation, 
the corresponding chemical effects of heterogeneous (photo)electrocatalysts, i.e., the 
accumulated charge density or hole populations, are mostly found in alkaline or acidic 
electrolytes. [216;217;220;221;232] Accordingly, in Chapter 3, we will investigate the relationship 
between oxidation states and catalytic rate for neutral water oxidation reaction by various in 
situ methods based on the CoCat model catalyst, thus further verifying the universality of 
chemical effects in electrochemistry. 

1.4.3 Role of redox-inert cations and anions 

Aimed at adjusting the OER catalytic performance, we often focus on transitional metal 
elements of catalysts (e.g., Fe, Mn, Ni, Co) because of their enriched redox chemistry.[99;126;250-

252] The role of redox-inert ions in catalysts or electrolytes has been studied under alkaline 
(more) or neutral pH (less) condition.[123;201;202;253-267] The role of redox-inactive ions in 
maintaining charge neutrality during redox transition of metal atoms or water oxidation is not 
fully understood. 
Here, we review the reported effects of redox-inert cations or anions on OER, although some 
have not yet been experimentally verified.[99;126;250-252] Specific studies on the redox-inactive 
cations or anions of CoCat are described in Section 1.3 and will not be repeated 
here.[111;123;143;169;268] The charge compensation effect of potassium ions is demonstrated in 
iridium oxide [265] and NiFeOx oxide,[269] both of which exhibit a layered structure and operate 
under alkaline conditions. The corresponding content is described in Chapter 4 and will not be 
discussed here. Here the other properties or functions of redox-inert ions are emphasized. 
Notably, the redox-inactive metal ion Ca2+ in the PSII CaMn complex is of crucial importance, 
and its exact role has been suggested as a potential binding site for water activation, 
contributing to S-state cycling or influencing the redox properties of the OER 
cluster.[261;262;270;271] Interestingly, in the synthesis of model complexes including redox-active 
metal ions in different oxidation states, the redox properties of the OER catalysts are closely 
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correlated with the Lewis acidity of the redox-inactive metal.[262] Potassium ions have a strong 
influence on the local microenvironment near the active site, the structure of the water and the 
local electric field, which can control the PCET process and the oxidation reaction of the 
water.[259;272;273] In addition, adding hydrated metal cations (e.g., Ca2+, K+) to the framework of 
synthesized catalysts (e.g., MnOx) promotes water adsorption at the catalyst-electrolyte 
interface or in the vicinity of the active site, which facilitates the involvement of lattice oxygen 
and thus enhances OER activity.[274-276] Similarly, a phase conversion between Ni(OH)2 and 
NiOOH occurs with the intercalation of the electrolyte cations, implying that the cations play 
a role in tuning the structure of the NiOOH active phase and thus modulating the catalytic 
performance.[277-280] Among the different types of redox inert ions (K+,Ca2+,Sr2+, Mg2+), Ca2+ 
cation has the best catalytic activity for MnOx[261] and it can influence the valence of manganese 
to further improve the stability of manganese oxide catalysts.[254;267] The increase in OER 
activity with increasing cation size was carefully studied in Ni(Fe)OOH catalysts.[253;256;281] 
However, recent works reveal that the effect of alkali metal cations on the OER activity of 
Ni(Fe)OOH catalyst can be attributed to pH differences of the electrolyte that induce the shift 
of the redox peak of Ni and further affect the OER activity.[266] Highly valent cations have an 
inverse effect on activity, which may be due to the electric field shielding effect that reduces 
the concentration of reactants.[256;260;281] In addition, most of the findings have focused on the 
interactions between electrolyte cations and OER intermediates that modify the energy barrier 
of reaction, which are commonly found on NiOOH catalysts operated in alkaline solutions 
without or with iron impurities as well as perovskite oxides.[253;281-284] 
In addition to the redox-inert cations, the OER catalytic activity depends significantly on the 
type of anions, e.g., nickel-iron layered double hydroxide ([NiFe]-LDH).[253;281-283] This 
suggests that anions with strong Lewis basicity and higher valence exhibit better activity due 
to their stronger proton-accepting and electron-donating ability.[263] Earlier studies have shown 
that among the various interlayer anions in carbonate-free solutions, PO43− has a larger pKa 
value and therefore exhibits the greatest activity.[263] A linear relationship was established 
between the reducing ability of intercalated anions of [NiFe]-LDH and OER activity as well as 
the electron density of metal host.[264] Noteworthily, the binding motif of the proton acceptor 
(e.g., phosphate groups) is crucial for the catalytic performance.[285] A CoO-core catalyst was 
reported to be more active than CoCat when cobalt catalysts were prepared in acetate buffer 
due to the presence of acetate, chloride and sodium ions in the catalysts, and the role of anionic 
ligands in stabilizing the highly oxidized intermediates likely explains this.[286] 
In Section 1.4.2, the importance of accumulating oxidative species in various metal oxides or 
hydroxides is emphasized, and the involvement of proton transfer is confirmed.[126;134] 
However, there is no direct experimental evidence for the flux of redox-inert cation release or 
anion uptake to compensate for a charge, which leads us Chapter 4. 

1.4.4 Bulk electrolyte transport flow and bubble effect 

Neutral water oxidation provides a safe and ecological method for producing renewable fuels. 
An important factor in neutral pH water oxidation on a laboratory or industrial scale is the mass 
transfer of protons and hydroxides.[54;124;135;142;207] This transport limitation is more severe in 
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larger-scale installations with higher current densities (> 50 mA cm−2).[287;288] In pursuit of 
efficient application of water oxidation in the engineering field, we should not only focus on 
the intrinsic properties of catalysts, electrocatalytic activity and catalyst stability, but it is 
crucial to understand the macroscopic transport of buffer species and the engineering issues of 
large-scale OER. We discuss here potential macro- or micro-factors, including natural 
convection, bubble effects, and engineering aspects of electrolyzer system configurations, and 
then summarize the corresponding strategies that have been reported for high-current water 
splitting systems. 
The model of proton transport limitations is detailed in Section 1.4.1. In ref. [135], proton 
transport is assisted by diffusion of protonated and unprotonated buffer bases into the bulk 
electrolytes while assuming that the proton activity of the inner catalyst film is equivalent to 
that of the near-surface electrolyte. The current density depends on the concentration of buffer 
molecules, the effective diffusion constant (KD), and the proportion of unprotonated buffer 
molecules. Thus, a first-order model of proton transport during neutral water oxidation is 
proposed and a linear spatial concentration profile of (de)protonated buffer species between 
anode and cathode is derived (Figure 1-7A).[135] The spatial-resolved distribution of buffer 
species concentration or pH changes in a two-electrode water splitting cell was monitored by 
fluorescence pH sensor foils.[207] Direct experimental results and model simulations suggest 
that buffer solutions can mitigate local pH by natural electrolyte convection, which is attributed 
to the buoyancy effect resulting from changes in electrolyte density due to ion depletion and 
accumulation.[207] Acidic and alkaline regions were observed at the top and bottom of the cell, 
respectively.[207] Depending on current density, electrolyte, and cell configuration, the acidic 
and alkaline regions extend into the bulk electrolyte and even the original pH value in the 
middle of the cell changes with electrolysis time.[207] In the absence of a buffer solution, a 
clockwise convection is formed, with the acidic region rising and the basic region falling 
(Figure 1-7B).[207] This study emphasizes the role of convection induced by buoyancy effects 
in bulk electrolyte mass transport, which suppresses local pH, and also illustrates the 
complicated nature of bulk electrolytes. 
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Figure 1-7. (A) Schematic representation of pH and concentration distribution of buffer species in a 
simple parallel two-electrode electrochemical cell at constant diffusive flux. X, proton activity; B−, 
deprotonated buffer base; BH, protonated buffer base. Reproduced with permission from ref.[135]. 
Copyright MDPI (2019). (B) Experimentally measured temporal evolution of pH distribution in a water 
electrolyzer with 0.5 M K2SO4 solution at a current density of 1 mA cm−2. Reproduced with permission 
from ref.[207]. Copyright Royal Society of Chemistry (2020). 

In addition to the neglected convection caused by electrolytes (buoyancy effect), other factors 
including bubble-induced convection can have a great impact on the electrolyte flow scheme 
and affect the cell efficiency, which is mainly verified by mathematical modeling and 
simulation.[289-291] Various potential losses with and without electrolyte flow (passive and 
active systems) under different electrolyte conditions and electrochemical cell device sizes 
were evaluated, and solution transport losses (e.g., diffusion, migration, and convection), 
Ohmic resistance losses, and Nernst potential losses due to pH gradients, as well as 
electrodialysis or concentration overpotentials, were derived in different electrolytes at 
different operating currents.[289;290] Thus, the limiting factors that play a dominant role vary 
under different conditions of controllable variables. Notably, bubble-induced convection 
exhibits a dual role in the presence or absence of membrane cells, with gas cross-losses 
dominating in membrane-free devices, while electrodialysis of buffer species reduces the 
current density and thus the cell efficiency.[290] In short, bubble formation appears to affect the 
various components of the overpotential, i.e., an increase in the activation overpotential by 
decreasing the active area or active sites, an increase in the Ohmic overpotential by blocking 
the ion transfer pathway, and a decrease in the concentration overpotential by decreasing the 
degree of supersaturation of the electrolyte and absorption of the dissolved gas products.[292] 
These overpotential losses are particularly prominent in neutral electrolyte devices.[288;293] 
Therefore, an optimization strategy must be identified to minimize overpotential losses.[38] It 
was found that the bubble effect affects the catalytic efficiency, leading to energy loss and 
catalyst decomposition.[77;289;292;294-296] In terms of passive approaches, several strategies have 
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been elucidated to mitigate the bubble effect, including modifying the electrode structure at the 
macro- and micro-levels,[211;297-300] surface wettability,[301;302] electrolyte properties (e.g., 
adding extra additives).[42] For active methods, external energy were used, i.e., forced 
electrolyte convection,[42] ultrasonic fields,[303-305] magnetic forces,[306;307] photothermal 
effects.[308] The former method of removing bubbles is more suitable for small current ranges. 
The field-assisted method is usually applicable to high current conditions. Both methods have 
benefits and drawbacks and need to be optimized.[309] The cell configuration also affects bubble 
management.[38;211;310] Attractively, for alkaline water splitting, a capillary-fed cell with 
bubble-free operation at electrodes was developed with a water-splitting performance superior 
to that of a commercial electrolyser.[310] Since larger cells lead to longer transport pathways 
and large amounts of bubble evolution, mass transport limitation of reactants or electrolytes, 
heat effects, and losses associated with bubbles should be minimized.[38;211] 
In conclusion, for practical water-splitting electrolysers, aspects such as mass transfer of 
electrolyte, natural convection caused by bubbles and/or changes in electrolyte density, and 
reasonable cell configurations must be fully considered and optimized to achieve high cell 
efficiencies. 

1.5 Hard X-ray absorption spectroscopy 

In order to rationally improve the efficiency of catalytic water oxidation reactions, it is 
important to elucidate the reactive sites and nature of the catalysts.[311;312] The numerous topics 
of catalytic research can be generally categorized into the following aspects: the effect of 
elemental doping on metal redox equilibrium, material structure transformation, metal redox 
transition, and O2 evolution kinetics， detecting the reaction intermediates in the catalytic 
process, dynamic reconstruction, and the response of the catalytic performance to the external 
environment (e.g., pH value, electrolyte concentration), and so forth.[126;134;142;214;219;313-316] The 
electrochemical response is investigated by operando, cryogenic, and time-resolved X-ray 
absorption spectroscopy (XAS). XAS is element-specific, does not require long-range order 
materials,[317;318], and has relatively low interference with water[319]. Requirements for samples 
are relatively low, as there are no size/magnetic/labeled isotope requirements. In principle, 
XAS is applicable to all metal centers or inorganic co-factors and substrates. The available 
elemental XAS spectra depend on the beamline configuration. Currently, the bending-magnet 
beamline KMC-3 at the BESSY II synchrotron (Helmholtz Center Berlin) can access to the 
energy range of about 2–15 keV, and a phosphorus K-edge XAS spectrum recently was 
obtained.[143] 
The absorption of X-rays by specific elements is similar to the process of obtaining UV-vis 
spectra and is described by the Beer-Lambert law. The absorption coefficient (µ) can be 
obtained either in transmission mode, where the intensity of the incident photon before (I0) and 
after (It) its interaction with absorbing atoms in the sample is recorded (Equation 1-4), or in 
fluorescence mode, where the fluorescence detector is usually a 13 element silicon drift 
detector (SDD), oriented at 90° to the incident X-ray beam, and the absorption coefficient 
(µ~If/I0) is proportional to the fluorescence intensity (If).[318;320;321] It should be noted that the 
latter method is no longer applicable for thicker catalysts or samples containing a large number 
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of absorbing atoms due to self-absorption. X-ray absorption occurs when the energy of incident 
X-ray (I0) equals or exceeds the binding energy of an electron in one of the core levels of an 
atom. In the process, the occupied higher energy level electrons fall into the core holes of the 
inner shell and release the excess energy, resulting in X-ray fluorescence or secondary 
excitation and the emission of Auger electrons.[322] 

 𝐼& = 𝐼'𝑒()& Equation 1-4 

Here t is the sample thickness. Note that for a homogeneous sample of the same element, there 
is an empirical formula (Equation 1-5) for calculating the absorption coefficient, which is 
related to the sample density (r), the atomic number (Z), the relative atomic mass (A), and the 
incident X-ray energy (E).[320] 

 µ	(𝐸)~	
r𝑍*

𝐴𝐸+
 Equation 1-5 

 

1.5.1 XANES and EXAFS 

As an example, the Co K-edge XAS spectrum (Figure 1-8C) is divided into three regions:  

 
Figure 1-8. Schematic representation of an X-ray absorption spectrum, exemplified by XAS at the Co 
K-edge, including the XANES (pre-edge and the main absorption edge) and EXAFS regions (C). (A) 
the process of X-ray absorption and core-electron excitation. Note that panels A and C use the same 
color code. (B)The Fourier transforms of the EXAFS spectra extracted from panel C. (D) The formation 
of EXAFS by the interference of photoelectron waves scattered from neighboring atoms.[323] The 
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outgoing and scattered photoelectron waves are shown in black and red, respectively. Reproduced with 
permission from ref.[323]. Copyright Springer Nature (2019). 

(a) pre-edge, (b) the Co absorption edge, and (c) EXAFS region. The first two regions constitute 
the XANES, which provides information about the symmetry of the metal-ligand environment 
(pre-edge), the electronic structure, the oxidation state, and the first-sphere ligands of the 
absorbing atoms (Metal K-edge).[324] EXAFS extends to the energy region above the absorption 
edge of about thousand eV, allowing the extraction of important (but limited) information on 
the coordination numbers (N, ±10%), reduced distances (R, ±0.01 Å) between absorbing and 
scattering atoms that ideally in the first three coordination shells, and (dis)order via the 
Debye-Waller factor (s2).[318;322;325] 
(a) The appearance of a pre-edge peak at the Co K-edge is due to a transition from 1s state to 
partially occupied 3d states, which is usually interpreted as an increase in the mixing of the p-d 
orbitals due to the shorter distances of the metal-oxygen upon Co being oxidized.[123;326] 
Essentially, the dipole selection rule (Δl = ±1) of octahedral symmetry mainly prohibits such a 
transition. (Figure 1-8A) (b) The Co absorption edge involves dipole transitions from 1s to 
unoccupied 4p continuum states (Figure 1-8A). The white line is at the top of the edge and has 
a sharp maximum.[318] The shift of the edge position to higher energies is frequently attributed 
to an increase in the oxidation state of the absorbing metal atom, but the nature and local 
structure of the metal-ligand may also be relevant.[318;327] There are two plausible explanations 
for the relationship between edge position shifts and oxidation state changes[328], which are 
related to the shielding effect of the core electrons and the semi-empirical Natoli's 
rule.[318;329;330] The determination of oxidation state is based on calibration curves for several 
well-known reference materials, the accuracy of which depends on the definition of the edge 
position. Representative methods for determining the edge position include the energy at the 
normalized intensity of 0.5, the inflection point, and the area under the edge rise, etc.[316;318;320] 
In short, the shape and intensity of XANES is determined by the combination of the density of 
unoccupied localized and delocalized states and selection rules.[322] (c) EXAFS is the 
phenomenon of backscattering of free electrons by neighbouring atoms as the photoelectron 
transitions to the continuum state, which leads to oscillations due to constructive and 
deconstructive interferences (Figure 1-8D).[318;320;322] To extract the structural parameters, the 
EXAFS oscillations are isolated from the edge spectrum and further converted from energy 
space (E) to photoelectron wavenumber space (k) and then Fourier transformed to (reduced) 
real space (R).[322] The extracted oscillations can be described by the sum of the contributions 
of the nshell shells, according to Equation 1-6:[325;331] 

𝜒(𝑘) = 	𝑆',4 ∙
-!"#$$

.
𝐴(𝑅.	, 𝑘). ∙ 𝑁. ∙ 𝑒(,0%

&∙2& sin(2𝑘 ∙ 𝑅.	 + ∅.) Equation 1-6 

Here, each coordination shell is consisted of Ni atoms of a specific atom that is at a distance Ri 
from the absorbing atom. The Debye-Waller factor (s2) describes the variations of each shell 
over the defined Ri, with the sum of oscillations dampened by an amplitude reduction factor 
(S!"). For each shell, the scattering amplitude (A(Ri, k)i) and phase correction (fi) were obtained 
by ab-initio calculations based on the atomic coordination generated from the known model 
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structure by the FEFF program. The extracted EXAFS oscillations are weighted by k3 and 
simulated by a least-squares fit in k-space.[112;252] The fitting error is evaluated by Fourier-
filtered Rf, which is defined as the relative deviations of the experimental from the simulated 
spectrum respective to the overall magnitude of the experimental spectrum.[112;252] For the Rf, 
a reasonable fit is usually less than 25 %.[112] It is worth noting that the indicated reduced 
distance R is about 0.03 Å smaller than the actual distances between the absorbing and 
backscattering atoms (Figure 1-8B).[316] The interatomic distance has been reported to be 
accurate to 0.01 Å for shorter distances such as metal-oxygen.[328] The fitting error of the 
coordination number (N) is about 5-10 % due to the correlation with the Debye-Waller factor 
(s2).[332] The value of Debye-Waller factor s2 is affected by two factors, including thermal and 
static disorder.[322] The increase in s2 suggests more disorder in the identified shells. In 
conclusion, XANES and EXAFS provide important electronic and geometric structural 
information and are widely used in OER. 

1.5.2 XAS Application in OER 

Representative applications for OER include freeze-quench XAS experiments (also known as 
quasi-in-situ XAS experiments and operando (= in situ) XAS experiments. In the former 
method, data are collected at low temperatures (e.g., 20 K), the target sample is rapidly frozen 
in liquid nitrogen to maintain its original state when a potential is applied, and the sample is 
then disconnected from the electrode. The results show that the freeze-quench method gives 
similar results to the operando measurements, but its EXAFS quality is higher because the 
Debye-Waller parameters (s) are less affected at low temperatures.[126] In addition, in situ XAS 
combined with electrochemistry can be run at room temperature, providing time-resolved 
insights into the formation of reaction intermediates, electronic and structural changes, and 
information about the mechanism of the OER reaction.[318;333] Extended applications of the 
operando XAS include changing electrochemical protocols or upgrading the XAS setup 
configuration. 
Conventional operando XAS can be combined with electrochemistry via the 
chronoamperometry (CA) technique. With the stepwise change of electrode potentials, a series 
of full absorption spectra at various potentials can be collected at (quasi) equilibrium, providing 
information on oxidation states, coordination environments, phases, and bond lengths. 
Acquisition time is typically a few minutes per spectrum.[333] The often-used CV technique 
combined with conventional operando XAS is limited in its temporal resolution because the 
complete XAS spectrum usually takes at least few minutes, depending obviously on the 
beamline configuration, sample concentration, or the requirements for spectral quality. 
Currently, fast XAS scans can measure full spectra on time scales of tens to hundreds of 
milliseconds, e.g., quick EXAFS,[334-336] energy-dispersive XAS[337;338], but only at dedicated 
beamlines. 
 



Chapter 1 Introduction 

25 

 
Figure 1-9. Application of XAS in OER research. (A) Insights from the XANES and full XAS spectrum 
(inset). Method i shows the increase in oxidation states associated with an increase in the edge position 
of the XAS spectrum (green arrow from left to right) and can be used to get absolute oxidation states in 
the combination with oxidation states calibration curve from well-known compounds; method ii reflects 
the intensity change of X-ray fluorescence at fixed X-ray excitation energy (violet arrow up to down) 
and can apply for kinetics analysis, i.e., distinguishing redox and catalytic currents (panel B, C) or 
obtaining time constants of redox transition at metal sites (panel D); method iii allows for determining 
the stability of the catalyst and the kinetics of ions release (panel E) by recording changes in absorption 
coefficients at energy far above the edge absorption energy (blue arrow up to down). (B) Raw 
fluorescence recorded at a fixed incident energy during CV. (C) The first derivative of time traces of 
the fluorescence signal in (B) overlapped with CV. Reproduced from ref.[315]. (D) Time-resolved XAS 
spectrum at the Mn K-edge used to extract time constant of redox process by recording the fluorescence 
changes at a fixed incident energy during potential pulses, reproduced from ref.[213]. (E) Fluorescence 
changes recorded at the potassium K-edge (4 keV) at various potentials, reproduced from ref.[143]. 

Fixed energy X-ray absorption voltammetry (FEXRAV)[339] has recently attracted a great deal 
of attention because it can be used in conventional bending-magnetic beamline and 
double-crystal monochromators (e.g., the KMC-3) to record the X-ray absorption coefficients 
or X-ray fluorescence at fixed X-ray incident energy in conjunction with electrochemical 
protocols (e.g., CVs or potential jumps).[140;213;214;252;315;340] At constant X-ray energy, by 
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comparing the first-order derivatives of X-ray fluorescence and CVs (Figure 1-9 B and C), we 
can discern current from redox state changes in metals and catalytic process or other processes, 
a methodology used in Chapter 2 of this dissertation.[315] In addition, the continuous recording 
of fluorescence transients with (sub)millisecond time resolution by using potential pulses 
enables the accessibility of redox transition kinetics (Figure 1-9D).[140;143;315;333] Furthermore, 
by fixing the incident X-ray energy beyond the absorption edge energy (e.g., ~500 eV), we can 
monitor catalysts' stability and the exchange kinetics of ions (Figure 1-9E).[143;315] To sum up, 
the FEXRAV experimental method exhibits a wide range of applications in OER, such as: 
distinguishing redox currents from catalytic currents or other charge processes, determining 
rate constants for redox transitions, determining the stability of catalysts, identifying redox 
transition processes of specific element in multi-element catalysts, and tracking the 
reversibility of redox processes.[315;333] 

1.6 UV-vis spectroscopy 

In addition to the bulk-sensitive and element-specific XAS technique commonly used to track 
oxidation states,[117;126;134;214;315;316;318;322] UV-vis spectroscopy can also monitor redox 
transitions by recording changes in optical properties.[126;134;203;221;341-343] In contrast to XAS, 
UV-spectroscopy is widely used in most laboratories and barely causes damage to the 
sample.[344;345] Therefore, UV-visible spectroscopy is an optimal choice for making preliminary 
measurements before using a synchrotron light source for XAS measurement. 
UV-vis spectra are typically measured in transmission mode (Figure 1-10A) for solutions or 
catalysts grown on transparent substrates such as conductive FTO or ITO glass. However, for 
non-transparent metal substrates or solids, the transmission mode would have to be replaced 
by the reflectance mode (Figure 1-10B). For the reflectance mode, the thickness of the sample 
and the type of substrate are not crucial.[343;346] 

 
Figure 1-10. Simplified scheme for in situ UV-visible spectroscopy measurements in transmission mode 
(A) and reflectance mode (B). Note that the electronics that may involve, such as monochromators, slits, 
light guides, and gratings, are not shown. (C) Different types of major electronic transitions may occur 
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in the ultraviolet (UV), visible (Vis), and near-infrared (NIR) regions. Adapted with permission.[343;347] 
Copyright Wiley-VCH GmbH (2008, 2019). 

The theory of UV-vis absorption spectroscopy is similar to that of XAS and follows the Beer- 
Lambert rule in transmission mode. The difference lies in the excitation sources (UV-vis light 
vs. X-ray, respectively) and the different electronic transitions involved (outer-shell electrons 
vs. electron excited at K-edge from 1s to 4 p orbitals).[344;348] The UV-visible spectrum has an 
excitation energy ~ 103 times lower than that of XAS, which excites the outer electrons, leading 
to a d-d transition or charge transfer transition (Figure 1-10C).[344;348] According to the Laporte 
selection rule, the d-d transition in octahedral complexes has a very weak absorption because 
it is typically symmetry-forbidden (Δl = 0).[349] The violation of the classical selection rule may 
be due to the mixing of the p-d orbitals between the metal and the ligand. Meanwhile, charge 
transfer usually leads to very strong and broad absorption bands, which are usually due to 
electron transfer between donor and acceptor (Figure 1-10C), i.e., ligand-to-metal charge 
transfer transitions (LMCTs) or metal-to-ligand charge transfer transitions (MLCTs) and 
metal-to-metal charge transfers (MMCT).[126;347] The range of molar absorption coefficients for 
d-d transition and charge transfer is about 10−1–106 Lmol−1cm−1.[350;351] The calculated molar 
extinction coefficients in the thousands of CoCat[126] may indicate a relevance to the charge 
transfer process. 
Since the application of in situ UV-visible absorption spectroscopy to electrocatalysis in the 
1960s,[346;352], changes in the oxidation state of metal ions and their kinetics have been tracked 
based on changes in absorption or reflection signals.[126;134;203;221;341-343] Changes in optical 
properties are closely related to the electrochromic effect of materials such as Mn-, Ni-, and 
Co-based materials. Common approaches for in situ UV-visible absorption experiments 
include obtaining steady-state spectra at individual potentials or collecting time traces of light 
absorption at specific wavelengths as a function of given potentials for kinetic experiments. In 
our previous studies of CoCat, absorption spectra at steady state were recorded at various 
potential steps (Figure 1-11A).[126] The relationship between the absorbance extracted at a fixed 
wavelength and the applied potential is consistent with that between the oxidation state of the 
metal and the potential shown in the XAS measurements. This suggests that the oxidation state 
of the central metal ion can be tracked by UV-visible absorption spectroscopy (Figure 1-11B), 
which was also applied for manganese catalysts.[126;341] Subsequently, time-resolved in situ 
UV-vis absorption spectroscopy was applied to CoCat with a resolution of 10 ms (Figure 
1-11C).[134] Recording the absorption at fixed excitation wavelengths during the potential-jump 
experiment yields unaffected time constants of the cobalt redox transition for the H/D isotopic 
experiment, indicating no kinetic isotope effect (KIE).[134] A similar study of catalyst redox 
states and reaction dynamics based on nickel-iron oxyhydroxide was also carried out by 
recording the optical absorption signal or reflected light signal (Figure 1-11D) during cyclic 
voltammetry.[203;343] Recently, spectroelectrochemistry has investigated the doping effects of 
nickel oxides by using in situ UV-visible spectroscopy.[221] As a result, the density of oxidized 
species can be extracted from the changes in the optical signal (Figure 1-5C).[221] 
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Figure 1-11. In situ UV-vis spectroelectrochemistry: (A) Optical absorption spectra of a CoCat film 
electrodeposited on transparent electrodes and collected at the indicated potentials (pH 7). (B) Oxidative 
charging of CoCat at pH 7 followed by freeze-quench XAS (squares), optical absorption spectroscopy 
(diamonds) and electrochemical coulometry (triangles). The optical absorption at 600 nm (A600; 
diamonds) derived from panel A provides a qualitative measure of the cobalt oxidation state as its trace 
is congruent with the other two traces. (C) Time-resolved in situ visible absorption spectroscopy during 
stepwise changes between reducing and oxidizing potential, for CoCat in 0.1 M KPi H2O electrolyte or 
D2O electrolyte with pL 8. The potential jumps were repeated 30 times, and the recorded absorption 
signals were averaged. (D) Current densities (red) and scattered-light intensities (for tracking of 
oxidation state changes; blue) during cyclic voltammetry (10 mV s–1) based on Ni-only catalysts. 
Adapted with permission.[126;134;343] Copyright Royal Society of Chemistry (2015), Wiley-VCH GmbH 
(2019), American Chemical Society (2019). 

It should also be noted that scattered light from bubbles at high catalytic potentials may cause 
potential errors when recording light absorption. Therefore, the electrochemical system should 
be properly agitated and/or the equipment should be placed under dark conditions.[343] 

1.7 Raman spectroscopy 

1.7.1 Theory and application of Raman spectroscopy 
XAS and UV-vis spectroscopy predominate their bulk-sensitive properties. However, direct 
information concerning reaction intermediates or structural change at the catalyst-electrolyte 
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interface during electrocatalysis may be compromised. As a surface-sensitive technique, 
Raman spectroscopy coupled with electrochemistry can detect the redox states and structure of 
catalysts, and adsorbed intermediates on a catalyst surface.[344;345] Raman spectroscopy 
originates from Raman scattering, a form of inelastic photon scattering phenomenon that was 
discovered in 1928 for liquids and crystals.[353] It is produced after the interaction between laser 
light and molecular that induces changes in molecular polarizability.[344;354] In general, the 
monochromatic laser light illuminates the sample, and the molecule on the ground state is 
excited into a virtual state. This is followed by potentially three decaying processes (Figure 
1-12), which are: (i) Rayleigh or elastic scattering, where the energy of incident and scattered 
photons are equal; (ii) Stokes scattering where the scattered photons are red-shifted; (iii) 
Anti-Stokes scattering, where excess energy is released during relaxation. This results in a blue 
shift of the scattered photons since their initial location was in an excited vibrational state.[354-

356]  However, according to the Boltzmann statistics, the probability of initial molecules resting 
at excited states is much lower than that of molecules located at fundamental vibrational energy 
states.[354-356] The scattering intensity ratio of anti-Stokes and Stokes is given by Equation 1-7: 

𝐼!3
𝐼3
∝ 𝑒

(ℏ5
2'6  Equation 1-7 

where IAS is the anti-Stokes Raman scattering intensity, Is is the Stokes Raman scattering 
intensity, kB is the Boltzmann constant, T is the temperature associated with the scattering 
species, ℏ is the reduced Planck constant; and ω is the angular frequency. Raman spectrometers 
are operated by recording inelastically scattered Raman signals, which are typically acquired 
in confocal mode, i.e., using an objective lens to focus a laser on a sample followed by co-linear 
reflection, where the dominant Rayleigh scattering is filtered out by notch- or edge- filter 
(scheme of Raman spectrometer see Figure 5-1 and Figure 5-6).[355;357] 

 
Figure 1-12. Energy scheme of vibrational transition states: (green) elastic (Rayleigh) scattering; (red) 
Stokes Raman scattering; (blue) anti-Stokes Raman scattering. Here, ℏ is reduced Planck’s constant; ω 
is angular frequency; the subscripts of p and osc denote the incident photon and the lattice or molecule 
vibration. Adapted with permission.[354;355] Copyright Springer Nature (2019), Wiley-VCH GmbH 
(2023). 
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The Raman active rule obeying the change in polarizability of the molecule is different from 
the IR absorption spectroscopy, where the entire dipole moment has to change during the 
vibration.[355] Consequently, different information is obtained from Raman and IR absorption 
spectroscopy. Compared to IR, Raman spectroscopy has several advantages: (a) weak Raman 
band of water in contrast to strong water absorption under infrared light, thus Raman 
spectroscopy is more suitable for operando measurement combined with an electrochemical 
setup;[354;355;358] (b) abundant information of bond vibrations (e.g. M-OH, M-OH2, and M = O) 
in the low wavenumber regime are offered;[359] (c) recording gas-phases such as CO2, O2, H2 
without interference for Raman spectroscopy but not applied for IR;[355;356;360] (d) the weak 
Raman scatters of transparent glass or quartz material has benefits for constructing operando 
electrochemical cell;[356] (e) Raman spectroscopy at high temperatures is accessible, 
particularly with high-frequency excitation but not for IR due to strong sample emission.[355;356] 
Moreover, compared to in situ XAS, some potential advantages of operando Raman 
spectroscopy should not be overlooked: 1) faster acquisition time of each spectrum in the order 
of seconds in contrast to several minutes for individual XAS spectrum collection for 
non-dedicated beamline, which facilitates the real-time tracking of catalytic activity of catalysts 
that changes occur over minutes; 2) all the chemical information is revealed from one spectrum 
with a broad range (such as 100–4000 cm−1), [355;356;361] while XAS merely focuses on one 
specific element; 3) Raman measurement is cost-effective and more 
laboratory-accessible.[355;362] 
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Figure 1-13. Potential applications of Raman spectroscopy in tracking oxidation states (A–C), reaction 
intermediates (D), phase transformation (E), and local pH (F–H). (A) Raman spectra of a Co-oxide 
catalyst material at various potentials (vs. NHE).[139] The thinner black arrow highlights a redshift of 
the main redox peak with increasing potentials; the blue rectangle, a gradually appearing shoulder. Band 
assignments are indicated following the study by Pasquini et al.[139]; Pi refers to phosphate ions in the 
electrolyte (H2PO4

− and HPO4
2−) and as an internal constituent of the catalyst material. (B) Co oxidation 

state changes deduced from the operando Raman data (of A) and X-ray absorption data.[139] (C) Raman 
bands for the Co3O4 and Co3O4 with CeO2 show the different directions of peak shift.[363] (D) Raman 
bands assigned to Mn(IV) = O intermediate based on 18O-labeled aqueous electrolyte. The large, 
out-of-scale Raman peaks result from permanganate ions formed in a side reaction.[303] (E) In situ 
Raman spectra of Co surface in 0.1M KOH as a dependence of various electrode potentials. The spectra 
were acquired over linear sweep voltammetry scans at 2 mV s–1.[364] (F-H) Local-pH analysis by 
operando Raman spectroscopy;[57] (F) Calibration spectra for KHCO3 solution at various pH values; 
spectra of the Cu-foam CO2RR catalyst (G) without applied potential (OCP) and (H) at catalytic 
potential (−0.7 V vs. RHE) detected at the catalyst surface (0 𝜇m) and 200 𝜇m away. Adapted with 
permission. [57;139;303;363;364] Copyrights AIP Publishing (2020), Wiley-VCH GmbH (2018, 2021), Nature 
Portfolio (2021), American Chemical Society (2011). 
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Therefore, operando Raman spectroscopy can be a powerful technique in electrocatalysis, i.e., 
for monitoring potential dependence of chemical states, active intermediates at the 
electrolyte-catalyst interface, the structure or phase evolution of catalysts, and spatially 
resolved detection of electrolyte ion concentrations and local pH.[206;356-358]  The redox 
transition of redox-active electrode materials and the formation of active intermediates are 
closely relevant to the OER catalytic mechanism.[206] (i) By employing operando Raman 
spectroscopy, two individual cobalt oxidation-state transitions (CoII/III, CoIII/IV) of CoCat are 
distinguished (Figure 1-13 A and B) by combing with previous XAS results[126] that merely 
show average Co oxidation states.[139] (ii) In addition, operando Raman spectroscopy detected 
the potential-dependent formation of high-valent CoIV active species for CeO2-modified Co3O4 
catalyst, resulting in improved OER activities (Figure 1-13C).[365] The monitored changes of 
redox states typically reflect in either (i) the decay(rise) of vibrational Raman peaks or (ii) 
continuous Raman peak shifts as a dependence on electrode potentials. As a result, the shape 
change of the Raman spectrum can be deconvoluted into a superposition of 2, 3, or more spectra 
assignable to 2, 3, or more (redox) states of the material.[206] Moreover, the possible 
identification of reaction intermediates such as in Mn-, and Co-based catalysts is revealed 
through operando Raman spectroscopy.[364;366-368] Accordingly, the potential-dependent Raman 
band located at 760 cm−1 assignable to MnIV=O species is resolved coupled with isotope 
labelling of water (Figure 1-13D).[367] Likewise, the different levels of Raman peak shifts are 
observed when operating CoCat in deuterated water (D216O isotope) and 18O water (1H218O) 
electrolyte.[139] Consequently, the isotopic H/D substitution suggests the involvement of both 
terminal and bridging oxygen atoms in the (de)protonation process. However, spectra obtained 
in 18O versus 16O electrolytes show no major differences, most likely implying that the bridging 
oxygen of CoCat does not participate in O–O information or merely in indirect form.[139] 
Furthermore, with cobalt oxides deposited on Au substrate and operated in KOH, operando 
Raman spectroscopy monitored the redshift of the Raman peak from 609 cm−1 to 579 cm−1 
coupled with the disappearance of Co3O4 spinel signature, indicating new phase formation of 
CoO(OH) that promoting more CoIV species involved (Figure 1-13E).[362] A similar phase 
change was also deduced in Ni-based catalysts in the absence or presence of Fe by utilizing 
operando Raman spectroscopy, suggesting that the active species NiOO− is involved in the 
mediation of OER activity and that it is related to the electrolyte pH.[355] Furthermore, using 
operando spectroscopy, the potential-dependent vibration band of Co3O4 at 931 cm−1 is 
attributed to the μ-OO peroxide (Co–OO–Co) species, suggesting that the structural change in 
Co3O4 is associated with the presence of tetrahedral Co2+ ions.[369] Interestingly, 
anodic-deposited cobalt oxyhydroxide grown on Au substrate revealed a broad band around 
1075 cm−1 assigned to Co–O–O–Co superoxide at catalytic potential.[368] Importantly, beyond 
detecting material-relevant transformation, spatially resolved operando Raman spectroscopy is 
able to monitor electrolyte ion concentration and local pH at electrode-electrolyte interface 
with micrometer resolution (ca. 1-2 μm). In our earlier work on electrodeposited Cu foam, the 
interfacial pH at different locations from the Cu electrode surface was achieved by monitoring 
the magnitude changes in specific peak bands of pH-determining electrolyte ions (HCO3− and 
CO32−) after reaching equilibrium (Figure 1-13 F-H).[57] The pH values were calculated by 
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establishing calibration curves of the corresponding electrolyte involving the comparison of 
the peak intensities of the two specific vibrational bands. Consequently, distinct local 
alkalization of more than 10 at the interface was observed.[57] Subsequently, we monitored 
pronounced electrolyte acidification close to the outer CoCat surface (ca. 20 μm) when 
operating CoCat at neutral pH, which implies the limitations of macroscopic proton transport, 
resulting in the low OER catalytic current.[142] Therefore, in Chapter 5, we make use of the 
spatially resolved feature of operando Raman spectroscopy to detect the local and bulk pH 
variations in relation to proton transport by diffusing anions or cations. 

1.7.2 SERM and challenges of Raman spectroscopy 

Operando Raman spectroscopy provides insight into the catalytic mechanism at the molecular 
level during electrocatalytic reactions. However, a challenge for Raman spectroscopy is the 
low probability of inelastic scattering processes. Therefore, high concentrations of analytes or 
reaction intermediates are usually required to improve the sensitivity of Raman 
measurements.[355;370] In addition, the depth of detection and spatial resolution (approximately 
λ/2, λ denotes the wavelength of the laser excitation light) is still comparably low due to the 
limitations of visible light diffraction. [355] This limitation can be surpassed by creating a point 
source of less than half the wavelength (λ/2).[362] Importantly, several Raman-based techniques, 
such as surface-enhanced Raman spectroscopy (SERS),[371-373] tip-enhanced Raman 
spectroscopy (TERS)[374-377], and shell-isolated nanoparticle-enhanced Raman scattering 
(SHINERS)[378-380], have been developed to enhance the Raman signal of target molecules. 
Since surface enhancement effects typically occur on metals such as Au, Ag, and Cu, the latter 
two technologies have the potential to eliminate limitations associated with specific material 
requirements.[206;355;359] Here, we will delve into the SERM principle, which is widely discussed 
in the literature. The discovery of SERS in the 1970s dramatically improved the detection 
sensitivity of Raman scattering signals.[206;381;382] For molecular species that are firmly or 
loosely bound (adsorbed) to the surface of the SERS substrate—typically rough metallic 
surfaces or nanoparticles of gold, silver, or copper, their plasmonic properties can facilitate the 
SERS effect—the Raman signal can be enhanced by at least a factor of 106-107.[206;383] As a 
result, high-quality Raman spectra can be obtained even if there are only a few molecules of 
interest on the SERS surface. For substances that are not directly bound but are still close to 
the metallic SERS surface (within about 3 nm), [206;372;373;383] the enhancement factor is 
relatively low but still significant. Therefore, when electrocatalytic thin films are deposited or 
grown on SERS-active substrates, the surface enhancement effect can increase the signal 
intensity, thus enabling in situ surface-enhanced Raman spectroscopy.[206;215;364;368] 
The SERS enhancement effect is commonly explained by two main theories: the 
electromagnetic (EM) theory and the chemical (CE) theory.[359;384;385] The EM enhancement is 
considered to be the predominant contributor, enhancing the Raman signal by about 5-10 orders 
of magnitude.[375;385] According to the EM mechanism, surface plasmon resonance is triggered 
when exposed to laser light, leading to an elevated electromagnetic field on the surface (local 
field enhancement). This in turn amplifies the light-matter interaction, leading to an 
enhancement of Raman scattered light (irradiation enhancement).[354] The chemical 
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enhancement mechanism typically arises from the transfer of charge between the metal surface 
and the analyte or absorbed molecules. Compared to the electromagnetic enhancement, the 
chemical enhancement is still smaller (up to 103).[386-388] It has been noted that the charge 
transfer mechanism is limited to specific molecules, whereas the electromagnetic (EM) 
mechanism applies to all analytes. Thus, the EM theory leads to a generalized enhancement of 
the Raman band rather than a selective enhancement. In most cases, the enhanced SERS signal 
is produced by the synergistic effect of the two theories.[354;384;389;390] When analyzing operando 
SERS spectra, Raman peak intensities were found to be strongly dependent on the electrode 
potential or even the history of previously applied potentials, thus complicating 
potential-dependent spectral analysis.[206;391-393] For a reasonable quantitative analysis, it is 
recommended that the Raman signal intensity is normalized to the background amplitude since 
the local surface plasmon resonance determines both the Raman intensity and the broad, 
featureless background amplitude.[206;391] 
Challenges in operando Raman spectroscopy also include sample damage[139;367;394] and 
fluorescence interference.[355;358] The laser heating effect is the most severe and easily 
underestimated source of artifacts in operando Raman experiments.[206] The laser can heat up 
the catalyst and even modify the sample, for example, converting amorphous CoOx material 
into a crystalline phase Co3O4, resulting in the emergence of sharp Raman peaks.[206;394] Several 
methods have been implemented for avoiding laser damage,[206;355;356] including optimizing the 
laser wavelength/power/ exposure time, constantly moving or rotating either sample or laser 
beam, and the use of a line focus (available only in some commercial instruments) to focus the 
laser on a line-shaped area of 1 mm×100 mm, thereby reducing the laser power per unit area 
without significant loss of signal intensity.[206] Defocusing the Raman beam reduces the signal 
intensity more than the illumination intensity, so defocusing is not an effective approach.[206] 
In addition, selecting materials with high thermal conductivity (eg., metallic Pt electrodes) 
could mitigate the heating effect.[139] Care should be taken when selecting lasers not to trigger 
absorption and photochemical reactions.[355] Moreover, Raman scattering intensity can be 
maximized by selecting appropriate optics (primarily microscope objectives) to direct the 
excitation laser radiation and collect the scattered radiation in a confocal mode (see Figure 
5-6).[206;358] Typically, the theoretical maximum Raman signal intensity can be obtained using 
a water immersion microscope objective with a large numerical aperture (N.A.).[206] Water 
immersion objective reduces the mismatch of refractive index in the light path and minimizes 
light loss.[356] The objective lens can be used in any electrolyte solution by covering it with a 
Teflon protective film that has a similar refractive index to water (n = 1.33).[355] However, using 
an immersion objective may shorten the distance between the objective and the working 
electrode. Bubbles formed during gas reactions may be trapped in this gap, thus attenuating the 
Raman signal.[354] Furthermore, the larger the numerical aperture of the objective lens used, the 
more tightly the laser can be focused onto a spot (a few hundred nanometers in diameter), while 
also greatly increasing the collection of scattered signals.[206;362] Fluorescence leading to a 
broad Raman background affects Raman intensity analysis and can be caused by the support 
material, the catalyst material itself, electrolyte impurities, certain components of the reaction 
mixture, or even emerging species.[355;356] Elimination or reduction of the fluorescence 
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background can be achieved by tuning the excitation wavelength using a near-infrared or 
ultraviolet laser. Another method is the employment of shifted excitation Raman difference 
spectroscopy (SERDS),[363;395;396] which uses two slightly shifted excitation wavelengths to 
acquire two consecutive Raman spectra at the same position. The excitation wavelengths are 
shifted by only a few nanometers. The resulting Raman signal is relatively shifted, while the 
fluorescence remains essentially unchanged. By subtracting these two shifted Raman spectra, 
the fluorescence disappears and only the Raman signal remains.[355;395] 
In summary, this section compares Raman spectroscopy with XAS and infrared spectroscopy 
and further describes the differences between conventional Raman spectroscopy and 
surface-enhanced Raman spectroscopy. We highlight the various powerful roles of operando 
Raman spectroscopy in monitoring potential-dependent chemical states, structural or phase 
transitions, the evolution of reaction intermediates, protonation states, and local pH, especially 
at electrolyte-electrode surfaces. In addition, some potential challenges are pointed out. 

1.8 Scope and organization of this thesis 

The goal of this dissertation is to investigate the activity determinants and limiting factors in 
neutral-pH water oxidation based on an electrocatalytic cobalt-phosphate system. The focus of 
the studies includes: 1) the role of electrolyte phosphate species in assisting proton transfer and 
their influence on catalytic activity, 2) deciphering the role of oxidation state accumulation in 
determining the catalytic rate of OER, 3) judging whether redox inert ions (potassium ions and 
phosphate ions) are involved in the redox transition or catalytic process acting as charge 
compensating role, and 4) quantifying the local pH and electrolyte pH profile by operando 
Raman spectroscopy. The results reported here likely are generally valid for a broader class of 
volume-active OER catalyst materials and for the amorphized near-surface regions of 
microcrystalline materials as well as other technically relevant electrolysis cells. 
The studied contents are divided into four chapters, organized as follows: 

Chapter 2 (Macroscopic proton transport) proposed three possible rate-limiting processes 
related to proton transport and concluded the role of macroscopic diffusion of phosphate 
species in mediating proton transport. Extensive Tafel plots (j-V curves) at various KPi 
concentrations in the neutral CoCat-KPi system are analyzed. The potential-dependent 
structure and oxidation states of CoCat are studied by operando XAS at different concentrations 
of KPi electrolyte. The role of the phosphate buffer in mitigating local pH is further confirmed 
by FEXRAV at a fixed X-ray incident energy. Quantitative analysis of internal phosphate 
amount and mathematic simulations of j-V curves provide additional evidence. A proof-of-
principle experiment shows that current densities exceeding 1 A cm−2 can be achieved in 
neutral-pH OER. 

Chapter 3 (Oxidation states versus catalytic rate) discusses the relationship among the catalytic 
rate of OER, the accumulated redox states, and the electrode potential for CoCat operated in 
KPi electrolyte systems with either varying KPi concentrations or pH values. The studies are 
achieved by operando X-ray absorption spectroscopy (XAS), electrochemistry experiments 
with potential jumps, and in situ UV-vis absorption spectroscopy. 
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Chapter 4 (Role of the potassium ion) scrutinizes the binding motif of redox-inert potassium 
ions from the internal CoCat and verifies that potassium ions do not play a 
charge-compensating role in the redox transition of cobalt. The structure of potassium was 
investigated by analyzing the EXAFS of potassium at the K-edge. The exchange kinetics of K+ 
as a function of electric potential were investigated by a novel operando XAS experiment with 
fixing incident X-ray energy at high energy. Elemental analysis of potassium and phosphorus 
provided complementary results. 

Chapter 5 (Local pH and electrolyte pH profiles) quantifies the local pH and electrolyte pH 
profiles (and the corresponding phosphate species amount profiles) based on the CoCat-KPi 
system by using different Raman spectroscopic configurations. In addition, a broad distribution 
of electrolyte pH near the same anode or cathode is detected by the spatially resolved Raman 
spectroscopy in a stagnant electrolyser, and a complicated diffusion of proton-transporting 
molecules between the anode and cathode is revealed.



 

 

 

2 Deciphering the proton transport limitation of electrocatalytic water oxidation at 
neutral pH for an amorphous cobalt-phosphate catalyst system 

Abstract Neutral-pH OER reduces operational risks and enables direct coupling to 
electrochemical CO2 reduction, but typically is hampered by low current densities. In this 
chapter, the rate limitations from proton transport in neutral-pH OER are clarified. Using 
cobalt-based catalyst films and phosphate ions as essential electrolyte bases, current-potential 
curves (j-V) are recorded and simulated. Operando X-ray spectroscopy shows the 
potential-dependent structural changes independent of the electrolyte phosphate concentration. 
Operando Raman spectroscopy uncovers electrolyte acidification at a micrometer distance 
from the catalyst surface, limiting the Tafel slope regime to low current densities (presented in 
Chapter 5). The electrolyte proton transport is facilitated by diffusion of either phosphate ions 
(base pathway) or H3O+ ions (water pathway). The water pathway is not associated with an 
absolute current limit but is energetically inefficient due to the Tafel-slope increase by 
60 mV dec−1 shown by an uncomplicated mathematical model. The base pathway is a specific 
requirement in neutral-pH OER and can support high current densities, but only with 
accelerated buffer-base diffusion. Catalyst internal phosphate diffusion or other internal 
transport mechanisms do not limit the current densities. A proof-of-principle experiment shows 
that current densities exceeding 1 A cm−2 can also be achieved in neutral-pH OER. 

 
A portion of this chapter reproduced from: 
S. Liu, I. Zaharieva, L. D'Amario, S. Mebs, P. Kubella, F. Yang, P. Beyer, M. Haumann, H. 
Dau*. Electrocatalytic Water Oxidation at Neutral pH–Deciphering the Rate Constraints for an 
Amorphous Cobalt‐Phosphate Catalyst System. Advanced Energy Materials 2022, 12, 
2202914. https://doi.org/10.1002/aenm.202202914 
with the permission from Wiley‐VCH. Copyright 2022 Wiley‐VCH. 
This article is licensed under a Creative Commons Attribution 4.0 license. 
Author Contributions: 

https://doi.org/10.1002/aenm.202202914
https://creativecommons.org/licenses/by/4.0/


Chapter 2 Macroscopic proton transport 

38 

S. Liu performed all the experiments and data evaluation of this chapter unless otherwise noted. 
P. Kubella conducted the high current density experiment shown in Figure 2-32. 
F. Yang supported SEM measurement. 
I. Zaharieva wrote mathematical simulation software. 
I. Zaharieva, L. D'Amario, S. Mebs, P. Beyer, M. Haumann supported synchrotron 
measurements and provided valuable discussion. 
H. Dau draw the schemes, deduced equations, and supervised research. 

2.1 Introduction and motivation 

Neutral pH OERs are essential for sustainable fuel production, but their current densities are 
typically low. Thereby, clarifying the catalytic rate limitations in neutral-pH OER is crucial. 
Here, we chose an amorphous CoCat material combined with a potassium dihydrogen 
phosphate (KPi) electrolyte as a model system to explore the factors that limit the flow of 
electrocatalytic currents in OER at neutral pH. A series of studies have investigated the 
structure and function of CoCat catalysts in detail.[65;70;71;112;113;116;118;119;121-

124;126;128;134;158;159;168;170] However, the critical role of KPi or alternative protonatable ions[99] in 
the neutral pH system has been almost exclusively scrutinized.[67;123;397-399] Although the 
structural and functional importance of phosphate or other "buffer ions" in electrocatalysis is 
generally accepted,[65;71;99;110-143] we consider the experimental characterization and 
understanding of the technological decisive current-density—electric-potential relations (in the 
following denoted as 'current-voltage' or 'j-V' relations) to be insufficient, which motivates our 
present investigation. 
Possible rate-limiting processes in neutral-pH OER were proposed (Figure 2-1) based on 
previous CoCat studies.[99;124;135] (i) Costentin and coworkers modelled j-V curves for 
CoCat-OER and further electrokinetic data in a series of inspiring investigations.[124;128;400] In 
ref.[124] they suggest film-internal diffusion of the buffer molecules (HPO42−/H2PO4−) between 
the external electrolyte-exposed surface of the catalyst film and the catalyst-film–substrate 
electrode interface, with phosphate ions serving as proton shuttle within the CoCat catalyst 
(option a. in Figure 2-1).[124] According to this proposal, also the CoCat-internal diffusion of 
phosphate ions could be a rate-determining process. (ii) In an early study addressing the role 
of electrolyte bases in near-neutral-pH water oxidation, we found that for nine different 
protonatable ions employed as a pH-buffering system, the catalytic current density at 
comparably high electrode potentials (1.35 V vs. NHE) does not follow a classical 
“thermodynamic” pH dependence.[99] It is rather determined by the electrolyte pH and the 
pKa-value of the buffering groups such that the availability of a (deprotonated) 
proton-accepting base determines the current density.[99] To rationalize this finding, we 
proposed that the current-limiting process in OER is the transfer of protons from the catalyst 
material to unprotonated buffer molecules as it takes place at the catalyst-electrolyte interface. 
(option b. in Figure 2-1). (iii) Recently, we have developed an analytical model, which 
quantitatively explains the presence of proton transfer limitation by macroscopic diffusion of 
the buffer base in the bulk electrolyte, and thus, outside of the catalyst film (option c. in Figure 
2-1).[135] This model predicts that at high catalytic potential, the maximum current density is 
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determined by the protonation state of the buffer base, its concentration, and an effective 
diffusion constant describing the diffusion of the buffer ions within the bulk electrolyte. 

 
Figure 2-1. Possible rate-limiting processes in neutral-pH OER. Reproduced with permission from 
ref.[142]. Copyright Wiley‐VCH (2022). 

In this chapter, three different scenarios for the rate-limiting process in proton transport 
mediated by mobile phosphate ions can be distinguished (see Figure 2-1): (a) internal diffusion 
within the catalyst, (b) proton transfer at the outer catalyst surface, and (c) macroscopic 
diffusion and thereby proton transfer within the bulk electrolyte. In the present study, we 
succeed in distinguishing between these options, thereby, identifying the dominant 
rate-determining processes. Experimentally, we focus on the low current density regime 
because it is relevant for artificial photosynthesis applications. Furthermore, we provide a 
proof-of-principle experiment with high-current OER at near-neutral pH. We examine catalyst 
films deposited on a transparent conducting oxide, complemented by experiments with CoCat 
films deposited on nickel foam electrodes and a discussion of the high-current regime relevant 
to industrial electrolyzer systems. Consequently, we consider the determining factors 
potentially may be generally valid for a neutral water oxidation system.[67;123;397-399] 

2.2 Results and discussion 

2.2.1 Phosphate dependence of j-V curves 

To investigate the role of phosphate ions in the bulk electrolytes at neutral pH (7.0) for water 
oxidation catalyzed by CoCat, complete j-V curves were collected at various potassium 
phosphate (KPi) concentrations ranging from 1.6 mM to 250 mM, in four sets of experiments 
(Figure 2-2): 
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Figure 2-2. Phosphate concentration dependence of j-V curves investigated at pH 7. The current density 
(j ) was recorded at various electrode potentials (V in Volt vs. NHE), for static operation of the 
electrochemical cell (no stirring) or with enhanced convection (stirred, 500 rpm), without or with 500 
mM KNO3 as a supporting electrolyte component. For collection of j-V curves, the potential was 
increased stepwise (from lowest to highest values) and the current density was determined after an 
equilibration period of 1 min at the respective potential. For each j-V curve, a fresh CoCat film had 
been prepared, with a deposition charge of 10 mC cm−2, corresponding to ca. 100 nmol of Co ions per 
cm2. All experiments were repeated at least three times; vertical error bars indicate standard deviations 
(𝜎) calculated according to Equation 2-1. The dotted lines mark the approximate inflection points of the 
j-V curves (same line in A, B, C, and D), which were determined as shown in Figure 2-4 and herein are 
discussed as ‘plateau levels’. In B and D, approximate Tafel slopes are indicated (rough graphical 
estimates, excluding the current-density regime below the dashed-line level of 7 µA cm−2 in the 
estimation). We note that at high phosphate concentrations, control experiments revealed a partial 
CoCat film loss (Figures 2-10 to 2-15, see also Figures 2-14 to 2-15 for SEM images), which explains 
the decrease in current density at high potentials as observed in some experiments. Reproduced with 
permission from ref.[142]. Copyright Wiley‐VCH (2022). 
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Here N is the number of samples measured in each condition, 𝑥# is current density of a single 
sample, �̅� is the average current density. 

 
Figure 2-3. Top view scheme of the electrochemical cell arrangement with magnetic bar for experiments 
with stirred electrolyte in Figure 2-2. For experiments in pure HxPO4 or with the addition of KNO3, no 
stirring was used. The area of working and counter electrodes is 10×10 mm2 

and
 
20×20 mm2, 

respectively. The distance between Pt-grid and ITO working electrode (WE) was 20 mm. The distance 
between reference electrode (RE) and working electrode (WE) was 5 mm. Note that the black arrow 
shows that the three electrodes were located in the center of the beaker during the experiment, as was 
the position of the stirring bar. 

Variation of KPi concentration without additional salts in unstirred electrolyte solution 
(Figure 2-2A);  

Variation of KPi concentration in high-salt (500 mM KNO3) and unstirred electrolyte solution 
(Figure 2-2B);  
Variation of KPi concentration without additional salts in stirred electrolyte solution 
(Figure 2-2C); 
Variation of KPi concentration in high-salt (500 mM KNO3) and stirred electrolyte solution 
(Figure 2-2D); 
In sets B and D, j-V curves were also collected in the pure water without KPi but with the 
addition of a high-salt electrolyte (500 mM KNO3), without or with stirring (initial pH adjusted 
close to 7). The same electrochemical cell configuration in Figure 2-3 was used for the four 
sets of j-V curve collection to ensure identical diffusion characteristics in A and B (unstirred) 
as well as C and D (stirred with 500 rpm;). Analysis of Figure 2-2 by visual inspection and 
summarizing informative values in respective graphics (Figures 2-5 to 2-7) reveals: 
(i) Common Tafel-slope characteristics at all KPi concentrations. At low potentials (around 
1.15 V vs. NHE) an overlapping and approximately exponential increase of the current density 
(linear increase of log j) is observed in all curves, suggesting similar Tafel slopes (close to 
70 mV dec−1, Figure 2-2B). Consequently, at low overpotentials, the current density is 
independent of the KPi buffer concentration (Figure 2-5A), as also reported in ref. [113]. 
Assuming that the observed Tafel slope and exchange current density reflect a specific reaction 
mechanism, this observation implies that the OER reaction mechanism is unaffected by the 
KPi concentration. Although the Tafel slope itself is not significantly affected by the KPi 
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concentration, the extension of the linear regime (of log j) increases strongly with increasing 
KPi concentration, from clearly less than one decade increase in current density (for pure 
HxPO4 without stirring, Figure 2-2A) to clearly more than one decade, which relates to the 
KPi-dependence of the plateau level in the j-V curves. 

 
Figure 2-4. The first derivative of the logarithm of the current as a function of the applied potential (data 
of Figure 2-2) and their role in rough quantification of plateau levels of the j-V curves for data shown 
in Figure 2-2B. Noticeably, at high KPi concentrations and high current conditions (e.g., panels C and 
D) none or only a minor indication of a local minimum is visible. The red line shown in panels A and 
B has identical slopes and offsets. They were positioned manually such that they cross the estimated 
minima visible in the curves for low phosphate concentrations and used for obtaining the data points 
shown in Figure 2-5B. To obtain the plateau level in Figure 2-5B, we determined the points where the 
red line shown above in panels A and B (and shown for A, B, C, and D in Figure 2-2, always the same 
line with identical slope and offset) cross the j-V curves. These crossing points were considered to 
provide an approximate measure of the plateau-level current. We emphasize that the used procedure to 
estimate a plateau-level current exclusively serves to provide a qualitative overview of phenomenology. 

(ii) Strongly increased Tafel slope without KPi. For the j-V curve collected in “pure water” 
(without KPi buffer, but with 500 mM KNO3), a strikingly different behavior is observed: an 
increase in current density with a Tafel slope that is approximately two times larger than in KPi 
buffer and extends over a large potential range (Figure 2-2 B and D). This behavior is also 
reproduced in the simulations presented further below for proton transport by H3O+ ions (see 
also in ref.[124]). 
(iii) Plateau level determined by KPi concentration. With increasing the applied potential 
beyond the Tafel slope region, a plateau level of the current density is reached at 1.25 V to 
1.4 V, which is well visible (in Figures 2-2A and 2B) as an inflection point of the j-V curves 
for KPi concentrations ranging from 1.6 mM to 40 mM. A quantitative analysis of current 
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densities at the inflection points for various KPi concentrations is shown in Figure 2-5B. A 
roughly first-order dependence of the plateau-level current density and KPi concentration was 
revealed for all four sets of electrolyte systems, in line with a current limitation determined by 
the availability of unprotonated buffer ions (HPO42−) needed for accepting the 'product protons'  
from water oxidation.[99]  Compared to unstirred electrolyte conditions, the plateau current at 
low current density is clearly enhanced for the stirred electrolyte conditions (about 12-fold or 
18-fold increase in low-salt or high-salt electrolyte, respectively. This finding suggests a 
current limitation by macroscopic KPi diffusion. 
 
Table 2-1. Summary of all Tafel slopes determined from Figure 2-2. The unit of Tafel slope is mV dec−1. 
SD represents standard deviation from at least three individual measurements. 

 Pure HXPO4 + KNO3 + Stirring KNO3+Stirring 

KPi conc. (mM) Tafel slope SD Tafel slope SD Tafel slope SD Tafel slope SD 

1.6 126 6.7 97 2.8 72 8.9 74 0.1 

2.5 98 4.1 90 5.9 71 3.0 71 0.6 

4.0 83 3.5 81 2.8 66 0.9 69 0.4 

6.3 74 0.6 76 1.2 65 0.7 67 0.3 

10 71 1.0 72 1.6 63 0.6 65 1.3 

16 68 0.8 72 0.8 61 0.5 67 1.0 

25 66 0.5 68 1.2 61 2.1 67 0.2 

40 65 0.5 68 0.8 61 0.5 68 0.3 

63 65 0.9 66 0.7 62 1.6 69 0.5 

100 66 0.8 66 1.4 64 2.1 70 0.8 

160 65 2.5 67 2.2 66 2.9 72 0.8 

250 66 0.5 68 1.8 68 0.5 75 0.5 

 
(iv) Influence of ionic strength. In Figure 2-2A, variation of the KPi concentration did not only 
change the availability of proton-accepting buffer molecules but at the same time altered the 
total ion concentration. To investigate whether changes in ionic strength affect the j-V curves, 
the ionic strength was kept at a high level irrespective of the KPi concentration by adding 
500 mM KNO3 to the buffer (Figure 2-2B). We observe qualitatively the same j-V behavior 
with and without KNO3 complementation, but at very low KPi concentrations the plateau level 
is moderately enhanced with KNO3 in unstirred electrolytes (by a factor of about 2.0, 1.8, or 
1.4 at 1.6 mM, 2.5 mM, or 4 mM KPi, Figure 2-2 A and B). In stirred electrolyte, a comparison 
of the low-salt to the high-salt j-V curves reveals a more pronounced high-salt enhancement 
than observed in unstirred electrolytes (at low KPi concentrations), approaching a factor of 
three. This salt enhancement effect is particularly evident at low current densities and is likely 
not explained by the effect of ‘normal' Ohmic resistance, as also confirmed by the simulations 
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discussed further below. Furthermore, the KNO3-enhancement effect that contributes to the 
diffusion of KPi between the anode and cathode was investigated by replacing the large 
platinum grid with a fine platinum wire and by studying other system geometries (Figure 2-6). 
The same plateau current was observed with the addition of high salt and was independent of 
the geometry of the electrode. Similar results were obtained for the pure KPi electrolyte. This 
demonstrates, apparently, that the macroscopic diffusion of KPi species from the catalyst 
electrode to the platinum electrode is not strongly influenced by the KNO3. However, we do 
not exclude the influence of the large cell capacity (50 mL). We conclude that for a low KPi 
concentration also the added salt (500 mm KNO3) plays a role in enhancing the current density. 
Therefore, an ionic strength effect on either KPi diffusion or protonation states in the Helmholtz 
layer at the catalyst–electrolyte interface represents a more likely explanation. 
(v) Biphasic j-V curves relating to H2O acting as proton acceptor. For low and intermediate 
KPi concentrations at high overpotentials, the j-V curves approach asymptotically the j-V curve 
obtained for operation of the catalyst film in the KNO3-containing, but KPi-free electrolyte, as 
clearly visible in Figures 2-2B and 2D. Assuming that the plateau level can be explained by 
the exhausted proton accepting capacity of the KPi buffer close to the catalyst surface (Figure 
2-18), water obviously serves as an additional proton acceptor at high overpotentials. Therefore, 
the current density at 1.6 V for low KPi concentrations approaches the current for the KPi-free 
electrolyte (Figure 2-5C). Furthermore, with stirring, the j-V curves in the absence of any KPi 
result in an enhanced current density, demonstrating proton transport limitation most likely 
comes from the diffusion of H3O+ from the anode to the cathode rather than the process of 
water accepting protons (Figure 2-7), as also supported by j-V curve simulation. 
(vi) Ohmic limitation at high current densities. At high current densities, increasing KPi 
concentrations no longer leads to a proportional increase of the current density, but rather to 
plateau levels (Figures 2-2, 2-5B and 2-5C), which largely result from Ohmic limitations. The 
linear current-voltage relation visible at the highest KPi concentration in Figure 2-8 reveals an 
Ohmic resistance close to 35 Ohm for all four data sets (dotted lines in Figure 2-8). This Ohmic 
resistance is not a catalyst-intrinsic property but derives from the sum of the electrolyte 
resistance and the Ohmic resistance of the ITO substrate of the working electrode, the latter 
being the dominating contribution at high salt concentrations, as also supported by Ohmic 
resistance calculation from thicker CoCat film (Figure 2-9) as well as Ni foam as substrate 
(Figure 2-29). (We note that at the highest KPi concentrations with stirred electrolyte, the 
current densities decrease for increasingly positive potentials exceeding about 1.5 V, which is 
explainable by catalyst film degradation, see Figure 2-10 to 2-12). 
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Figure 2-5. Current density of CoCat as a function of phosphate buffer (KPi) concentration at selected 
potential regions. The symbols represent data of Figure 2-2, A in black, B in red, C in blue, and D, 
green. Panel A shows the characteristic current corresponding to the indicated low potential in Figure 
2-2. To avoid overlapping of data points, current densities at 1.25 V are shown on the right y-axis. 
Parallel grey lines of panel A mark equal current densities. Panel B indicates the characteristic current 
at the plateau of Figure 2-2 (dotted line). In panel C, each point represents the current density at 1.6 V. 
The slope of the red dotted line is unity which corresponds to a first-order (linear) relation between 
current density and KPi concentration. In panel C, the two grey lines mark current densities at 1.6 V 
vs. NHE determined for 'pure water' in the absence of KPi molecules (but with 500 mM KNO3; see 
Figures 2-2 B and D). Reproduced with permission from ref.[142]. Copyright Wiley-VCH (2022). 
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Figure 2-6. j-V curves of CoCat by varying the distance between CoCat and the Pt counter electrode 
with or without the addition of KNO3 salt. CoCat (10 mC cm−2) deposited on ITO was operated at 
2.5 mM KPi (pH 7). A platinum wire (unwound) was used instead of a platinum grid for the 
measurement of the j-V curves. 

 

 
Figure 2-7. j-V curves collected in the stirred or non-stirred electrolyte with varying the KNO3 
concentration, when CoCat (10 mC cm−2) was operated in KPi-free buffer. More details seen Figure 
2-6. 
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Figure 2-8. Current density (j) versus electric potential (V) corresponding to the data in Figure 2-2, but 
here using a linear scale. The same slope (black dotted lines) is used to estimate the Ohmic resistance 
for high KPi concentration data, which is approximately 34 Ohm. The red solid lines are parallel to the 
black dotted lines. 
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Figure 2-9. Current density (j) versus electric potential (V) in the linear scale for the four KPi system 
by using thicker film 50 mC cm−2. Same dotted line is used to estimate the Ohmic resistance for high 
KPi concentration data at high potential region, here is around 33 Ohm. The red lines parallel to the 
dotted line or having slightly deviation show almost same ohmic resistance. 

 
Figure 2-10. Cyclic voltammograms (CVs) measured before (thick lines) and after (thin lines) collection 
of j-V curves for 10 mC cm−2 CoCat film operated at indicated KPi concentrations at pH 7 (black:4 mM, 
red:40 mM, blue:160 mM). Panels A-D show CVs for KPi solutions with or without additional KNO3 
or stirring under otherwise similar conditions as for the data in Figure 2-2. The scan rate was 20 mV s−1. 
Average currents of the last two CVs are shown, all CVs were corrected for iR drop during the 
measurements. 
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Figure 2-11. (Panel A) Maximum current density (at 1.45 V vs. NHE, pH 7) and calculated charge from 
CVs of measured before (solid lines) and after (broken lines) collection of j-V curves. CVs were 
measured in the indicated buffer system by using 10 mC cm−2 deposited CoCat film at 20 mV s−1. 
(Panel B) Charges were estimated from the integration of the reductive area of CV curves from three 
independent experiments. We note that the maximal current density at 1.45 V detected in CVs before 
and after the j-V curve collection often shows a large decrease, which overestimates catalyst degradation 
during operation seriously. The reason is the sudden potential jump from high potential to low potential 
after completion of the j-V data collection, which affects catalyst integrity seriously, as shown in Figure 
2-12. 

 
Figure 2-12. Charge estimated from the integration of the reductive area of CV or linear sweep 
voltammetry (LSV) traces measured in 160 mM KPi in the four different buffer systems. The charges 
correspond to the amount of redox-active cobalt ions. Panel A shows the integrated charge solely from 
CVs before and after j-V curves collection without LSV. 'CV after' without LSV in panel A shows data 
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from CVs collected after the ending of the last potential step in the j-V curve, meaning after a sudden 
potential jump from 1.6 V to 0.45 V vs. NHE prior to the start of the last three CVs scans. In panel A, 
a pronounced loss of charge is visible when comparing CV before and CV after results, which we 
consider as overestimated. When determining the redox area immediately after the last potential step 
by using a slow LSV scan (20 mV s−1), in panel B such a pronounced charge loss was not observable, 
but the integrated charges from CV before and LSV are similar, which means that the large potential 
jump may cause film dissolution. The calculated charges represent the averaged values from the last 
two CVs. For panel A 10 mC cm−2 films and for panel B, 50 mC cm−2 film were used, which accounts 
for the charge differences in the “CV before” data. 
 

 
Figure 2-13. SEM comparison of 50 mC cm−2 CoCat film as-deposited (a) and after OER operation at 
40 mM (b) or 160 mM (c) KPi at pH 7 without adding KNO3 and without stirring. The corresponding 
high-resolution pictures are shown on the right side. The cracks resulting from drying of the hydrated 
CoCat film upon vacuum exposure; the glowing edges of the cracks relate to charge build-up resulting 
from insufficient electrical conductivity. For operation at 160 mM, fractions of the CoCat film become 
detached from the electrode, as clearly visible in panel (c). Otherwise, major morphological differences 
are not detected when comparing the as-deposited electrode film (a) and the film after electrochemical 
operation (b-c). 
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Figure 2-14. SEM of 10 mC cm−2 CoCat film (a) or 50 mC cm−2 CoCat film (b) deposited on ITO 
substrate at 1.05 V vs. NHE. The left sample was sputtered with gold coating before SEM 
characterization due to a lower conductivity for the low contents of CoCat. Note: two types of ITO 
substrates were used, the left is ITO coated on 1.1 mm thickness soda lime float glass, and the right is 
ITO on coverslip glass with 0.13–0.16 mm thickness. There are no indications that a potassium 
phosphate overlayer is formed. A denser electrode surface is observed for thicker CoCat film. 
 

 
Figure 2-15. SEM image and elemental mapping of 50 mC cm−2 CoCat film after operation at 40 mM 
(a, b, c) or 160 mM (d, e, f) KPi without adding KNO3 and without stirring. Potassium (K) determination 
is unreliable due to the interference of indium within the ITO glass. For operation at 160 mM, fractions 
of the CoCat film become detached from the electrode, as clearly visible in panel (d). Otherwise, major 
differences are not detected when comparing the as-deposited electrode film and the film after 
electrochemical operation. 

2.2.2 Proton acceptor depletion revealed by FEXAV 

In Figure 2-5B, we observed a first-order dependence of the plateau current density on KPi 
concentration between 1.25 V and 1.4 V (vs. NHE), suggesting that proton transport limitations 
arise from the availability of buffer base.[99] At higher potentials, assuming that the proton 
acceptor of the KPi buffer is depleted near the catalyst surface, water becomes effective as an 
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additional proton acceptor. Here, we verified the depletion of the KPi buffer base by combining 
CV with operando XAS experiments. By fixing the X-ray excitation energy, called fixed 
energy X-ray absorption voltammetry (FEXAV), it is possible to follow the dynamic redox 
process during the CV.[315;340] Figure 2-16 illustrates the rationale of the experimental approach. 
Typically, the absorbing metal atoms are oxidized progressively with increasing potential, 
resulting in a shift of the XANES edge to higher X-ray energies. At a fixed incident X-ray 
energy, oxidizing processes correspond to a decrease in fluorescence intensity, while reducing 
processes correspond to an increase in fluorescence intensity. To a good approximation, the 
changes in the X-ray fluorescence intensity are proportional to the extent of oxidation (intensity 
decrease) or reduction (intensity increase) of the Co ions.[315] By calculating the first-order time 
derivative of the X-ray fluorescence recorded during a CV, we can extract information about 
the oxidation state dynamics and distinguish redox currents from catalytic currents or other 
processes. Here, the FEXAV experiment was performed at a fixed X-ray excitation energy 
(7722 eV) with five consecutive CV acquisitions at a scan rate of 10 mVs−1. The same broad 
potential regime as the j-V curve (Figure 2-2) was chosen (Figure 2-17). 

 
Figure 2-16. Schematic diagram of the FEXRV experiment. The main panel shows the XANES spectra 
of CoCat in KPi solution (pH 9, 0.1 M) at different electrode potentials. Inset: at a fixed X-ray excitation 
energy of 7722 eV, X-ray fluorescence decreases with increasing potential (black arrows) while the 
edge shifts (red arrow) toward higher X-ray energies. The decrease in the X-ray fluorescence for 
excitation at 7722 eV is proportional, to a good approximation, to the changes in the Co oxidation 
state.[315] 
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Figure 2-17. X-ray fluorescence at Co K-edge measured at fixed 7722 eV excitation energy (left column) 
and the corresponding derivative of fluorescence (vs. time) (right column) during cyclic 
voltammograms (CVs) at various pH of KPi. CoCat catalyst deposited on the graphene sheet, five CVs 
continuously measured at 25 mM KPi with the addition of 500 mM KNO3. CVs at a scan rate of 10 
mV s−1 (black) and the X-ray fluorescence intensity (colored) were in real-time recorded. The arrow 
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signs the scan direction. Data was shown after smoothing using a moving average method in a 51 data 
points window with a time resolution of 10 ms. The right column shows the average of the last four 
cycles. For the sake of clarity, the dFluo axis was scaled to distinguish redox current and catalytic 
current. The applied potential was corrected for the iR drop. 

Impressively, when CoCat was operated in 25 mM KPi buffer at different pHs (Figure 2-17), 
all CVs showed two broad peaks, while only the first broad peak was attributed to cobalt redox 
transition processes involving CoII®CoIII/CoIII®CoIV.[126] The evidence comes from the 
low-potential region, where the CV curve overlaps completely with the derivative fluorescence 
trace. This is further confirmed by the disappearance of the second peak of CV measured at a 
KPi buffer concentration of 100 mM (Figure 2-18). The region where the second broad peak 
occurs (1.2 to 1.4 V vs. NHE) almost coincides with the plateau region of the j-V curve in 
Figure 2-2, which further suggests a lack of proton receptors. In addition, neither the absolute 
fluorescence (left column) nor the time trajectory of the derivative fluorescence (right column) 
changes significantly during the second peak potential interval, suggesting that it is not related 
to the cobalt redox transition process. Although increasing pH suggests an increase of buffer 
base concentration, a second peak is still observed(Figure 2-17), suggesting that the buffering 
capacity is inefficient and a higher concentration of proton acceptors is required to mitigate 
local proton accumulation. 

 
Figure 2-18. X-ray fluorescence (left column) and the first-order derivative of fluorescence (right 
column) at Co K-edge (left column) were recorded at a fixed excitation energy (7722 eV) in cyclic 
voltammograms (CVs). KNO3 electrolyte salts (500 mM) are added to 25 mM and 100 mM KPi (pH 
7). The 25 mM data is from Figure 2-17. See Figure 2-17 for more details. 

In conclusion, as a complementary technique, FEXAV enabled us to further verify the ability 
of KPi buffers to act as proton acceptors for proton transport and to alleviate local acidification. 
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2.2.3 Structure analysis by operando X-ray absorption spectroscopy 

Phosphate and potassium ions are components of CoCat deposited in 100 mM KPi with a 
Co:K:P stoichiometry of about 2-3:1:1.[70] Specifically, the phosphate ions are often assumed 
to be functionally relevant, that is, an integral part of the catalyst material.[71] It indeed has been 
shown that phosphate ions can affect the atomic structure of the catalyst 
significantly.[122;123;130;168;170] With our present j-V curves measured at various phosphate 
concentrations (Figure 2-2), it is plausible that structural changes result from operation in 
low-phosphate or phosphate-free electrolyte (via phosphate depletion); we thus explored this 
possibility by employing operando X-ray absorption spectroscopy (XAS) at the Co K-edge to 
analyse the X-ray edge region and the extended X-ray absorption fine-structure (EXAFS) 
spectrum. 
CoCat films (20 mC cm−2) deposited on glassy carbon substrate (0.1 mm thick) were operated 
at four selected KPi conditions at pH 7 with low, medium, or high phosphate buffer 
concentrations (1.6 mM, 25 mM, or 100 mM) or without KPi; KNO3 salt was added to maintain 
an approximately constant ionic strength of 0.5-0.8 M in all experiments. After equilibration at 
0.75 V, 1.15 V, or 1.33 V (vs. NHE, pH 7; see details in experimental section 2.4.3), EXAFS 
spectra were collected at the respective electric potentials. The electrode potentials were 
selected such that the complete range of accessible oxidation states of the CoCat material is 
covered, with the most reduced CoIICoIII state at 0.75 V, the all-CoIII state at 1.15 V, and a 
highly oxidized CoIII, IV state at 1.33 V.[126] The resulting spectra are shown in Figure 2-19 and 
Figure 2-20. Edge spectra and complete EXAFS spectra were recorded at room temperature 
within only 5 min at a low-flux bending-magnet beamline (ca. 1010 photons per s at the Co 
K-edge) with an extended irradiated sample area (about 5 mm2). Under these experimental 
conditions, the X-ray dose per area is especially low, which prevents sample modifications 
from X-ray irradiation (radiation damage), as also verified in ref.[315] for the same CoCat 
electrode films. Further details are provided in the experimental section. 
Analysis of the X-ray edge spectra resulted in estimates of the Co oxidation states (Table 2-2), 
which ranged from the mixed-valent CoII0.4CoIII0.6 state (at 0.75 V) via the all-CoIII state (at 
1.15 V) to the mixed valent CoIII0.85CoIV0.15 state (at 1.33 V), in good agreement with previous 
results.[126;134] These oxidation state estimates are, within the limits of accuracy, independent 
of the KPi concentration. 
In the Fourier-transformed EXAFS spectra, the two main peaks correspond to the oxygen 
ligands in the first Co coordination sphere (Co–O bonds of ~1.9 Å), and the Co ions in the 
second coordination sphere of the X-ray absorbing Co atom (Co–Co distance of ~2.8 Å), 
respectively. The amplitudes of these two peaks reflect the abundance of the respective Co-O 
and Co-Co motifs in the catalyst film. 
Based on analysis of the EXAFS data in Figure 2-19, we conclude: 
(i) Taking the noise level into account, comparing the amplitudes of Co-O and Co-Co at 
different phosphate concentrations, there exists a negligible distinction between spectra 
collected at the same potential. Therefore, we conclude that structural changes are invalid for 
CoCat operated in various KPi concentrations. 
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Figure 2-19. In situ EXAFS spectra at the Co K-edge at different phosphate buffer concentrations during 
electrochemical operation at 0.75 V (A), 1.15 V (B), or 1.33 V (C) (vs. NHE, pH 7). Fourier-transforms 
(FTs) of experimental k3-weighted EXAFS spectra are shown for phosphate buffer (KPi) concentrations 
of zero (blue), 1.6 mM (green), 25 mM (red), or 100 mM (black). The insets show the k3-weighted 
EXAFS data on a wavevector scale (colored lines) as well as the respective least-square simulations 
(thin black lines). Further details on the EXAFS experiment and data analysis are provided in the 
experimental section. Reproduced with permission from ref.[142]. Copyright Wiley‐VCH (2022). 
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(ii) The potential dependence of the peak amplitudes is highlighted by horizontal bars in Figure 
2-19 and is fully consistent with our previous results.[126] There are no inconsistencies with the 
previously observed structural changes during the redox transition of cobalt at the herein-
selected potentials. Accordingly, the atomic structure and the oxidation state as well as 
structural changes, which are likely functionally relevant,[126;134] remain unaffected by 
operation at different phosphate concentrations. 
The above conclusions were summarized from visual inspection of EXAFS spectra in Figure 
2-19, further quantitative analysis was approached by simulating the k3-weighted EXAFS 
spectra (insets of Figure 2-19, Tables 2-3 and 2-4) using two coordination shells (Co-O or 
Co-Co), leading to three free parameters, i.e., coordination number (N), atomic-pair distance 
(R), and Debye-Waller parameters (𝜎). Especially via alternative fixing 𝜎	(Table 2-4), the 
effect of shell coordination number and Debye-Waller parameter on the peak amplitude can be 
deconvoluted. 
The EXAFS simulations reveal that at all phosphate concentrations, the transition from 0.75 V 
to 1.15 V is associated with (i) a shortening of the mean Co-O bond lengths from 1.90 Å to 
1.87 Å, as expected as a result of cobalt oxidation process, (ii) a rise of the first-sphere mean 
Co-coordination number from 5 to 6, and (iii) increased di-µ-oxo bridging between Co ions. 
The transition from 1.15 V to 1.33 V is associated with a further shortening of the Co-O bond 
lengths, in line with CoIV formation, and subtle differences in either the amount or the distance 
spread of the 2.8 Å EXAFS interactions. A more detailed discussion of the potential-dependent 
structural changes and their likely mechanistic relevance has been provided elsewhere, based 
on XAS results for CoCat operation in 100 mM phosphate electrolyte.[126;134] Directly, the same 
potential-dependent changes in atomic structure are detected at all investigated electrolyte 
phosphate concentrations. Concerning the mechanistic role of phosphate ions, we thus 
conclude that redox dynamics of the CoCat material are independent of the electrolyte 
phosphate concentration during CoCat operation. 

Table 2-2. Cobalt K-edge positions and oxidation states (oxid. state) of CoCat films (20 mC cm−2) 
operated at various KPi concentrations and electrode potentials. Edge positions were determined from 
the edge spectra by the integral method.[316] The experimental error of the edge positions is around 
0.1 eV; the oxidation states were estimated based on a calibration curve obtained for simple cobalt 
oxides (see ref. [126]). 

 0.75 VNHE  1.15 VNHE  1.33 VNHE  
KPi 

concentration 
(mM) 

Edge position 
(eV) 

Oxid 
state 

Edge position 
(eV) 

Oxid. 
state 

Edge position 
(eV) 

Oxid. 
state 

0 7719.92 2.60 7720.78 2.97 7721.12 3.12 
1.6 7719.91 2.60 7720.80 2.98 7721.11 3.12 
25 7719.91 2.60 7720.85 3.00 7721.16 3.14 
100 7719.93 2.61 7720.77 2.97 7721.18 3.15 
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Figure 2-20. Operando Cobalt K-edge X-ray absorption spectra of the CoCat film (20 mC cm−2) at 
various KPi concentration for (A) 0.75 V, (B) 1.15 V and (C) 1.35 V vs. NHE. The red dashed line 
located at 7720 eV serves as an eye-guide for identification of potential-dependent edge shifts. 
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Table 2-3. EXAFS simulation parameters for the CoCat spectra in Figure 2-19. The data range used in 
the simulations was 20–570 eV (2.3–12.2 Å−1). The amplitude reduction factor, S0

2 was 0.78, as used 
previously,[123] E0 was refined to ~ 7710 eV. 

  Co-O   Co-Co    
KPi 

concentration   
(mM) 

 

Potential 
(V vs. 
NHE) 

 

N 
 

R (Å) 
 

s (Å) 
 

N 
 

R (Å) 
 

s (Å) 
 

Rf 
(%) 

100 0.75 5.5(6) 1.89(1) 0.069(7) 4.5(9) 2.81(1) 0.079(9) 12.6 
25 5.0(5) 1.90(1) 0.058(8) 4.0(9) 2.82(1) 0.077(9) 7.9 
1.6 5.0(5) 1.90(1) 0.062(8) 3.3(7) 2.82(1) 0.066(0) 8.6 
0 4.4(5) 1.89(1) 0.055(9) 2.8(7) 2.82(1) 0.061(12) 11.9 

100 1.15 5.8(5) 1.88(1) 0.061(7) 4.5(7) 2.81(1) 0.065(7) 15.2 
25 6.1(5) 1.88(1) 0.059(6) 5.0(7) 2.81(1) 0.066(6) 12.4 
1.6 6.0(5) 1.88(1) 0.060(6) 5.1(8) 2.81(1) 0.069(6) 13.6 
0 5.3(5) 1.89(1) 0.050(7) 2.9(5) 2.81(1) 0.030(17) 11.0 

100 1.33 6.4(6) 1.87(1) 0.071(6) 4.1(7) 2.80(1) 0.062(8) 14.6 
25 6.0(5) 1.88(1) 0.059(6) 4.3(7) 2.81(1) 0.065(8) 12.8 
1.6 5.9(5) 1.87(1) 0.060(6) 5.6(9) 2.82(1) 0.079(7) 11.5 
0 6.4(5) 1.88(1) 0.067(6) 5.9(9) 2.81(1) 0.078(6) 16.9 

 
Table 2-4. Alternative simulation of the Co K-edge EXAFS data shown in Figure 2-19. The simulations 
(fits) differ from that of Table 2-3 by employment of fixed Debye-Waller parameters (s), which are 
marked by an asterisk∗. The other fit parameters were determined with the same simulation approach as 
described in Table 2-3. 

KPi 
concentration   

(mM) 

Potential 
(V vs. 
NHE) 

Co-O 
N 

R (Å) s (Å) 
Co-Co 

N 
R (Å) s (Å) 

Rf 
(%) 

100 0.75 5.0(5) 1.89(1) 0.061∗ 3.4(4) 2.82(1) 0.066∗ 16.5 
25 5.1(5) 1.90(1) 0.061∗ 3.2(4) 2.82(1) 0.066∗ 10.7 
1.6 4.9(5) 1.90(1) 0.061∗ 3.2(4) 2.82(1) 0.066∗ 9.1 
0 4.6(5) 1.90(1) 0.061∗ 3.1(4) 2.82(1) 0.066∗ 12.3 

100 1.15 5.8(5) 1.89(1) 0.061∗ 4.6(4) 2.81(1) 0.066∗ 13.8 
25 6.3(5) 1.88(1) 0.061∗ 4.9(4) 2.81(1) 0.066∗ 11.3 
1.6 6.1(4) 1.88(1) 0.061∗ 4.7(4) 2.81(1) 0.066∗ 12.7 
0 5.9(5) 1.89(1) 0.061∗ 4.9(4) 2.82(1) 0.066∗ 16.4 

100 1.33 5.7(4) 1.87(1) 0.061∗ 4.4(4) 2.80(1) 0.066∗ 14.8 
25 6.1(4) 1.88(1) 0.061∗ 4.4(4) 2.81(1) 0.066∗ 11.6 
1.6 5.9(4) 1.88(1) 0.061∗ 4.2(4) 2.82(1) 0.066∗ 13.4 
0 5.9(5) 1.89(1) 0.061∗ 4.6(4) 2.81(1) 0.066∗ 18.9 
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2.2.4 Internal phosphate amount 

In Figures 2-2 and 2-5B, the first-order electrolyte KPi concentration dependence of the 
plateau-level current density in the j-V curves has been verified. Assuming that proton transfer 
is facilitated by the diffusion of phosphate ions within the catalyst film as proposed by Bediako 
et al. is valid,[124] it is expected that the absolute P amount within catalyst film is proportional 
to the concentration of electrolyte phosphate ions. Accordingly, we investigated the correlation 
between the amount of phosphate within the catalyst and the concentration of electrolyte 
phosphate (0, 1.6, 25, 100 mM) for the catalyst operated in sub-catalytic (1.0 V vs. NHE) and 
catalytic (1.3 V vs. NHE) potentials. 
The ‘Malachite green’ method was applied for phosphorus quantification with a commercially 
available malachite green phosphate assay kit. The kit comprises three components (reagent A, 
reagent B and 1 mM phosphate standard). The stock working reagent was prepared by mixing 
reagent A and reagent B (100:1, v/v) followed by adding to the sample or P standard solutions 
at a 1:4 v/v ratio. The assay mixtures were incubated for 30 min followed by UV-vis absorption 
measurement based on the formation of chemical complex between phosphorus and the 
malachite green phosphate assay kit at 620 nm (90000 M−1cm−1).[401] The calibration curve was 
constructed by using a serial of P standards (Figure 2-22), accordingly, the absolute 
phosphorous amounts of internal-CoCat samples (Figure 2-21) can be determined by 
comparing the absorption at 620 nm with the calibration curve. 

 
Figure 2-21. Quantification of phosphate amounts within CoCat films at selected KPi concentrations 
and electrode potentials. The blue and black bars show values from films operated at 1.0 V and 1.3 V 
vs. NHE, respectively. The phosphate amount in the as-deposited film (deposited in 100 mM KPi) 
without further electrochemical operation is shown as an orange bar. Reproduced with permission from 
ref.[142]. Copyright Wiley‐VCH (2022). 
 
From Figure 2-21, crucial information is summarized in the following. 
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(i) As a whole, the internal-phosphate amount has minor dependence on the KPi electrolyte 
concentration; With an around 62 times increment of electrolyte phosphate concentration, the 
absolute P amount only increased by less than 1.2-fold; (ii) Potential alteration has negligible 
influence on inner phosphate amount, implying slow exchange between the inner-catalyst 
phosphate and bulk phosphate electrolyte. 

 
Figure 2-22. (A) UV-vis absorption spectra at various phosphate standard concentrations. (B) 
Absorption at 620 nm was plotted versus the phosphate concentration. Data points are the mean values 
of duplicate measurements after incubation of the “malachite green” assay mixture for 30 minutes at 
room temperature. 

The result of Figure 2-21, not only argues against effective exchange of phosphate ions between 
electrolyte and catalyst material, but also rules out the possibility that the first-order phosphate 
concentration dependence of current density can be explained by correspondingly increased 
catalyst-internal phosphate concentrations. 

2.2.5 Simulation of j-V curves 

The four sets of j-V curves in Figure 2-2 were simulated by a model, which describes the 
influence of macroscopic proton transport in the bulk electrolyte on the current density and is 
schematically shown in Figure 2-23. 
The simulations are based on our earlier description of the effect of buffer molecule-mediated 
proton transport on catalytic activity,[135] in which we assumed that the proton activity 
(effective proton concentration) of the inner catalyst film (𝑎Hcat) during steady-state operation 
of the catalyst operation is equal to that in the boundary layer between catalyst and electrolyte 
(𝑎HBL). The total catalytic current at neutral pH is equivalent to the total proton current (JBH) 
because in an equilibrated, continuously operated electrochemical system, the electron current 
should be equal to the proton current. 

500 550 600 650 700 750
0.0

0.5

1.0

1.5

2.0

2.5

Ab
so

rb
an

ce
 

Wavelength (nm)

0  M
 3.2  M
 6.4  M
 9.6 9M
 12.8  M
 19.2  M
 25.6  M

-3 0 3 6 9 12 15 18 21 24 27

0.0

0.5

1.0

1.5

2.0

2.5

O
D

 6
20

 n
m

Phosphate standard concentration (μM)

B A

Y = 0.0878X + 0.0396



Chapter 2 Macroscopic proton transport 

62 

 
Figure 2-23. Modeling j-V curves by considering rate-limiting electrolyte proton transport via both, the 
buffer-base pathway and the water pathway. It is assumed that in the interior of the catalyst film, 
electron and proton transfer is fast (not rate-limiting); consequently, electric potential and proton 
activity do not vary within the catalyst material. Moreover, rapid equilibration of the proton activity 
between the boundary layer (𝑎H

cat) and the catalyst interior (𝑎H
BL) is assumed so that 𝑎H

cat = 𝑎H
BL. The 

protons produced during OER are accepted either by a buffer base molecule (HPO4
2−) or a water 

molecule, where the proton transfer between catalyst film and accepting molecule is not a rate-limiting 
factor. The parameters ST and I0 represent Tafel slope and exchange current density, which describe the 
catalytic properties of the catalyst material. The diffusion of HPO4

2− and H2PO4
−

 are described by the 
diffusion constant kdPi; proton diffusion is described by kdH+. These are effective diffusion constants 
with values that depend on the geometry of the electrochemical cell as well as diffusion accelerating 
factors (mechanical stirring, possibly further convective flows). All simulations were performed for the 
experimental pH value (pHbulk = 7). Reproduced with permission from ref.[142]. Copyright Wiley‐VCH 
(2022). 
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Figure 2-24. Visualization of the software interface for the j-V curve simulations with or without 
R-factor. It consists of five sub-windows. The “simulation parameters” and “pH” windows are fixed. 
The 'other' window is used to determine the Tafel slope. The “base” and “water windows” consists of 
the concentrations of KPi or water, and the effective diffusion constants as well as pKa for buffer base 
and pKw for water. Note that it is constant for the water concentration, pKa and pKw. Panel B adds R 
term for Ohmic resistance compensation. 
 
The total proton current is obtained by the addition of the buffer base current (Jbase, protons 
carried by protonated base molecules) and the 'water current' (Jwater, protons carried by 
protonated water molecules, that is, H3O+). The following equations are applied in the 
model:[135] 

𝐽789: = 𝑘;<. ∙ 𝐶<. D
𝑎=

(𝐾> + 𝑎=)F − 𝐶= (𝐾> + 𝐶=)
F H Equation 2-2 

𝐽?8&:@ = 𝑘;=( ∙ 𝐶A ∙ D𝑎= (𝐾A + 𝑎=)F − 𝐶= (𝐾A + 𝐶=)
F H Equation 2-3 

𝐽?8&:@ ≈ 	𝑘;=( ∙ 𝐶A ∙ D(𝑎= − 𝐶=) 𝐾AF H Equation 2-4 

A

B
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𝐽?8&:@ 	≈ 	𝑘;=( ∙ (𝑎= − 𝐶=) Equation 2-5 

Here kdPi is the effective diffusion constant for the phosphate buffer molecule; CPi is the KPi 
buffer concentration; 𝑎$ is the proton activity within the catalyst and at the catalyst/electrolyte 
boundary under steady-state conditions; KB is the acid-base dissociation constant of KPi buffer 
(pKB value of 7.21); 𝐶$ is the proton concentration in the bulk solution.[135] Equation 2-3 is an 
adapted version of Equation 2-2[135], written for water instead of buffer molecules. kdH+ is the 
effective diffusion constant for protonated water (for H3O+), CW is the concentration of water 
(55.5 M) and Kw is the dissociation constant for H3O+ (pKW = −1.75).[402;403] The numerical 
value of KW is debatable, but mostly a value is assumed that equals CW. Equation 2-4 is obtained 
from Equation 2-3, because aH is much smaller than KW; Equation 2-5 is obtained from 
Equation 2-4 because KW equals CW. Essentially in the simplified simulation, each set of j-V 
curves (twelve KPi concentrations) was simulated with fixed kdpi and kdH+ but adapted KPi 
concentrations. A custom-built software was used to fit the four sets of j-V curves (see GUI in 
Figure 2-24). 
For the numerical simulation, a large set of 𝑎$ values were generated ranging from 10−7 M 
(pH 7 in the bulk) to 10−0.5 M (hypothetical extreme pH of 0.5 at the catalyst surface) with 
those values spaced by a constant factor (equidistant on a logarithmic scale) and 100 points per 
decade. Using JBH = Jbase + Jwater (Equation 2-2 and Equation 2-5), we calculated a set of JBH 
values corresponding to each value of 𝑎$ . Then, for each 𝑎$  and JBH couple, the required 
potential V, (required to 'drive' the current JBH) was calculated, according to Equation 2-6:[135] 

𝑉 = B
C
∙ (𝑘>𝑇/𝑒) ln

D')
D*
+(𝑘>𝑇/𝑒)	𝑙𝑛	𝑎= + 𝑅 ∙ 𝐽>=  Equation 2-6 

The above equation is based on our earlier quantitative analysis model on proton transport 
effect[135] plus an additional term on Ohmic resistance factor. The parameter a depends on 
electrocatalytic properties of the material (catalytic mechanisms and other properties) and is 
related to the Tafel slope. For example, at 25°C, α equal to 1 corresponds to a Tafel slope of 
60 mV per decade, while α equal to 0.5 corresponds to 120 mV dec−1.[404;405] J0 is the exchange 
current density and R is the Ohmic resistance (e, elementary charge; kB, Boltzmann constant; 
the units of aH are dropped). 
In Figure 2-25, three simulation approaches were employed to simulate the four sets of 
experimental j-V curves: 
(1st) The first simulations involve a minimal set of variable parameters for panels A to D. For 
each panel, all the twelve j-V curves at the twelve phosphate concentrations were simulated 
with identical values for I0, kdPi, and kdH+. The value for kdH+ was obtained by fitting the water 
data that were collected with pure water and adding 500 mM KNO3 with or without stirring 
(Figure 2-2 B and D), using a variable kdH+ as a fit parameter. To determine the value of kdpi, 
simulations were performed by varying its value in steps of five, for instance, for determining 
kdpi for pure HxPO4, we tried 20, 25, 30, 35, 45, and the best-fit value was selected according 
to the lowest error value as reported by the fit program (Figure 2-24) The exchange current 
density I0 was fixed to a suitable value that accounted best for all j-V curves (1.44×10−14 A cm−2, 
in all three simulation approaches). Only the value of α was a variable parameter leading to all 
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the values close to 0.79 (± 0.01), which corresponds to Tafel slopes of 76±1 mV dec−1. For 
current densities below about 200 µA cm−2, the experimental and simulated curves agree 
reasonably well. Therefore, we conclude that in the low current regime the rate-limiting effect 
of the buffer and the water pathway of electrolyte proton transport is well predicted by the 
model of Figure 2-23. At higher current densities, however a further rate-limitation comes into 
play, which is the Ohmic resistance (see 2.2.1-vi). 

 
Figure 2-25. Experimental and simulated current densities versus electric potential for the four sets of 
experimental j-V curves of Figure 2-2. We selected for presentation j-V curves for low (2.5 mM), 
intermediate (25 mM) and high (160 mM) potassium phosphate concentration; the complete sets of 
simulated curves are shown in Figures 2-26 to 2-28 (simulation parameters listed in Tables 2-5 to 2-7). 
The experimental data is indicated by colored points, the simulated curves are shown as black lines. 
The left column of panel (A, E, I) relates to the experimental data of Figure 2-2A (pure HxPO4); the 
column with panels B, F, and J relate to Figure 2-2B (+ KNO3); C, G, and K relate to Figure 2-2C 
(+ Stirring); D, H, and L relate to Figure 2-2D (+ KNO3 + Stirring). The first, second, and third row of 
panels relates to the 1st, 2nd, and 3rd simulation approaches described in the following. Reproduced with 
permission from ref.[142]. Copyright Wiley‐VCH (2022). 
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Table 2-5. Simulation parameters of j-V data for the 1st simulation approach. The simulation approach 
and meaning of the listed simulation parameters are described further above in the section 'Simulation 
of j-V curves' ('Alpha ET' corresponds to a in Equation 2-6; the Tafel slope is calculated from Alpha 
ET and was not a simulation parameter). The units of I0, kdpi, kdH+, and ST are A cm−2, mA cm−1 mol−1, 
and mV dec−1, respectively. 

Data sets kdpi kdH+ Alpha ET I0 ST 
Pure HXPO4 30 300 0.785±0.005 

0.785±0.005 
0.785±0.005 
0.785±0.005 

1.44E−14 76 
+ KNO3 45 300 1.44E−14 76 

+ Stirring 400 5000 1.44E−14 76 
KNO3 + Stirring 600 5000 1.44E−14 76 

 

 
Figure 2-26. Simulated j-V curves corresponding to the four experimental data sets from the simplest 
model (1st). The simulation parameters are shown in Table 2-5. 

(2nd) The 2nd simulation approach differs from the 1st one by introducing an Ohmic resistance 
term, where the resistance value (R) was adapted for each j-V curve individually. Excellent 
agreement is obtained for most j-V curves (panels E-H in Figure 2-25). At high current densities 
(reached at high KPi concentrations), however, the experimental current densities exceeded the 
simulated curves significantly (see Figure 2-25 E and F), revealing an 'enhancement' effect in 
the experimental j-V curves. 
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Figure 2-27. Simulated j-V curves for adding variable R at different KPi concentrations (2nd). The fitting 
details are shown in Table 2-6. For panels A and B (static conditions) and panels C and D (stirring 
conditions), the same effective diffusion coefficients as the 1st simulation approach for KPi and water 
were used in the simulations (see Table 2-5). 

Table 2-6. Simulation parameters of j-V data for the 2nd simulation approach. The simulation approach 
and meaning of the listed simulation parameters are described further above in the section 'Simulation 
of j-V curves' ('Alpha ET' corresponds to a in Equation 2-6). The unit of R is Ohm. 

KPi conc. 
(mM) 

Pure HXPO4 + KNO3 + Stirring KNO3 + Stirring 
R Alpha 

ET 
R Alpha 

ET 
R Alpha 

ET 
R Alpha 

ET 
1.6 155 0.79 54 0.78 386 0.782 39.6 0.795 
2.5 136 0.79 52 0.785 131 0.785 38.3 0.795 
4 87.2 0.79 52.9 0.783 83.7 0.793 25.5 0.798 

6.3 87.6 0.79 51.4 0.785 93.5 0.786 25 0.798 
10 58.8 0.79 48.9 0.785 51.3 0.79 19.9 0.798 
16 43.4 0.783 39.7 0.785 41.2 0.789 24 0.792 
25 32.4 0.79 39.2 0.785 25.8 0.788 18.7 0.792 
40 15.5 0.79 11.1 0.791 20.5 0.791 20.1 0.792 
63 20 0.79 15 0.788 23.6 0.788 21.9 0.792 
100 20 0.787 15 0.788 23.2 0.788 23.7 0.792 
160 20 0.787 20 0.788 21.7 0.788 27.7 0.792 
250 15 0.787 17.4 0.788 26.3 0.786 32.8 0.785 

Pure water   47.6 0.782   39.6 0.788 
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(3rd) To provide an approximate description of the enhanced diffusion at high current density, 
the 3rd simulation approach involved variation of kdPi for individual j-V curves (Figure 2-25, 
panels I-L). Here parameter correlations hamper the determination of R and kdPi values severely, 
especially in the experiments with stirred solutions. We conclude that accelerated diffusion at 
high current densities is in line with the experimental j-V data. Importantly, further 
investigations in Chapter 5 (section 5.2.3.4) confirm the herein-suggested accelerated diffusion 
from convective flow investigated by operando Raman spectroscopy. A possible explanation 
may come from the buoyancy effect, as also reported in ref. [207], for which it contributed to the 
density difference of the hydrated phosphate ions. 

 
Figure 2-28. Simulated j-V curves for variable R and variable kdpi at different KPi concentrations (Figure 
2-25 I-L). The fitting details are shown in Table 2-7. For panels A and B (static conditions) and panels 
C and D (stirring conditions), the same effective diffusion coefficient for water as 1st (2nd) approach was 
used in the simulations. 
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Table 2-7. Simulation parameters of j-V data for the 3rd simulation approach. The simulation approach 
and meaning of the listed simulation parameters are described further above in the section 'Simulation 
of j-V curves'. The units of R and kdpi are Ohm and mA cm mol−1, respectively. 

KPi conc. 
(mM) 

Pure HXPO4 + KNO3 + Stirring KNO3 + Stirring 
R kdpi R kdpi R kdpi R kdpi 

1.6 141 20.1 54.5 46.3 356 325 33.1 726 
2.5 124 26.7 56.2 47.6 139 378 37.1 664 
4 82.5 30.4 54.4 53.9 85.9 476 29.8 803 

6.3 82.3 35.5 51.6 46.8 79.6 350 29.6 788 
10 51.3 28.4 43.9 51 76.9 474 29 742 
16 47.9 28.2 39.6 37 58 497 28 750 
25 31.1 35.7 38.6 39 33.8 497 26.5 769 
40 26.5 39.4 23 48 26.4 642 22.3 779 
63 82.4 92.6 75.7 131 27.8 888 23.4 927 
100 44.6 276 39 445 25.6 862 23.7 1010 
160 38.8 402 33.6 657 22.7 1020 25.5 1240 
250 29.2 596 30.2 691 28.8 1600 32.2 1430 

 
With our comparably simple modeling, the experimental j-V curves were successively 
simulated, implying that in our neutral pH system, the crucial proton transport process was 
mediated by the macroscopic diffusion of buffer ions and water molecules (plus expected 
Ohmic resistance effects). There is no need to build a more complex model to incorporate 
various current limiting factors, for instance, internal-catalyst proton or phosphate ions 
diffusion.[124;128;400] The simulations do not provide any indications that the potentially 
rate-limiting processes a, b, and d in Figure 2-1 are relevant limiting factors in the here 
investigated j-V curves of CoCat water oxidation at neutral pH. However, we cannot rule out 
the possibility that additional restrictions in the internal transport of electrons and protons may 
also play a role in significantly thicker catalyst films. 
According to the simplified model, now not only the proton transfer mediated by buffer base 
pathway and water pathway was verified, but the different characteristics of those two 
pathways can be clarified. In Figure 2-2 B and D, at high potential (e.g., 1.6 V vs. NHE), in 
comparison of the current density at high KPi concentration and the pure water, a roughly one 
order of magnitude difference (15-times in Figure 2-2 B and 6-times in 2-2D or 2-5C) was 
observed, which was not in line with the expected several orders of magnitude of current 
improvement for the observed difference in Tafel slope for KPi and pure water condition. We 
thus further deduced the below equations and found out the distinctly different roles between 
the buffer base path and the water pathway. The former generates a maximal current density, 
therefore, leading to a saturated j-V curve (Equation 2-7), which is related to the depletion of 
the unprotonated phosphate base at the anode. In terms of the water pathway, a similar 
saturation behavior is neither observed nor predicted. Instead, the proton transport limitation 
results in a strongly increased Tafel slope for the water pathway (See Equation 2-8 to Equation 
2-14), which predicts an increase of the catalyst-intrinsic Tafel slope by about 60 mV dec−1. 
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Equation 2-7 was deduced from Equation 2-2 when considering aH is clearly greater than KB, 
which describes the base pathway of electrolyte proton transport. It predicts an absolute 
maximum of the current density: 

𝐽789:,F8G = 𝑘;<. ∙ 𝐶<. D
𝐾>

(𝐾> + 𝐶=)
F H Equation 2-7 

In clear contrast, no absolute current limit is predicted for the water pathway, but a pronounced 
increase of the experimental Tafel slope, as shown in the following. 
Equation 2-8 describes the water pathway of electrolyte proton transport. Significant current 
densities correspond to a situation where aH is clearly greater than cH. Accordingly, the adapted 
Equation 2-8 from Equation 2-5 implies that for the water pathway, as opposed to the base 
pathway, no absolute current limit is predicted. 

𝐽?8&:@ = 𝑘;=( ∙ 𝑎=  Equation 2-8 

The transformation of Equation 2-8 yields: 

𝑎= =
𝐽?8&:@
𝑘;=(

  Equation 2-9 

Insertion of the expression for aEquation 2-6

𝑉 =
1
𝛼
∙
𝑘>𝑇
𝑒
ln
𝐽
𝐽'
	+	

𝑘>𝑇
𝑒
	𝑙𝑛	

𝐽
𝑘;=(

 Equation 2-10 

We emphasize that Equation 2-9 and Equation 2-10 to Equation 2-12 apply to large current 
densities supported solely by the water pathway of proton transport. In the following, J equals 
Jwater and corresponds to JBH in Equation 2-6. Transformation of Equation 2-10 results in: 

𝑉 = B
C
∙ 2'6

:
ln 𝐽 	+	2'6

:
ln 𝐽 − B

C
∙ 2'6

:
ln 𝐽'−	

2'6
:
ln 𝑘;=( Equation 2-11 

𝑉 = P
1
𝛼
+ 1Q ∙

𝑘>𝑇
𝑒
ln 𝐽 	 −	(

1
𝛼
∙
𝑘>𝑇
𝑒
ln 𝐽' 	+	

𝑘>𝑇
𝑒
ln 𝑘;=() Equation 2-12 

Comparison of Equation 2-6 and Equation 2-12 indicates that the intrinsic Tafel slope of the 
catalyst (in the absence of any transport limitations) increases significantly for sizeable currents 
supported by the water pathway of electrolyte proton transport and low (or no) current 
supported by the base pathway. The experimentally detectable Tafel slope (S, in mV per decade) 
is predicted to increase from 

𝑆.-&@.-9.H =P
1
𝛼Q

∙
𝑘>𝑇
𝑒
∙ ln 10	/	𝑑𝑒𝑐   Equation 2-13 

to 𝑆?8&:@ = UB
C
+ 1V ∙ 2'6

:
∙ ln 10	/	𝑑𝑒𝑐	   Equation 2-14 

The Tafel slope is predicted to increase by about 60 mV dec−1 ( %!&
'
∙ ln 10 equals 60 mV at 

25°C) for dominance of the water pathway, but without any j-V curve saturation behavior 
relating directly to the water pathway of electrolyte proton transport. 
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In summary, the simple model confirmed that in a neutral pH system, the pivotal proton 
transport is mediated by the buffer base pathway and water molecules (plus expected Ohmic 
resistance effects) but features different characteristics. The buffer base pathway results in a 
saturation-type behavior of the j-V curves with an absolute maximal current density, in contrast 
to the water pathway predicting a strongly increased intrinsic Tafel slope by 60 mV dec−1. The 
Tafel-slope increase applies to near-neutral OER for sizeable currents supported by the water 
pathway of electrolyte proton transport and low (or no) current supported by the base pathway. 
Consequently, the water pathway can outcompete the base pathway at high potentials, but at 
the price of high energetic losses due to exceedingly high overpotential requirement. 

2.2.6 High current densities are achievable 

In 2-2, the current densities for the amorphous Cobalt phosphate system with ITO as substrate 
electrode never exceed 10 mA cm−2. As shown above, current limitations result from both, 
limited availability of proton-transporting buffer bases as well as the Ohmic resistance of the 
electrolyte and of the ITO substrate electrode. To reach higher current densities, we replaced 
the ITO substrate with a Ni foam of negligible Ohmic resistance and increased the amount of 
deposited CoCat material by a factor of 30 on the metallic foam with roughly 30-fold increased 
electrochemical surface area (when compared to a planar substrate electrode). Thereby current 
densities beyond 10 mA cm−2 were reached (Figures 2-29 and 2-30). 
The experimental j-V curves for CoCat film deposited on Ni foam were simulated by using 
identical kdpi values in the 3rd simulation approach (Table 2-7), resulting in reasonably good 
simulations (Figure 2-30). This finding shows that neither the increased surface area of the Ni 
foam nor the increased amount of catalytically active catalyst material modifies the current 
limitations assignable to macroscopic proton transport by buffer molecules. We observe the 
same current-limiting mechanisms as identified in the current regime below 10 mA cm−2. 
 



Chapter 2 Macroscopic proton transport 

72 

 
Figure 2-29. Current density (j) on a linear scale versus electrode potential (V) for 300 mC CoCat film 
deposited on Ni foam operated at various KPi concentrations. The straight lines describe Ohmic 
resistances (see more details in Figure 2-8). Note that the intercept of the dotted lines in panels C and 
D is different. 
 
Table 2-8. Simulation parameters of j-V data with variable R and I0 for the 300 mC CoCat deposited on 
Ni foam. A fixed kdpi value from Table 2-7 was used and an Alpha ET of 0.769 corresponds to a Tafel 
slope of 78 mV dec−1 and was fixed in the simulation. The units of R, kdpi and I0 are Ohm, mA cm mol−1 
and ×10−13 A cm−2, respectively. 

KPi 
conc. 
(mM) 

Pure HXPO4 + KNO3 + Stirring KNO3 + Stirring 
R kdpi I0 R kdpi I0 R kdpi I0 R kdpi I0 

100 21.3 276 3.66 20.2 445 4.23 15.5 862 4.53 4.44 1010 7.95 
160 12.5 402 4.23 8.5 657 2.02 9.5 1020 4.20 4.01 1240 6.92 
250 6.52 596 3.41 6.34 691 3.83 7.9 1600 6.96 4.52 1430 7.84 
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Figure 2-30. Experimental and simulated current densities on a logarithmic scale versus electric 
potential at indicated KPi concentrations for 300 mC CoCat deposited on Ni foam. The fitting range is 
from 1.22 V to 1.6 V by using a fixed kdpi value from Table 2-7. Fitted values for R and I0 are listed in  
Table 2-8. Simulations are shown as black lines. 

 
Figure 2-31. Corrected current-densities (j) on a logarithmic scale (A, B) or a linear scale (C, D) versus 
electric potential (V) for 300 mC CoCat film deposited on Ni foam operated at the indicated KPi 
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concentrations under the stirring condition. The indicated potential axis was derived after correction of 
the raw potentials according to the expression (Vcorrected = Vapp – iR). The R value stems from the 
simulated Ohmic resistance in Table 2-8. 
 
As a proof-of-principle experiment, a three-electrode rapid-flow system was employed to 
achieve OER current densities well above 1 A cm−1 (Figure 2-32). The CoCat was cathodically 
electro-deposited at 250 mA for 60 s on the Ni-foam in 150 mL de-ionized water with 80 mM 
methylphosphonic acid and 10 mM CoII(NO3)2·6H2O (pH 8.5, adjusted with KOH). The 
amount of electrodeposited Co ions was estimated after integration of the negative current wave 
yielding 450 mC; following ref. [99], this corresponds a Co2+/3+ deposition charge of about 1500 
mC. Thus, the total amount of Co ions was roughly 150 times greater than in the experiments 
of Figure 2-2. The amount per foam surface area (ECSA) was about 55 mC cm−2, likely 
corresponding to an increase in CoCat film thickness by a factor of 5-6. It is observed that the 
here current density reached about 500 mA cm−2 at 1.4 V (vs. NHE, pH 7 of the flowing 
electrolyte with 1 M KPi), which is approximately 250 times greater than the maximal current 
in the data sets of Figure 2-2B, a similar ‘recipe’ had been applied in ref.[65]. We note that 
despite high current densities at five times the catalyst layer thickness (when compared to the 
catalyst films of Figure 2-2), there is no obvious evidence of incipient catalyst-internal charge 
transport limitation. 

 
Figure 2-32. Large density achieved for neutral-pH OER in an electrochemical flow cell. A cyclic 
voltammetry (CV) sweep was performed with a scan rate of 10 mV s−1 in 1 M phosphate buffer (KPi) 
at pH 7.0 (no iR compensation applied). The electrolyte streaming rate in the flow cell was 
100 mL min−1. The left inset shows a scheme of the used laboratory-build flow cell with its 
three-electrode arrangement; the right inset shows a photo of a representative working electrode. In the 
shown flow cell, the reference electrode (RE) is mounted such that the working electrode (WE) is 
located between the reference electrode (RE) and counter electrode (CE), thereby ensuring that RE 
relates to the WE potential without significant iR-drop effects. The working electrode (WE) was a 
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cobalt-oxyhydroxide catalyst (CoCat) film deposited on Ni-foam support (macroscopic geometric area 
of the catalyst electrode of 0.56 cm2). The electrochemically active surface (ECSA) of the Ni foam was 
ca. 27 larger than the ECSA of a planar Ni foil. The black area visible in the right inset corresponds to 
the active area of the catalyst electrode; the grey material is Ni foam fully masked with silicon glue. A 
coiled platinum counter electrode (CE, ca. 1.5 cm to WE) and an Ag/AgCl/NaCl3M reference electrode 
(at ca. 0.5 cm to WE) were used. 
 
As a result, we present a proof-of-principle experiment that does not represent a technical 
electrolyzer system due to the use of a three-electrode cell with optimized reference electrode 
positioning. Nonetheless, this experiment demonstrates that by consistently removing the 
limitations identified here, technically relevant current densities at reasonable overpotential are 
achievable also in neutral-pH OER. 

2.3 Summary 
Using volume-active cobalt-based oxyhydroxide films (CoCat) as a model system, electrolyte 
proton transport was identified as the main rate-limiting factor in the electrochemical water 
oxidation (OER) process at neutral pH by varying the electrolyte buffer conditions. 
Comprehensive sets of j-V curves are analyzed combined with operando X-ray absorption 
spectroscopy, elemental analysis and mathematic simulation. We conclude: 

(1) Unaffected structure and function of catalyst at various electrolyte concentrations of 
KPi. The variation of oxidation state and structure as a function of electrode potential 
follows the previous ref.[126]. Similar Tafel slopes essentially verified that the mechanism 
of neutral water oxidation is independent of the electrolyte phosphate concentration. 

(2) Origin of plateau-level current. Of the four options for proton transport limitation (Figure 
2-1), merely the macroscopic electrolyte proton transport by the H2PO4−/HPO42− shuttle 
explains the first-order phosphate requirement of the maximal (plateau-level) current 
density (Figures 2-2 and 2-5B). It suggests that macroscopic proton transfer limitation 
results in the plateau level current in the middle potential regime. 

(3) Electrolyte proton transport via base and water pathway. Two pathways for proton 
transport between anode and cathode are identified: (i) the H2PO4−/HPO42− shuttle and 
(ii) the water pathway with proton-loading of H2O molecules followed by H3O+ diffusion 
(see Figure 2-23). The water pathway is technologically irrelevant in OER at neutral pH 
because it requires extremely high overpotentials. The base pathway causing saturated 
current is essential for efficient water oxidation at neutral pH or in the near-neutral pH 
regime, thus optimizing the diffusion of proton-transporting buffer molecules is crucial. 

(4) Ionic conductivity influence. Aside from a technically irrelevant synergism observed at 
very low ionic strength, increased electrical conductivity does not enhance the electrolyte 
proton transport and leads to unaffected catalytic activity (Figures 2-5 A and B). 

(5) Ohmic resistance and enhanced buffer-base diffusion. Mathematical simulations show 
that the Ohmic resistance, mainly from the substrate, hinders the enhancement of the 
catalytic current at high potential (Figure 2-25), whereas additional effects of the bubble 
effect or the buoyancy effect may affect the macroscopic proton transport of the bulk 
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electrolyte (see Chapter 5, Section 5.2.3.4 for details). 
(6) Technical electrolysis guidelines. For efficient neutral water oxidation, high-current 

operation in the Tafel-slope regime is feasible if not only Ohmic resistance effects but 
also catalyst-external proton transport limitations are minimized. The limiting factors 
already come into play in the current region of 5–20 mA cm−2. Yet, a proof-of-principle 
experiment indicated that current densities exceeding 1 A cm−2 can be reached in neutral 
pH OER for (Figure 2-32): 
(i) high loading of the volume-active catalyst material, 
(ii) avoidance of Ohmic limitations, 
(iii) and accelerated diffusion of proton-transporting buffer molecules. 

Only the third point is a specific requirement for high-current electrocatalysis at neutral 
pH because of the inefficiency of proton transport via the water pathway in the neutral pH 
regime. In neutral-pH OER, catalyst-specific performance characteristics (Tafel slopes, 
exchange current densities) remain relevant overpotential determinants unless reaching the 
current region of limiting proton transport capacity. 

2.4 Experimental details 

2.4.1 CoCat electrode film preparation 

For a parallel deposition of CoCat, the 10-channel potentiostat system (Gamry) was employed. 
For each channel, the three-electrode cell consists of ITO (1 cm2) working electrode, 
platinum-grid (20 ´ 20 mm2) counter electrode, and Ag/AgCl (saturated) reference electrode. 
CoCat film was deposited in 0.1 M KPi buffer with a cobalt concentration (CoII(OH2)6(NO3)2) 
of 0.5 mM. The potassium phosphate buffer (KPi) was prepared by mixing ~ 40% 0.1 M 
KH2PO4 and ~ 60% 0.1 M K2HPO4. The pH of the KPi was adjusted to 7.0 by adding KH2PO4 
or K2HPO4. A single-compartment static cell was employed to mitigate large pH gradient.[111] 
Anodic deposition protocol was used for CoCat deposition by applying a constant potential at 
1.05 V vs. NHE and the film thickness was controlled by the accumulated charge on the 
working electrode via chronocoulometry.[134] Note that iR drop was not applied because of low 
current densities (around 5 µA). The deposited film amounts involved in our experiments were 
10, 20, 50 or 300 mC cm−2. ITO glass (VisionTek Systems Ltd., 12 to 15 Ohms/square) or 
glassy carbon (Hochtemperatur-Werkstoffe GmbH) serves as a substrate. All solutions were 
prepared from purified, deionized water (Milli-Q, >18 MΩ·cm). 
Ni foam electrode preparation: commercial Ni foam (JYS Corporation, China, 0.4 g/cm3, 
50 ppi, 1.5 mm thickness) was cut into appropriate electrode sizes (10 mm ´ 25 mm) followed 
by cleaning procedures, i.e., sequentially sonicating for 15 min in acetone, ethanol, distilled 
water, and 5 M hydrochloric acid, after three-time washing with deionized water, dried in an 
oven at 70 °C for 80 min. For approaching a similar geometric condition with ITO (i.e., a 
single-faced electrode), one side of Ni foam was covered by a normal glass sheet, and the 
effective geometrical size of the reverse side of Ni foam was reduced to 10 mm ´ 10 mm. The 
remaining area was compressed with fulling epoxy glue and Kapton tape attachment. The Ni 
foam-based CoCat deposition (300 mC cm−2) was performed using the same procedure as 
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CoCat deposition on ITO substrates, except that stirring was performed at 600 rpm during 
deposition process. 

2.4.2 Extended Tafel plots and CVs analysis 

For the extended j-V plots, different KPi concentrations were prepared by appropriate dilution 
of 0.5 M KPi buffer, and the pH was adjusted to 7.0 by adding KH2PO4 or K2HPO4 that has 
the same concentration as the prepared buffer solution. For conditions including additional salt, 
500 mM KNO3 was added to the KPi buffer solution to increase the ionic conductivity. For the 
measurement of a series of j-V curves, the SP-300 potentiostat (BioLogic) was employed with 
moderate iR compensation near 50%, ensuring stable potentiostat operation over an extended 
potential and current range. Due to imprecision in the determination of the Ohmic resistance, 
the precise level of iR compensation may vary between different experiments. Three 
consecutive cyclic voltammetry scans (CVs) were measured before and after the 
chronoamperometry steps (CAs), with a scan range from 0.45 V to 1.45 V vs. NHE at a scan 
rate of 20 mV s−1. For the potential-step experiments, the potential started from 1.1 V vs. NHE, 
after stabilization for 5 min at the lowest potential and increasing the potential in increments 
of 10 mV until reaching 1.6 V vs. NHE with each potential step being applied for 1 min. The 
static current densities were determined by averaging the last 400 data points of each potential 
step. For the FEXRV experiments, KNO3 (500 mM) was added to the electrochemical system 
and compensated for the iR compensation (0.7 V vs. Ag/AgCl, 85% iR compensation, software 
mode, 10 kHz), and the system was not stirred during the measurements. The FEXRV protocol 
was initiated with CA at 0.8 V vs. NHE, followed by five CVs (10 mV s−1). The CV scan 
ranges from 0.45 V to 1.61 V vs. NHE. 

2.4.3 X-ray absorption spectroscopy 

Operando X-ray absorption spectroscopy (XAS) was measured at the BESSY-II synchrotron 
(Helmholtz-Center Berlin) at beamline KMC-3 with a laboratory-built Teflon cell. 
Electrochemistry was operated by using a SP-200 BioLogic potentiostat with 85% iR 
compensation. For a complete EXAFS spectrum collection, samples were exposed to the X-ray 
beam for ~5 mins at each potential. The incident X-ray beam passing through the glassy carbon 
substrate (0.1 mm thickness) probed the CoCat film in contact with the electrolyte at room 
temperature. An energy-resolving 13-element silicon-drift detector (SDD) was used to record 
the X-ray fluorescence at the Co K-edge. For the energy calibration of operando experiment, 
XAS spectrum of cobalt foil was frequently measured, and its inflection point at 7709 eV was 
chosen as energy reference for calibrating the monochromator energy axis.[112] A further fine 
energy calibration was performed by aligning the center position of the derivative of pre-edge 
spectrum, where the corresponding X-ray energy position is independent of the change of the 
Co oxidation state.[316] The corresponding edge positions (edge energies) were determined by 
the integral method described in ref.[316]. The edge position is converted into oxidation state via 
a calibration curve obtained from the known oxidation state of cobalt compounds.[126;316] 
Fourier-transformation (FT) of the EXAFS oscillations included a cosine window function 
extending over 10% at both k-range ends (2.3-12.2 Å−1). k3-weighted EXAFS spectra and phase 
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functions calculated with FEFF10[406;407] were used for simulations. All simulations were 
conducted by using in-house software, facilitating least-square fits for the determination of 
structural parameters. For further technical details see refs[126;316]. For extended CVs, X-ray 
fluorescence was simultaneously tracked at fixed X-ray energy of 7722 eV during CVs. The 
fluorescence signal was normalized by the initial incoming X-ray beam intensity (I0) followed 
by a smoothing average of 51 pts. The derivative of the time trace of fluorescence was 
calculated followed by averaging the last four cycles of CV. 

2.4.4 Phosphate quantification by the malachite green method 

The malachite green method supports a highly sensitive P concentration detection ranging from 
0.02 to 40 µM. The rationale is the formation of a green complex featuring a high molar 
absorption coefficient (90,000 M−1cm−1)[401] after a complexation reaction between malachite 
green, molybdate, and free orthophosphate under acidic conditions. P quantification with the 
malachite green phosphate assay kit MAK307 from Sigma-Aldrich (reagent A, reagent B, and 
1 mM phosphate standard) was achieved via spectrophotometric determination of the amount 
of the formed chemical complex at 620 nm. A calibration curve was derived from a series of P 
standard solutions (200 µL of working solution was mixed with 800 µL of P standard in a 
semi-micro UV cuvette (Brand) to produce P standard concentrations of 0, 3.2, 6.4, 9.6, 12.8, 
19.2, or 25.6 µM, see Figure 2-22. The provided phosphate standard was first diluted into 0, 4, 
8, 12, 16, 24, 32 𝜇M with 0.1 M H2SO4. The assay mixtures were incubated for 30 min before 
measuring the absorbance spectra (Figure 2-22). The absorbance at 620 nm was extracted from 
a full UV-vis absorption spectrum from 500 nm to 750 nm. We note that the disposable cuvette 
was favorable to avoid potential phosphate contamination from cleaning detergent. The blank 
absorption was less than 0.1 and has been corrected. 
Sample preparation for the malachite green method: CoCat (20 mC cm−2) film was deposited 
on ITO substrate. The prepared films were operated at the potential of 1.0 V or 1.3 V vs. NHE 
for 10 min in the selected concentrations (0, 1.6, 25, 100 mM) of KPi buffer with potassium 
nitrate (KNO3, 500 mM) added to increase conductivity. Afterward, the operated film was 
quickly removed from the electrolyte and rinsed with Milli-Q water, followed by the digestion 
of the sample film. We note that water rinsing or immersion in reagent water represents a 
reproducible procedure to remove excess electrolyte ions.[250;408] The film was dissolved in 
3 mL sulfuric acid (0.1 M), 800 µL of the sample solution was added to 200 µL stock working 
solution, and spectra were collected after 30 min (SPECORD PLUS 50 UV/Vis spectrometer). 
All measurements were repeated three times and two independent samples were assayed for 
each experimental condition. The absolute P amounts in the various CoCat films were 
determined from the corresponding absorption at 620 nm in the calibration curve (Figure 2-22).



 

 

 

 

3 Redox chemistry determines the rate of water-oxidation electrocatalysis as revealed 
by investigation of an amorphous cobalt-based material 

Abstract The electrocatalytic oxygen evolution reaction (OER) is of prime importance in the 
sustainable production of hydrogen and other chemicals. The OER rate generally depends 
strongly on the electrode potential, typically with an exponential dependence in the so-called 
Tafel slope regime. However, the underlying mechanisms are insufficiently understood and 
may differ strongly from classical paradigms. Here electrochemical experimentation is 
combined with X-ray absorption and visible-light spectroscopy in operando experiments for 
investigation of a volume-active OER catalyst material of the cobalt oxyhydroxide type. 
Atomic structure and mean metal oxidation state of the catalyst material are found to equilibrate 
with the electrochemical potential that is determined by the applied electric potential and 
electrolyte proton activity. Rather than electric potentials or field strengths itself, it is the 
chemical state of the equilibrated material that governs the rate of catalysis. Non-Nernstian 
redox transitions of the catalyst material and the steepness of the potential dependence of 
catalytic currents are explainable by energetically interacting high-valent metal sites. The 
herein presented conclusions may apply to a broader class of electrocatalytic materials and 
could support the development of catalysts with an improved energetic efficiency that results 
from superior steepness of the exponential potential dependence of the rate of catalysis. 
The above generic conclusions are derived from two key findings: (a) The catalytic current and 
thus the rate of catalysis depends strictly exponentially on the Co4+ concentration in the 
redox-active catalyst material, irrespective of electrolyte pH or mass transport limitations. (b) 
The equilibration proceeds by formation of Co4+ ions in a redox transition during which the 
Co4+ concentration does not follow a classical Nernstian behavior but depends linearly on the 
electrochemical potential. This is explained by comparably strong interactions between Co4+ 
metal ions with a total positive interaction energy that is proportional to the Co4+ concentration, 
thereby positioning the catalyst material between solutions of redox-active molecules with 
Nernstian behavior, on the one hand, and redox-inactive solid-state materials with 
potential-dependent Fermi energy, on the other hand. Based on the above experimental results, 
it is proposed: (1) The mean cobalt oxidation state depends linearly on the electrochemical 
potential due to a total positive interaction energy that increases linearly with increasing Co4+ 
concentration. (2) The same interaction energy causes an increase of the oxidizing power at the 
OER active site. Consequently, the free energy difference towards the transition-state decreases 
linearly with increasing overpotential, thereby explaining the exponential relation between 
Co4+ concentration and catalytic current. 
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3.1 Introduction and motivation 

Water oxidation reactions play an important role in realizing two closed cycles, the carbon 
cycle and the renewable fuel cycle, which has spurred scientists to develop water oxidation 
catalysts, including molecular and heterogeneous catalysts.[17;40;218;409;410] Regardless of the 
type of catalysts, understanding and elucidating the catalytic reaction mechanisms and intrinsic 
descriptors of catalytic rate are critical for knowledge-guided catalyst design.[411] Amorphous 
CoCat catalyst, pioneered by the Nocera group in 2008, has evoked a great deal of inspiration 
because of its ability to unify solid-state and molecular catalysis, and the CoCat catalyst has 
become an important model for the study of neutral OER mechanisms.[70;113;125;126;412] In recent 
years, activity determinants at the macroscopic and atomic levels and even at the nanoscale 
have been derived by means of electrochemistry, advanced operando spectroscopic methods 
(e.g., XAS, Raman),[126;139;272;322] scanning electrochemical cell microscopy (SECM)[345;413] 
and theoretical calculation[171;414]. Conventionally, the catalytic mechanisms of heterogeneous 
crystalline material are related to their surface, i.e., “surface only”, involving the binding 
strength of water oxidation intermediates to surface metal sites.[40;246;415-417] In contrast, the 
OER activity on amorphous CoCat is volume-active, which involves the accumulation of CoIV 

species.[99;126] The presence of CoIV has also been verified by ex/in-situ EPR and bulk-sensitive 
XAS experiments.[116;126;136] The proposed Co(IV)—oxo or Co(III)—oxyl radicals at the domain 
edge site play a crucial role in the formation of O—O bond.[126;131;164] Specifically, the 
generation of two-terminal Co-oxo intermediates either by direct intramolecular oxygen 
coupling (IMOC) or the water nucleophilic attack (WNA) is generally accepted.[131;134;141;162;418] 
Experimentally, the mechanistic derivation still leaves some unanswered questions as to how 
high-valent redox-active metal ions affect the formation of O-O bonds and their role in 
determining the OER catalytic rate. 
It is well-known that the formation of high-valent metal ions is closely related to the redox 
chemistry of metal center, and the important role of high-valent metal ions on the catalytic rate 
of water-splitting reactions has been emphasized.[219;419-422] Impressively, several 
representative studies based on noble metal and transition-metal oxide catalysts have shown 
that metallic redox or oxygen chemistry plays a role in electrocatalytic water oxidation in 
neutral or alkaline electrolytes.[126;134;216;217;221;232;237-240] (i) In our earlier work[126] based on 
CoCat solid-state material, we elucidated a possible OER mechanism from the aspect of 
molecular chemistry, which involves the dynamic equilibrium of two specific redox transition 
processes and structural rearrangement under different potential and pH conditions. We 
observed non-classical Nernstian behavior for redox transitions and accumulation of oxidized 
equivalences prior to water oxidation. Furthermore, in the ref.[134], we explored the effect of 
proton-coupled electron transfer (PCET) by H/D isotopic substitution on the redox chemistry 
and the formation of O—O bond. In both H2O and D2O solution, the exponential dependence 
between current activity and the average Co oxidation state and their overlap suggest that this 
is independent of the state of the proton. (ii) Spectroelectrochemical techniques based on nickel 
(iron) hydroxide catalysts also revealed the above exponential relationship when OER occurs 
under alkaline conditions.[216] (iii) Similarly, the linear behavior between the logarithmic 
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current and the oxidative storage charge of iridium-based catalysts was elucidated.[217] It has 
been proposed that charge accumulation contributes to lowering the activation energy and thus 
increasing the reaction rate. 
Although catalytic rate determinants have been frequently described,[74;134;142;423] the influence 
of redox chemistry and oxygen chemistry on reaction rates at neutral pH is still not fully 
understood, especially for amorphous CoCat materials. (1) On the one side, our preliminary 
results lack a more extensive study to consolidate the hypothesis of an exponential relationship 
between current density and charge accumulation in the cobalt oxidation state. The question of 
whether the accumulated charge is affected by other factors (e.g., buffer concentration, 
electrolyte pH) and whether it further affects the exponential behavior has not yet been 
addressed. Meanwhile, the reaction order of the NiFeOx-based catalysts was referred to 
pH-dependent when operating the catalyst from alkaline to neutral solution,[216] which gave 
rise to our current study of the pH series. (2) On the other side, the source of charge 
accumulation reported in ref.[217] is different from our findings, whether it is from cobalt 
oxidation or ligand oxidation or other processes. 
Based on these issues, this chapter investigates the role of oxidation state accumulation in 
determining the rate of electrocatalytic water oxidation in the CoCat-KPi system by combing 
electrochemistry with operando X-ray absorption structure spectroscopy (XAS) and in situ 
UV-vis absorption spectroscopy under varying concentrations of KPi or varying pHs of the 
electrolyte, as well as under a wide range of selected electrode potential conditions. 

3.2 Results and discussion 

3.2.1 Direct correlation between current and oxidation states 

In ref.[134] (H/D experiments with isotopic substitution), the accumulated Co oxidation states 
were monitored by quasi-in situ XAS. Here, oxidation states are extracted by collecting XAS 
spectra in real-time during the period of potential applied by operando X-ray absorption 
spectroscopy.[315;424] A series of electrode potentials were applied in small step increments 
(35 mV, potential jumps see Figure 3-1A). After 1 minute equilibrium, the collection of 
individual XAS spectrum was initiated. CoCat films (20 mC cm−2) were deposited on graphene 
sheet substrates or glassy carbons as working electrodes, and freshly prepared film was used in 
each experiment. In order to revisit this "surprising" exponential behavior, thereby the current 
is not directly determined by the applied potential but by the accumulation of oxidation states, 
we further expanded the electrolyte system to different pH and KPi buffer concentrations. 
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3.2.1.1 Oxidation states at different pH of KPi buffer (100 mM) 

 
Figure 3-1. Operando X-ray absorption measurements at the Co K-edge of a CoCat sample (20 mC cm−2) 
run in stirred solutions (~300 rpm) of KPi (0.1 M) at different pH values, to which the electrolyte salt 
KNO3 (500 mM) was added to enhance ionic conductivity. (A) Potential jumping protocols for the XAS 
experiment. (B) Current as a function of electrode potential. (C) Co oxidation states at different 
electrode potentials. The oxidation states (right y axis in panel C) are determined from the calibration 
curve in Figure 3-2. (D) Steady-state current (panel B) is plotted against the Co oxidation states (panel 
C). The blue line indicates a concatenated linear fit at different pH values, showing a slope of about 12 
(12.4±0.3) between the logarithmic current and the oxidation states. Note that the current density (B, 
D) axis is displayed on a logarithmic scale. The potential axis is not corrected for iR drop. 
 
The effect of protons on the catalytic activity was derived from H/D isotope substitution 
experiments at pH 7.[134] Here, the selected pH values of KPi ranged from 6.5 to 9 to maintain 
sufficient buffering capacity (pKa of KPi = 7.2). Under extreme acidic or alkaline conditions, 
catalyst stability and intrinsic properties (e.g., structural or phase transitions) can affect and 
complicate the understanding of the mechanism.[199;200] Addition of KNO3 electrolyte salt 
(500 mM) and agitation of the electrochemical cell at approximately 300 rpm improves ionic 
conductivity and reduces mass transfer limitations. In Figure 3-1, the relation among static 
current density, oxidation state at static state and electrode potential is displayed at a wide range 
of potentials from 0.85 V to 1.61 V vs. NHE at various pH values. Current densities were 
averaged for each CA step between 420 and 425 s divided by the geometric area (~1.33 cm2), 
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while XANES spectra were collected after 1 min equilibration. Figure 3-1B shows the Tafel 
plots at different pH values. It is noteworthy that in the Tafel regime, a cathodic shift of about 
160 mV in potential occurs at the same current density (e.g., 30 µA cm−2) when the CoCat film 
is operated from a low pH (pH 6.5) to a higher pH (pH 9), which is almost consistent with the 
theoretical Nernst slope (59 mV pH−1 × (9−6.5) ~148 mV). As the potential increases, the 
current density increases sequentially until it reaches a plateau level where the current depends 
on the protonation state of the buffer base (as verified in Chapter 2). Therefore, the higher the 
pH, the higher the plateau current level. At high potentials, the current at pH 9 is slightly less 
than that at pH 8. This may be due to insufficient diffusion of the buffer, which limits the 
response to the electrodes and thus affects the overall current in the circuit. 

 
Figure 3-2. Calibration curve for converting XANES edge positions to Co oxidation state. The edge 
positions were determined by the integral method.[316] The calibration curve obtained from Co-based 
reference compounds with known oxidation states, i.e., (CoII(OH2)6(NO3)2) solution, 
(CoII(OH2)6(NO3)2) powder, CoII

3(PO4)2 powder, CoII,III
3O4 powder, CoIIIOOH powder, LiCoIIIO2 

powder. Readapted from ref. [126]. 
 
In Figure 3-1C, the oxidation state of cobalt at different potentials was quantified from the edge 
position of the XANES based on the calibration curves of the well-known cobalt compounds 
in Figure 3-2. As the anodic potential or pH increases, the edge position of XANES moves to 
higher energies, suggesting that the Co redox transition is pH or potential-dependent 
(Figures 3-3 and 3-4). Significant changes in the oxidation state were observed at all pH values 
at low potentials ranging from 0.85 V to~1.25 V. In contrast, at high potentials, the small shift 
of the edge position (and thus the oxidation state) around 7721.5 eV reveals the limitations of 
oxidation state accumulation and the independence of oxidation state changes from potential. 
The initially apparent oxidation state increases at all pH values and then saturates with a gradual 
increase in the anodic potential, which is similar to the behavior of the extended j-V curves 
(Figure 3-1B). The calculated lowest oxidation state was around 2.6 ± 0.1 at 0.85 V (pH 7), 
rising to 3.3 ± 0.1 at 1.61 V at pH 9, which is consistent with our earlier findings over a limited 
potential range.[126] Here, the extension of the potential range leads to a negligible change in 
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the oxidation state at high potentials for all the pH values, with an absolute edge position about 
7721.5 eV, indicating that the oxidation state in the catalytic region is independent of the 
electrolyte pH. Differentially, under low-potential conditions (Figure 3-1C), the change in 
oxidation state from pH 7 to pH 9 showed an almost equal edge shift at a fixed low potential, 
suggesting that the variation of oxidation state depends on both pH and potential changes. The 
pH dependence of the redox transition confirms the charge compensation effect of proton 
removal. At 0.85 V, complete equilibrium may not be reached at pH 6.5, resulting in a higher 
oxidation state. Importantly, with the joint plot of current density and oxidation state (Figure 
3-1D), all curves overlap each other, and a linear behavior between log(j) and oxidation state 
is displayed when oxidation states exceed about 3.00 ± 0.05 (formation of CoIV). The results 
show that the exponential growth of current exclusively depends on the involvement of CoIV 
species and it is not directly dependent on applied potential. The overlap at different pH values 
of KPi suggests that catalytic current is independent of electrolyte proton activity, supporting 
the earlier H/D experiments.[134] 

 

Figure 3-3. X-ray near edge spectra (XANES) of CoCat (20 mC cm−2) at the cobalt K-edge with CoCat 
operated at different pH values. The CoCat edge spectra are all shifted to higher energies with increasing 
potential, suggesting that the increase in oxidation state is driven by the increase in electrode potential. 
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It is noteworthy that the exponential behavior between catalytic current and oxidation state is 
reflected in the log j versus oxidation state plot (Figure 3-1D), which can also be presented in 
the form of a power law (Figure 7-1A), similar to Figure 1-5D. The log-log plots of current 
density and extracted Co4+ concentration appear to exhibit a biphasic behavior, and here we 
propose the exponential behavior is the intrinsic relation between the catalytic rate and the 
chemical states because the accuracy and selection of the specific point for determining CoIV 
concentration are critical factors. Further explanation of the exponential behavior is discussed 
in Section 3.2.1.4 and Section 3.3. 

 

Figure 3-4. Comparison of XANES spectra at the cobalt K-edge at the indicated pH values at 0.95 V 
(A) and 1.33 V (B) (vs. NHE). More details are described in the experimental methods. 

3.2.1.2 Oxidation states at different concentrations of KPi buffer 

The effect of mass transport was also investigated by operating CoCat at various KPi 
concentrations in neutral KPi solutions. The experimental details are similar to the pH series, 
unless otherwise noted. The KPi concentrations selected cover two orders of magnitude (0, 1.6, 
25, 100 mM). The total ionic intensity of electrolyte was maintained at a high level of about 
500 mM by adding KNO3 salt to the solution (KNO3 concentrations of 500 mM for 0 mM and 
1.6 mM KPi, 450 mM for 25 mM KPi and 300 mM for 100 mM KPi, respectively). The 
electrochemical cell was not stirred. The redox chemistry of Co at different KPi concentrations 
was investigated by determining the oxidation state via XANES. As with the collection of pH 
series, Tafel plots, oxidation states at different potentials, and plots of logarithmic current 
versus oxidation state were summarized in Figure 3-5, respectively. The current-potential 
curves at different KPi concentrations are in agreement with our previous study[142], showing 
consistent Tafel slopes of about 70 mV dec−1 at low potentials and the plateau levels in the 
intermediate potential region (Figure 3-5A). At high KPi concentrations (e.g., 100 mM, 25 
mM), as the potential increases, the edge position, which corresponds to the oxidation state, 
progressively moves towards higher energy levels. This shift plateaus and stabilizes at 
approximately 7721.5 ± 0.1 eV. Similarly, the potential independence of oxidation state 
changes is observed in the high-potential regime (Figure 3-5B). However, with an insufficient 
buffering capacity of KPi (e.g., 0 mM), the raw fluorescence signal decreases dramatically 
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(Figures 3-8 and 3-9). At higher potentials, the fluorescence is seriously attenuated due to 
severe film detachment. Therefore, in the following analysis, we truncated the data points from 
film detachment to extract the intrinsic relationship between oxidation state and catalytic rate. 

 
Figure 3-5. XAS measurements at the Co K-edge of CoCat samples (20 mC cm−2) operated in different 
concentrations of KPi solution (pH 7) to which KNO3 was added to keep the total ionic strength around 
500 mM. (A) Current density as a function of electrode potential. (B) Cobalt oxidation states at various 
potentials for different concentrations of KPi. (C) Current density as a function of Co oxidation state. 
The blue line represents a concatenated linear fit showing a slope between the logarithm of the current 
and the oxidation state of about 10 (9.7±0.3). Note that the current densities (A, C) are shown on a 
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logarithmic scale. The potential axis has been corrected for iR drop. The oxidation state is calibrated by 
the calibration curve in Figure 3-2. 
The oxidation state increased from 2.5±0.1 to 3.0±0.1 when applying low (0.85 V) to moderate 
(1.1 V) potentials, which is associated with the first redox process (CoII®CoIII). In the catalytic 
region, the change of oxidation states as a function of the applied potential tends to be saturated 
for all the KPi concentrations. The saturation level of the oxidation state appears to be 
influenced by the KPi concentration, which is consistent with the finding in the Chapter 2. The 
increased KPi concentration offers a greater number of effective proton acceptors, which 
facilitates the buildup of higher oxidation states. Consequently, this enhancement in proton 
management leads to an increased rate of catalysis. 
Regardless of the magnitude of the apparent oxidation state, the OER catalytic current 
(referring to catalytic rate) exhibits an exponential relationship with the accumulated redox 
states (Figure 3-5C). The subtle variation in the slopes observed between the pH and 
concentration series (KpH ~ 12 vs. KConc. ~10) (Figures 3-1D and 3-5C) could be attributed to 
the precise selection of the initial fitting point, i.e., this difference may be linked to the accurate 
determination of the Co3+ position. The specific point of reference may lead to inconsistent 
interpretations of the relationship between current density and oxidation state, specifically, 
whether this relationship follows an exponential pattern (Figures 3-1D and 3-5C) or adheres to 
a power law (Figure 7-1 and Figure 1-5D). By examining the log-log plot of current density 
against CoIV concentration (Figure 7-1), a power law relationship between the catalytic current 
and the oxidation state is clearly discernible. In this context, we propose that the exponential 
behavior is more closely aligned with the characteristics of CoCat materials, with an extensive 
discussion provided in Section 3.2.1.4 and Section 3.3 Importantly, our XAS measurements 
have established a direct correlation between current density and the oxidation states. This 
finding deviates from the classical mechanism of water oxidation, where current is primarily 
governed by the electrode potential applied. 

3.2.1.3 Stability of CoCat monitored by XAS 

To confirm that determination of oxidation states is not affected by film instability, it is 
important to compare the non-normalized X-ray fluorescence at different voltages at fixed high 
X-ray excitation energies (e.g. 8000 eV) and apply it to the pH (Figure 3-6 and Figure 3-7) and 
concentration series (Figure 3-8 and Figure 3-9) measurements. For the pH series (100 mM 
KPi), the fluorescence was stable at various potential conditions from pH 7 to pH 9. Due to 
monochromator crashes, outliers may appear when remeasuring new samples at the 
corresponding potential and are thus not comparable. At pH 6.5, there is an initial decrease in 
fluorescence, followed by an increase, and eventually, the fluorescence stabilizes, which could 
be indicative of a redeposition process. In the concentration series (Figure 3-8), the 
fluorescence spectra across various KPi concentrations (1.6, 25, and 100 mM) exhibit good 
alignment at different potentials, with the exception of the condition lacking KPi buffer. This 
observation implies that the films remain effectively stabilized under these tested conditions. 
Thus, the oxidation states at different potentials can be extracted without being affected by film 
instability or radiation damage[315]. 
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Figure 3-6. Raw XAS spectra at different potential steps (vs. NHE, no iR drop correction) while 
operating CoCat in KPi buffer (100 mM) at the indicated pH values. The raw fluorescence signal is 
divided by the incoming X-ray intensity (I0) and corrected for dead time. The spectra shown are 
consistent with Figure 3-1. The red arrow at 8000 eV is used to extract the raw fluorescence at various 
potentials (see Figure 3-7). Figure 3-7 explains the deviation lines. 

 

Figure 3-7. Comparison of raw XAS fluorescence (A) and normalized fluorescence (B) of CoCat films 
run in KPi buffers of different pH at 8000 eV. The fluorescence normalization was based on 
fluorescence at 0.85 V. Missing or deviating points at 0.95 V (pH 8 or pH 7) are related to the use of a 
different XAS sample and is unrelated to catalyst degradation due to the monochromator crashed. At 
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pH 6.5, a clear trend towards dissolution of the CoCat film is visible, but at a level, we found as being 
still irrelevant for analysis of the normalized spectra. 

 
Figure 3-8. Raw XAS spectra of CoCat at various electrode potentials (vs. NHE, 85% iR drop correction) 
at the indicated KPi concentrations (pH 7). The fluorescence signal was divided by the incoming X-ray 
intensity (I0) and corrected for detector dead time, without approaching the otherwise standard 
normalization to the post-edge signal level. The spectrum corresponds to Figure 3-5. At a KPi 
concentration of 0 mM, the fluorescence gradually decreased until it reached half of the initial 
fluorescence, and the position corresponding to the stabilization of fluorescence was used as the upper 
limit for extracting the oxidation state. We note that partial sample dissolution does not necessarily 
prevent informative analysis of the normalized XAS spectra. Only for the 0 mM KPi experiment, we 
needed to exclude the four spectra collected at the highest potentials from subsequent analysis. For these 
four spectra, the normalized spectra were modified by a contribution likely stemming from dissolved 
Co2+ ions so that the here required accuracy in the Co oxidation determination could not be reached. 
More description is shown in the caption of Figure 3-7 or Figure 3-9. 
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Figure 3-9. Raw XAS fluorescence (left) and normalized fluorescence (right) at 8000 eV at different 
potentials in different concentrations of KPi buffer. For 0 mM KPi, the arrow represents the upper limit 
of oxidation state extracted, where about 60 % of the fluorescence lost. The displayed results correspond 
to Figure 3-5 and Figure 3-8. 

3.2.1.4 Insights from XAS for tracking oxidation states 

The important high-valent CoIV as an active component or intermediate in the OER mechanism 
of cobalt-based catalysts has been widely reported.[116;119;126;160;164;368;422] The formation of O-
O bonds is usually associated with the formation of CoIV=O species at the edge site. According 
to this hypothesis, the observed exponential behavior occurs only at CoIV generation potential 
higher than ca. 1.15 V, which validates the key role of CoIV in the OER process. In a previous 
report of Risch et al,[126] redox processes involving CoII→CoIII and CoIII→CoIV at pH 7 and 
100 mM KPi could not be described by the classical Nernst equation but had to take into 
account the additional factor of interaction energy that increase with an increasing number of 
oxidized Co ions. In order to explain the exponential relationship between current density and 
oxidation state, also here we propose the concept of interaction energy between cobalt oxide 
ions. Assuming that the interaction model of ref. [126] also applies to the extended structure of 
CoCat, the requirement to oxidize Co ions increases as the interaction energy increases, 
implying that not every CoIV ion has the same redox potential, and thus the redox potential of 
CoIV ions depends on the interaction between neighboring Co ions. This may tentatively 
explain why the current density is exponentially related to the oxidation state of Co. 
In kinetics, for transition state theory, the probability of reaching the transition state is 
exponentially related to the activation energy.[425] In view of this, the exponential relationship 
presented in the XAS experimental results seems to be related to the activation energy for the 
formation of the active site in the transition state theory. Strong interactions between 
high-valent Co species can generate high potential energies, leading to lower activation 
energies and further lowering the overpotential. Thus, it is the local chemical reaction that 
controls the rate of reaction, independent of the electric field. The electric field may play a 
direct role in the accumulation concentration of oxidation state prior to the formation of active 
sites (e.g., CoIV=O).[126] It fits to the XAS result that the dynamics of the redox state 
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concentration are more pronounced in the low potential region and less pronounced in the 
catalytic region (Figures 3-1C and 3-5C). 
We therefore conclude that the current density is directly independent of the applied potential 
but is related to the accumulated oxidation state. Typically, heterogeneous catalysts (e.g.,  
perovskite) have "pure surface-activity" properties, including adsorbate evolution mechanism 
(AEM) and lattice oxygen participation mechanism (LOM), where an electric field plays a role 
in the electrocatalytic OER.[102;103;426] The different scenarios for CoCat may be due to the large 
involvement of the catalyst in the accumulation of oxide species, as indicated by the relatively 
large change in oxidation state (~ 0.65 oxidation state).[99;126] Hypothetically, our experimental 
results emphasize that it is not the electric field or the applied electric potential itself but the 
intrinsic chemical states of the catalyst material that determine the catalytic rate. This 
conclusion may relate to the properties of two commonly discussed catalytic OER pathways, 
namely intramolecular oxygen coupling (IMOC) and nucleophilic water attack (WNA). 
According to ref.[141], the IMOC is not influenced by the electrode potential, in contrast to the 
WNA pathway, which exhibits a significant dependency on the electric field, as evidenced by 
its substantial dipole moment and polarization characteristics.[427-429] Based on this rationale, 
the rate-determining step for CoCat O-O bond formation is presumed to involve the coupling 
of two Co-oxyl groups via the IMOC mechanism.[131;132;134;162;164;165] 

3.2.2 Oxidatively stored charge quantification 

The operando XAS studies were followed by simple electrochemical experiments to quantify 
the oxidatively stored charge by oxidation at equilibrium, primarily using a "jump potential" 
protocol to jump from a high potential to a constant cathodic potential (Figure 3-10). By 
integrating the reductive current, the oxidatively stored charge at high potentials can be 
obtained. 

 

Figure 3-10. Graphical representation of the potential jump scheme (A) and quantitative estimation of 
the oxidatively stored charges (B). (A) Current density is recorded by the chronoamperometry technique 
at different potentials. The corresponding high potential was raised from 1.548 V to 1.898 V (vs. RHE) 
in steps of 35 mV while constantly jumping back to 1.513 V (vs. RHE). Each potential step applied for 
2 minutes to reach equilibrium. Electrode potentials are corrected for iR drop. (B) As an example, the 
CoCat film was held at 1.618 V for 2 minutes and then dropped to 1.513 V for 2 minutes. Integration 
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of the complete reduction current trajectory is used to quantify the charge stored during the oxidation 
process Black lines are the applied potentials; red lines are current densities. 

In order to exclude the associated sub-catalytic process (CoII→CoIII), the cathodic potential at 
1.1 V vs. NHE at pH 7 (1.513 V vs. RHE) was chosen to merely focus on the oxidation process 
of CoIII to CoIV (oxidation state at 1.1 V vs. NHE, pH 7 is about 3.0 ± 0.1). Experiments were 
performed at different pH or KPi concentrations. The same range of electrode potentials (vs. 
RHE) is used for pH series measurements. This experiment was inspired by a number of studies 
that attributed the catalytic current to ligand oxidation.[217;220;430] X-ray absorption spectroscopy 
and computational analysis reveal the involvement of holes of the surface oxide group in the 
catalytic OER.[220;430] Negatively charged oxygen ligands promote the formation of reactive 
oxygen species such as peroxides or superoxides by interacting with vicinal or geminal OH 
ligands from lattice oxygen.[431] In addition, it has shown that the introduction of oxygen 
vacancies can adjust the electronic structure and further improve the catalytic activity.[415] Thus, 
the electrochemical potential jumps experiment may be valuable in determining the amount of 
oxidatively stored charge by integrating cathodic reduction. The information on average 
oxidation state from XAS measurements based on CoCat films (20 mC cm−2, ~200 nmol cm−2) 
is similar to the oxidation equivalents stored in the form of Co oxidation state changes. 
Quantitative comparisons between changes in oxidation charge and absolute changes in cobalt 
oxidation state can facilitate the determination of whether the source of the catalytic current is 
metal oxidation or ligand oxidation (or some other process). 
As shown in Figure 3-11 (column 1–3), with this potential jump protocol, we can obtain the 
Tafel plot (1) and the relationship between the oxidatively stored charge and the electrode 
potential (2) or the logarithm (current density) (3). Rows A-D sequentially represent pure KPi 
buffer (A), addition of additional electrolyte salt (KNO3) (B), stirred cell without KNO3 (C), 
and electrochemical cell with stirring and addition of KNO3 (D). Tafel plots for different pH 
values overlap in the low potential region because the applied voltage on the RHE scale is 
independent of pH. As pH increases, the higher the pH, the higher the current density at higher 
voltage ranges due to the presence of more unprotonated buffer bases.[142] In column 2, the 
maximum absolute charge stored in the given potential region is about 5 mC, which represents 
25% of the CoCat film involved in oxidative charge storage (5 mC divided by 20 mC). More 
interestingly, compared to Figure 3-1 and Figure 3-5, this ratio corresponds well to the change 
in Co oxidation state during the redox transition from CoIII to CoIV, where the Co oxidation 
state changes from 3.0 ± 0.1 to 3.28 ± 0.1, i.e., about 28% of the Co atoms are involved in the 
second redox transition. As a result, the oxidatively stored charge data (column 2) agrees 
quantitatively with the extent of Co oxidations state changes detected in XAS experiments, 
thereby excluding the quantitative oxidation of bound water species. In addition, the 
consistency of the oxidatively stored charge and the change in the oxidation state of the metal 
are independent of the sample thickness. In our previous study,[126] very thin films (~14 nmol 
cm−2)[99] showed an oxidized storage charge of 0.8 mC, and about 60% of the Co atoms were 
oxidized during the redox process from CoII to CoIV. According to the reference [126], we can 
estimate that about 38% of all Co atoms involved in redox processes involve CoIII to CoIV 
(0.25/0.65). Thus, for thin films (~14 nmol cm−2), we can calculate that about 0.3 mC of the 
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oxidized charge belongs to the CoIII to CoIV process. A 14-fold increase in film thickness (14 
nmol cm−2 to 200 nmol cm−2) corresponds to oxidatively stored charges of 4.3 mC on the 
thicker film. Our experimental results show that there is a storage charge of about 5 mC on the 
~200 nmol CoCat film, which is almost identical to that generated during Co oxidation and 
confirms the volume-active property of CoCat films. 

 
Figure 3-11. Comparison of the relationship between current density, oxidatively stored charge, and 
applied electrode potential at different pH values of KPi (0.1 M). The amount of CoCat deposited was 
20 mC cm−2. The electrochemical cell of the KPi system was varied under four conditions, i.e., A: pure 
KPi buffer as electrolyte; B: KPi buffer + KNO3 (500 mM); C: pure KPi with stirring (400 rpm); D: KPi 
buffer stirred with adding KNO3 (500 mM). The numbers in each column represent the type of graph:1: 
j–V plots (Tafel plots); 2: oxidatively stored charge as a function of potential; 3: current density 
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(logarithmic scale) in 1 as a function of oxidative charge in 2. The potential axis has been corrected for 
iR drop. 
Quantitative analysis showed that the amount of oxidatively stored charge obtained from the 
integrated cathodic current is not from the oxidative charge of ligand oxidation but from the 
redox transition process of cobalt ions. Importantly, in column 3, we observe a similar linear 
relationship between log(current density) and oxidatively stored charge, and it is independent 
of pH over the entire current range (Figure 3-11, panels C3 and D3). In panels A3 and B3, 
curvature seems to appear at high potentials, which limits the extensive nature of the linear 
trend. A further explanation is given below. 

 

Figure 3-12. Comparison of the relationship between current density, oxidatively stored charge, and 
applied electrode potential at different KPi concentrations using the potential jumps method. See 
Figure 3-11 for more description. 
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Similarly, the exponential relationship in the neutral KPi system was further confirmed with 
changes in KPi concentration (10, 20, and 100 mM, Figure 3-12). At lower KPi buffer 
concentrations (e.g., 10 mM of pure KPi), the amount of buffer base may be insufficient, and 
the oxidatively stored charge is reduced compared to that stored under higher KPi conditions. 
However, a linear relationship between log(j) and the oxidatively stored charge is still clearly 
observed over the entire potential range (1.513–1.898 V vs. RHE, Panel C3 and D3). The same 
curvature as in the pH series is also observed in panels A3 and B3 of Figure 3-12, both cases 
in the absence of stirring. This may result from limitations caused by macroscopic electrolyte 
diffusion or bubble accumulation, which reduces the accessibility of the active site and limits 
the efficiency of charge passage through the circuit, leading to a reduction in oxidatively stored 
charge under high potential conditions. Likewise, the exponential law similar to the results of 
XAS measurement can also be displayed in the form of a power law (Figure 7-2) contributing 
to the same reason as the discussion at the end of Section 3.2.1.2. 
The stability of the film was confirmed by integrating the CV cathode waves that were collected 
before and after the potential jumps (Table 3-1). The similar charge amount obtained from the 
CVbf, accounting for about 35-40 % of the deposited charge (20 mC cm−2), suggesting 
reproducibly prepared CoCat film. 
In summary, the pH or concentration series of experiments here served to support the 
exponential relationship between redox chemistry and catalytic activity. The quantitively 
consistent redox-charge from integration approach with the Co oxidation states change from 
XAS excludes the oxidation of bound water species and confirmed the catalytic activity is 
uniquely related to the average cobalt oxidation state. 
 
Table 3-1 Charge is estimated from the integration of the reductive area of CV measured at different 
pH or KPi concentrations in the four different buffer systems. The charge corresponds to the amount of 
redox-active cobalt ions. CVbf and CVaf represent the charge integrated from the CVs collected before 
and after the potential jumping collection. The calculated charges represent the average of the last two 
CVs. Δ % represents the percent change in charge calculated from the CVs before and after a series of 
potential jumps. 

 
Pure KPi 
Qdep (mC) Δ % 

+ KNO3 
Qdep (mC) Δ % 

+ Stirring 
Qdep (mC) Δ % 

+KNO3+ 
Stirring 
Qdep (mC) 

Δ % 

 CVbf   CVaf  CVbf   CVaf  CVbf    CVaf  CVbf     CVaf  

pH 8.0, 100 mM 8.4 8.5 1% 8.3 6.8 18% 8.1 7.5 7% 8.1 6.4 21% 

pH 7.0, 100 mM 7.6 7.3 4% 7.7 7.0 10% 7.7 6.3 18% 8.1 6.1 25% 

pH 6.5, 100 mM 7.6 7.6 0% 7.8 7.3 6% 7.6 7.2 7% 7.6 5.9 22% 

pH 7.0, 10 mM 6.8 6.6 3% 6.9 6.3 9% 7.2 8.1 13% 7.5 5.2 31% 

pH 7.0, 25 mM 7.3 7.5 2% 6.6 6.5 2% 7.8 8.4 8% 7.9 6.8 14% 

 



Chapter 3 Oxidation states versus catalytic rate 

96 

 

Figure 3-13. Linear regression of CoCat current density versus oxidatively stored charge for different 
pH values corresponding to the 3rd column of Figure 3-11. Panels A and B show curvature and are 
individually fitted. The black and blue lines are fitted lines. As the electrochemical cell is stirred, the 
linear range (black) extends across the entire potential regime (Panels C and D). The fitting results are 
shown in Table 3-2. 

 
Table 3-2. Fit results of Figure 3-13. K and Y0 represent the slope and intercept of the linear regression 
fit. The fits in the high current region of panels A and B are shown in blue. 

 pH 6.5 pH 7.0 pH 8.0 pH 6.5 pH 7.0 pH 8.0 

Slope 
(K) 

Intercept 
(Y0) 

K Y0 K Y0 K Y0 K Y0 K Y0 

Pure KPi 0.58 2.34 0.61 2.31 0.49 2.04 0.33 1.57 0.34 1.52 0.37 1.78 

+ KNO3 0.59 2.30 0.59 2.31 0.44 1.97 0.32 1.49 0.31 1.49 0.38 1.78 

+ Stirring 0.61 2.34 0.63 2.32 0.58 2.05 / / / / / / 

+KNO3+ 
Stirring 

0.60 2.19 0.59 2.32 0.58 2.12 / / / / / / 
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Figure 3-14. Linear regression fit of current density-oxidative charge plot for CoCat operated at 
different KPi concentrations corresponding to the 3rd column of Figure 3-12. See Figure 3-13 for further 
details. 

 
Table 3-3. Fit results of Figure 3-14. K and Y0 represent the slope and intercept. More details see Table 
3-2. 

 10 mM 25 mM 100 mM 10 mM 25 mM 100 mM 

Slope 
(K) 

Intercept 
(Y0) 

K Y0 K Y0 K Y0 K Y0 K Y0 

Pure KPi 0.55 2.10 0.61 2.21 0.61 2.31 0.28 1.47 0.25 1.32 0.37 1.65 

+ KNO3 0.56 2.10 0.60 2.22 0.59 2.31 0.23 1.33 0.22 1.22 0.31 1.49 

+ Stirring 0.69 2.26 0.63 2.32 0.62 2.31 / / / / / / 

+KNO3+ 
Stirring 

0.64 2.08 0.61 2.13 0.60 2.36 / / / / / / 

 

In order to quantify the relationship between catalytic rate (current density) and oxidatively 
stored charge, we approached linear regression fit. (Figures 3-13 and 3-14, Tables 3-2 and 3-3). 
In a comparison of the fitting results of steady (A-B) or stirred systems (C-D) under pH or KPi 
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concentration series, curvature transitions is solely observed in the steady-state system, limiting 
the extension of the linear regime. The fitting slopes for the pH and KPi concentration series 
in the high-current region (~0.3) are about half of those in the low-current region (~0.6). We 
assumed that it contributed to the mass transport of the buffer base or the accumulation of 
bubbles on the CoCat surface that limits the oxidized charge going through the electric circuit, 
which is also consistent with our earlier studies.[142] When agitating the cells, the linear trend 
extends significantly because mechanical agitation attenuates local acidification and bubble 
accumulation. It is clear that under all KPi conditions (pH and concentration series, Figures 
3-13 and 3-14), the fits in the stirred system are similar, with slopes of about 0.6 dec mC−1. 
Because the amount of Co ions in the electrodeposited CoCat film is 20 mC, we obtain a slope 
of around 20 × 0.6 = 12 decades per stored charge unit of the log10(j)–Qred plot, in excellent 
agreement with the results of the XAS on Co oxidation state changes of Figure 3-1D. The value 
of 12 means that the catalytic current increases by 1.2 decades (×16) per increase of the 
oxidation state by 0.1 units. In summary, the oxidatively stored charge in the catalytic region 
is quantified and exhibits a similar principle to the XAS results, i.e., an exponential relationship 
between current activity and oxidatively charge. The catalytic current is exclusively determined 
by the redox chemistry of the metal ions rather than the oxidation of bound water species. 

3.2.3 Oxidation states changes tracked by optical absorption via in situ UV-vis 
spectroscopy 

XAS allows for direct monitoring of absolute changes in the oxidation state on CoCat,[126;134;158] 
but the beam time allocation of the synchrotron light source is limited for most working groups. 
UV-vis absorption spectroscopy (UV-vis) is the most widely used equipment in laboratories 
for monitoring the electronic transition of molecules or substances as they interact with 
UV-visible light. Therefore, it is often used as a preliminary analytical 
technique.[126;152;203;343;345;346;432;433] One advantage of UV-visible spectroscopy over XAS is 
that there is less radiation damage. Therefore, we collected optical absorption spectra here to 
follow the oxidation state of cobalt. The spectra were collected after equilibrating the system 
for 2 min in KPi solution (0.1 M) at different potentials and pH values. Thin CoCat 
(10 mC cm−2, ~70 nm thickness) was used for optical spectrum acquisition. 
Regarding the application of UV-visible spectroscopy to CoCat, Risch et al. in 2015 found that 
changes in light absorption in the near-UV and visible ranges correlate closely with trends in 
oxidation state changes measured by XAS at different potentials.[126] Subsequently, Pasquini 
et al. 2019 used time-resolved in situ visible absorption spectroscopy to perform a kinetic 
experiment to track the Co redox transition process at a fixed optical wavelength.[134] Therefore, 
UV-visible absorption spectroscopy is an important technique for monitoring electrochemical 
redox transitions, which may relate to the electrochromic effect of CoCat,[434;435] also revealed 
from other transition metal oxides or hydroxides.[213;252;436-439]  
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Figure 3-15. Electrochemical protocol for in situ UV-vis absorption spectroscopy measurements (A–C) 
and optical absorption spectra (D–F) of CoCat at different electrode potentials for CoCat operated in 
KPi solutions (0.1 M) at different pH values. Insets of A-C zoom in current density traces from 0.8 V 
to 0.975 V. CoCat films were deposited on ITO (10 mC cm−2, ~ 70 nm thickness). The applied potential 
is 0.8 V to 1.325 V vs. NHE. In panels A-C, the sharp peaks at the end of current traces resulted from 
the switch off the stirrer for spectrum collection. Note that the electrochemical system is constantly 
agitated at 500 rpm and is only left unstirred when collecting spectra. We also note that difference of 
absolute absorbance at different pH values may due to subtle changes of the position of the working 
electrode. The displayed absorbance curves were smoothed using commercially available software 
(OriginPro 2020b). The adjacent averaging method is used here with a window size of 5 points. The 
figure shown here is from individual measurement. 

Steady-state light absorption spectra (Figure 3-15 D-F) were measured using a constant 
potential staircase protocol (Figure 3-15 A-C) under different pH conditions. Negative current 
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densities ranging from 0.8 V to 0.94 V were observed at pH 6.5. As pH rises to 7, the onset 
potential of the positive current shifts to 0.905 V toward the cathode. At pH 8.1, negative 
currents only appear at the lowest applied potential (0.8 V). The negative current originates 
from the incomplete reduction process after initial 3 CVs (1.3 V-0.45 V vs. NHE). The onset 
potential of the forward current is pH-dependent resulting from the pH-dependent Nernst 
potential shift. Interestingly, the absorption spectra at all pH values appear to follow a similar 
trend of j-V curves (Figure 3-15 D-F). In the negative current regime, the absorption spectra 
overlap with those in the positive current regime and decrease with increasing potential. The 
lowest absorption occurs before the current density becomes positive, which applies to all pH 
conditions, i.e., pH 6.5 (0.94 V), pH 7 (0.905 V), pH 8.1 (0.8 V). All spectra were taken 
between 300 nm and 1000 nm. There is a peak near 310 nm, followed by a sharp drop in 
absorption up to about 420 nm. The peak below 340 nm may be interfered with the absorption 
of the glass cuvette in the UV region. Subsequently, a broad peak centered at 500 nm appears. 
At ~656 nm, it is attributed to the hydrogen Balmer characteristic line (D𝛼) in the deuterium 
lamp emission spectrum. Following this, the absorption gradually diminishes until the region 
of 950-1000 nm. In this high wavelength region, the absorption features are very faint, and the 
peak at about 970 nm is probably from a water vibrational transition, which can be attributed 
to the combination of 2V1 (H–O–H symmetric stretching mode) and V3 (H–O–H asymmetric 
stretching mode).[440] 
Since the absolute absorption intensity of CoCat films varies at different potentials and pH, the 
absorption at 0.94 V was used as a baseline and was successively subtracted from the spectra 
at all pH conditions to obtain the absorption difference spectra (ΔAbs) (Figure 3-16). At a 
specified potential, if the ΔAbs value is larger than zero, an oxidation process occurs. There 
are two distinct features of ΔAbs at ~400 nm and ~560 nm, with the peak of the former 
corresponding to a local minimum that appears to redshift with increasing potential (400 nm to 
430 nm). At high potentials, the broad peak at ~560 nm becomes more prominent. 
Furthermore, the ΔAbs curves were normalized (0-1) to compare the differences in ΔAbs at 
different potentials. It is clear that in the region between ~560 nm and 900 nm, the shapes of 
absorption differences at different potentials overlap, suggesting that the change in the shape 
of ΔAbs is independent of the potential. This suggests that changes in the magnitude of ΔAbs 
in this region can be used to extract information about redox chemistry at different 
potentials.[126] Therefore, in Figure 3-17, we chose ΔAbs at 600 nm to explain the relationship 
between current activity and absorption difference ΔAbs. In the lower wavelength region 
(300 ~ 400 nm), there also seems to be an overlap, but it may be affected by glass absorption. 
In Figure 3-17D, the normalized ΔAbs at 0.975 V have a slight deviation, but the shape is 
similar to the other deviations, so we attribute the incomplete overlap to noise. As a whole, the 
normalized spectra at different potentials overlap between 500 nm and 900 nm. In order to 
correspond to previous studies,[126] we chose the absorption difference at 600 nm to study the 
potential-induced absorption at different pH values of KPi solutions. 
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Figure 3-16. Absorption difference (ΔAbs) (A-C) and normalized absorption difference (D-F) at 
different potentials for CoCat operating in KPi buffer (0.1 M) at different pH values. ΔAbs at the 
indicated potentials (colour code) are the Abs values at the corresponding potential minus the Abs value 
at 0.94 V (baseline), respectively. ΔAbs at potentials above 0.94 V are displayed. The ΔAbs were 
normalized by setting ΔAbs at 900 nm to 0 and ΔAbs at 310 nm to 1. The displayed absorbance curves 
were smoothed using commercially available software (OriginPro 2020b). Adjacent averaging was used 
here with a window size of 5 points. The graph displayed figure from single measurement. The data 
corresponds to Figure 3-15. 
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Figure 3-17. Comparison of current density, optical absorption difference (ΔAbs) at 600 nm and 
electrode potentials for CoCat operated at different pH values of KPi. The results are mean of at least 
three individual measurements for each condition. Error bar represents one standard deviation (68% 
confidence interval). The inset highlights the apparent saturation effect of Abs600 as a function of 
potential, where Abs600 is displayed on a logarithmic scale. 
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With taking the change in absorption (ΔAbs) at 600 nm (denoted as Abs600), the correlation 
between Abs600, applied potentials and current densities is established in Figure 3-17. Panel A 
is typical Tafel plots at different pH values (0.1 M KPi), where a pH-dependent Nernstian 
cathodic shift is observed at the same current density (e.g., 10 µA). At high potential, current 
is saturating, and this saturation current tends to increase with a rise in pH level due to the 
higher amount of buffer base at higher pH. Interestingly, when the applied potential is higher 
than 0.94 V, the trend between Abs600 and the potential follows the same trend as the j-V curve. 
At the same potential (e.g., 1.2 V), a larger Abs600 is associated with a higher pH value of the 
KPi buffer. Similarly, a cathodic shift of the potential was observed at the same absorption 
level. Absorption saturation emerges at the onset potential similar to that of j-V curve (Figure 
3-17 A). However, due to light scattering of accumulated air bubbles attached on the electrode 
surface, absorption spectra at higher potentials could not be obtained for high pH case, even 
with the use of a magnetic stirrer (500 rpm). A higher stirring rate may help, but absorption 
signal will be compromised by signal noise. At pH 6.5, reproducible absorption can be 
measured at higher potentials. Abs600 (ΔAbs, AbsV−Abs0.94V at 600 nm) are positive or negative 
depending on the choice of baseline. Here, baseline at 0.94 V was selected for all pH conditions 
and subtracted separately to calculate ΔAbs at another potentials. At pH 6.5, Abs600 is positive 
at potential below 0.94 V as its local minimal absorption at 0.94 V. For pH 7 and 8.1, the lowest 
absorption (Abs) is below 0.94 V. At pH 8, the minimum value of Abs is 0.8 V, thereby ΔAbs 
(Abs0.8V-Abs0.94V) is negative when applied potential is belows 0.94 V.  
Importantly, the exponential relation between current density and the change in absorption at 
600 nm is agreement with that of the first two experiment techniques and is irrespective of pH. 
Analogously, power law between current density and the optical absorption (Figure 7-3) is also 
applicable for in situ UV-vis absorption results. 

3.3 Summary 

A. Experimental finding 
Three methods of operando XAS, basic electrochemistry, and in situ UV-vis absorption 
spectroscopy support the critical role of metal-centered redox chemistry in determining OER 
catalytic rate: 

(1) Operando XAS at the Co K-edge directly monitored the oxidation state over a wide 
potential range (0.85-1.61 V vs. NHE). The current density in the catalytic region was 
independent of the electrode potential but was exponentially related to the oxidation state at 
different pH and KPi concentrations. Meanwhile, the exponential behavior is not affected by 
pH and KPi concentration. 
(2) With simple electrochemical potential jumps, oxidatively stored charge at different 
potentials has been quantified and the total redox-charge change is coincident with the change 
of cobalt oxidation states. It confirms that the redox chemistry of the cobalt center rather than 
the oxidation of bound water species contributes to the charge accumulation. For pH or KPi 
concentration series, a unified slope between accumulated charge and logarithmic current 
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density suggests intrinsic behavior that is independent of electrolyte proton activity and mass 
transport limitation. 
(3) In situ UV-vis absorption spectroscopy was used as a complementary technique to record 
steady-state light absorption at different potentials. The change in absorption intensity at a fixed 
wavelength (600 nm) is linearly related to the logarithm of the current density, which further 
solidifies our new concept that the catalytic rate is directly determined by the chemical states 
of cobalt ions. 
 
B. Generalizing hypothesis 
The OER catalytic rate is determined by the redox chemistry of the catalyst material. This 
conclusion may be of general importance for an extended class of OER catalyst materials that 
are either thoroughly amorphous, hydrated oxyhydroxides (as here is the case for the CoCat) 
or form an amorphous, hydrated oxyhydroxide overlayer under operation conditions (as likely 
is the case for most materials in OER catalysis). The relevance of the here reported finding for  
these materials is summarized in the following. 

 
Figure 3-18 Basic concepts explaining OER electrocatalysis for (A) typically amorphous, 
volume-active material layers (here proposed new concept) and (B) surface-active crystalline materials 
(conventional concept). (A) In A, the material undergoes redox transitions such that its chemical state 
follows the electrode potential, EV, and the electrolyte pH at the outer surface of the catalyst material. 
The chemical state in turn determines the OER rate. Because of energetic interactions within the catalyst 
material, the redox-transitions are non-Nernstian and the rate of OER catalysis depends exponentially 
on the number of high-valent metal ions (Co4+ ions). The electrode potential affects the rate of OER 
catalysis indirectly by controlling the chemical state of the material. Electric fields and ionic 
double-layer effects are not decisively involved. (B) In b, the electrode potential, EV, is transmitted by 
the crystalline catalyst material towards the material surface where it facilitates the reaction chemistry 
of surface-adsorbed HyOx species, typically bound to a metal ion (M–OH2, M–OH, M=O, M–O–OH). 
The electrolyte pH determines the relative availability (local concentration) of H3O+ or OH− and thereby 
affects the OER rates. The ionic double-layer structure, the potential drop at the material-electrocyte 
interface and related electric fields may decisively affect the rate of OER catalysis. 

The results summarized above (in Section 3.3 A) support a fundamental concept for the 
interpretation of OER electrocatalysis in non-crystalline (amorphous) materials like the 



Chapter 3 Oxidation states versus catalytic rate  

 

 

 

105 

(CoCat), which is illustrated in Figure 3-18A. The electrochemical potential, fEC comprising 
both the electric potential at the working electrode and the contribution of the electrolyte pH 
uniquely determines the chemical state of the catalyst material, that is, the metal ion oxidation 
states, protonation states and related changes in atomic structure. Various combinations of 
electric and pH contributions to a specific value of fEC result in the same chemical state of the 
catalyst material. The rate of catalysis then depends on the chemical state of the catalyst 
material; it does not directly depend on the applied potential or related electric fields. This 
contrasts the classical view of the electric potential (or related electric fields) that directly 
facilitates oxidation of water species adsorbed at surface sites, and an electrolyte pH determines 
the availability of H3O+ and OH− ions at the reactive surface sites (Figure 3-18). 
Regarding the OER mechanism, amorphous cobalt oxides may differ from the classical pure 
surface prototype mechanism involving the adsorption and desorption of reaction 
intermediates.[311;441] The OER mechanism for CoCat (and likely also Mn, Ni and other 
oxyhydroxides) can be described in terms of molecular mechanisms applied for molecular 
metal complexes or PSII active centers (Mn4CaOx complex).[213] However, the molecular 
mechanism does not fully explain this due to the non-classical Nernstian behavior during the 
redox transition of Co.[126] The exponential relationship between reaction rate and oxidation 
state appears to be related to the reduction of activation energy, which can be explained by the 
presence of interaction energy between several high-valent cobalt species. In conclusion, 
amorphous CoCat-type heterogeneous materials may exhibit molecular mechanisms[138;159] as 
well as solid-state material properties. 
We assumed that the catalytically active phase of all materials, especially the oxides or 
hydroxides prevalent in OER, generally conforms to the picture of 
molecular-and-material-properties, inter alis because it is hardly possible to maintain an 
absolutely crystalline material under OER operation. It has been frequently reported that 
extended surface modification (amorphization) often occurs under harsh chemical conditions 
and in the course of prolonged operation.[67;105;107;153;154;178;234;442-445] The Janus character of the 
OER materials may be summarized as follows: 
(1) In the molecular picture, the molecular chemistry depends on the oxidation state, which is 
consistent with the observation of the structural arrangement of CoCat during the redox 
process,[126] illustrating the molecular properties of solid-state CoCat material. 
(2) On the other hand, a property not covered in the simple molecular picture is the interaction 
between metal ions regarding material aspect properties. However, this interaction does not 
reach the extreme case where strong interactions have to be modeled using a band model, which 
is quite different from the model in ref.[126]. 
Therefore, we suggest that CoCat and its derivatives have an in-between state, i.e., having 
redox chemistry in their molecular properties, while also being affected by interactions between 
metal sites in solid-state materials. 
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3.4 Experimental details 

3.4.1 Oxidation states determination from XAS  

For pH or KPi concentration series of XAS experiments, CoCat (20 mC cm−2) was deposited 
on a graphene sheet or glassy carbon by applying a potential of 1.05 V vs. NHE, and the 
deposition methods were described elsewhere.[70;126] The pH of KPi buffer is adjusted by 
adding concentrated KOH or same concentration of phosphate solution (K2HPO4 or KH2PO4). 
Electrolyte salt KNO3 (500 mM) in the pH series was added to enhance ionic conductivity. 
Different concentrations of the electrolyte salt KNO3 (0 and 1.6 mM KPi: 500 mM; 25 mM 
KPi: 450 mM; 100 mM KPi: 300 mM) were added in KPi concentration series while 
maintaining the total ionic strength at a high level of ca. 500 mM. The pH series is stirred at 
ca. 300 rpm without ohmic resistance compensation. KPi concentration series measured in 
steady state conditions with iR correction (85% iR compensation, software mode, BioLogic 
200). Three CVs (0.45 V to 1.45 V vs. NHE, 20 mV s-1) were performed followed by a potential 
staircase protocol. A Pt grid and a double-junction Ag/AgCl (Metrohm, saturated KCl, + 0.197 
V converted to NHE) were used as counter electrode or reference electrode, respectively. 
XAS experiments at the cobalt K-edges were carried out at the bending-magnet beamline 
KMC-3 at the BESSY-II synchrotron (Helmholtz Center Berlin, Germany, top-up mode of the 
storage ring, ca. 300 mA) using a 13-element Si-drift detector (RaySpec) for X-ray 
fluorescence monitoring. A Si [111] double-crystal monochromator was employed for 
continuous scanning of the incident energy. All spectra were collected in situ at room 
temperature in customized electrochemical cells with graphene sheets or glassy carbon serving 
as substrate. X-ray beam passes through the backside of the substrate covered with Kapton tape. 
CoCat was exposed to a KPi solution with an area of 1.33 cm−2. In the pH series, spectra at 
certain potentials were not available or lost due to monochromator or spectral computer crashes. 
Thus, the spectra were recollected using fresh samples under the same conditions, i.e., at pH 8, 
spectrum at 0.95 V vs. NHE; at pH 7, spectra at 0.95 V, 1.33 V vs. NHE. Note that spectra in 
the low potential region (0.85 V–1.28 V vs. NHE) were collected unstirred at 100 mM KPi 
(pH 7), otherwise the pH series data were collected with stirring. All spectra were obtained 
after 1 min of equilibration for each potential step. 
Current density at each electrode potential is determined by averaging current between 420 and 
425 s (pH series) or 300–340 s (KPi concentration series). XAS data analysis initiated with 
deadtime correction and normalization of incident X-ray intensity (I0) (See Figure 3-19 
operando XAS configuration). Dead time correction is applied by exponentially fitting of the 
incoming count rate (ICR) value to correct the outcoming count rate (OCR). Afterwards, 
fluorescence signals of the 13 channels were averaged. Since operando XAS measurement 
cannot measure transmission, simultaneous energy calibration cannot be performed by 
calibrating the absorption of Co foil. Typically, the Co foil spectrum is measured several times 
during sample collection to compare the peak center of the derivative of the absorption 
spectrum −ln (I2/I1), i.e., after subtracting the background and normalization followed by a 
Gaussian fit. The peak center positions should keep constant, otherwise an overall calibration 
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should be performed to ensure the comparability of the results, especially for samples that are 
not measured in the same batch. 

 
Figure 3-19. Experimental setup for in situ XAS in fluorescence mode (schematic drawing). WE, 
working electrode; CE, counter electrode (Pt grid, 20 ×20 mm2); RE, reference electrode (Ag/AgCl); 
GS, graphene sheet; the orange area symbolizes the thin (nm thickness) CoCat film (not drawn to scale) 
electro-deposited onto the graphene support. The X-ray fluorescence is monitored by a 13-element 
Si-drift detector (Ray Spec) operated in an energy-resolving photon-counting mode. A SP-200 
BioLogic potentiostat is used. 

Besides, based on our earlier work, the peak center of the derivatives of the pre-edge spectrum 
of CoCat maintains at same excitation energy, irrespective of the applied potential and the 
change in the cobalt oxidation state.[126] Thereby, a fine energy calibration in the pre-edge 
region was conducted. Specifically, the incident X-ray energy axis is shifted such that the 
center position of the first peak of the derivative of the fluorescence signal is aligned with 
7707.8±0.1 eV. In addition, comparison of OCP spectra of dried samples for the pH and KPi 
concentration series can aid in the pre-edge calibration. The spectra were normalized by 
subtracting a constant (here, pH series fitted between 7675 and 7684 eV; KPi concentration 
series fitted between 7679 and 7688 eV) and divided by a quadratic function (pH series fitted 
from 7764 to 8279 eV; KPi concentration series fitted from 7769 to 8270 eV). Subsequently, 
edge positions were determined by the integral method.[316] 

3.4.2 Determining of oxidatively stored charge 

Oxidatively stored charge was obtained by the potential jumps protocol using the CA technique. 
The potential rises from 1.548 V vs. RHE with a potential increment of 35 mV and then 
constantly jumps to 1.513 V vs. RHE. Each potential applied for 2 min. Current curve was 
acquired with a resolution of 10 ms, and current density was determined from the average 
current of the last 5 s (500 pts). The oxidatively stored charge during the oxidation process was 
determined by integrating over the 2-minute time course of the reduction current trace. The 
applied potential was corrected for iR drop (85%). Three CVs were collected from 0.45 V to 
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1.45 V vs. NHE before starting CA jumps. CoCat deposited on ITO (20 mC cm−2) was used to 
determine the oxidative stored charge at different KPi conditions. The electrolyte system was 
varied by adding KNO3 (500 mM) or using a magnetic bar stirring system (400 rpm). 

3.4.3 In situ UV-vis absorption spectroscopy 

UV-vis absorption spectrum measurements were performed using a commercial UV-vis 
spectrophotometer (ALS SEC 2020) equipped with a deuterium halogen light source. The 
spectrometer consists of a detector (2048 element linear silicon CCD array) and two lenses 
(collimating lens and fiber optic collimator). Taking advantage of the advanced detector of the 
spectrometer, absorption spectra at all wavelengths can be obtained simultaneously. Here, we 
have collected absorption spectra from 300 nm to 1000 nm. The reference and dark spectra 
were measured by averaging 10,000 acquisitions before the sample spectra were taken. After 
correction of the reference spectrum, the deuterium lamp absorption at ~ 656 nm is still 
observed. Sample spectra were taken as an average of 100 measurements (~1 s) and a 10 ms 
integration time. A 3D-printed cuvette holder was used to block external light and placed 
between the light source and the detector. The configuration of in situ UV-vis experiment is 
shown in Figure 3-20. 

 
Figure 3-20. Top view of in situ UV-vis photoelectrochemistry experimental setup (ALS spectrometer) 
with magnetic bar stirring in the electrolyte. WE, CoCat (10 mC cm−2) deposited on ITO (1 cm2 

); RE, 
3 M Ag/AgCl (+ 0.205 V converting to NHE); CE, Pt wire. The distance between the Pt wire and the 
ITO working electrode was 2 cm. The distance between RE and WE was 0.5 cm. We note that this 
scheme is a simplified version. The cuvette holder is flanked by two light guides. The detector system 
consists of a grating and a linear silicon CCD array detector. 

Glass cuvette containing ca. 6 mL of KPi solution (0.1 M, pH 6.5/7/8.1) was placed in a 
3D-printed cuvette holder. CoCat catalyst (10 mC cm−2) deposited at 1.05 V was used as the 
working electrode (WE) with ITO as the substrate (10 mm × 25 mm, Visiontek Systems Ltd.). 
A single chamber Ag/AgCl (filled with 3 M KCl, Ossila) (RE, ENHE = EAg/AgCl + 0.205 V) and 
a platinum wire act as reference electrode and counter electrode (CE), respectively. The printed 
cover fixes the relative positions of the three electrodes to ensure reproducibility of the 
experiment (WE/RE, 0.5 cm; WE/CE, 2 cm). A stirrer (1.5 cm length) was used during spectra 
collection to prevent bubble accumulation. The ITO side deposited with CoCat is first exposed 
to a light beam followed by the transmitted light detected by a short-range detector. ITO 
substrates were cleaned by sonication with ethanol, acetone and Milli-Q water for 15 min prior 
to film deposition. Electrolytes were prepared according to previously reported methods.[142] 
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The spectrometer was connected to the electrochemical potentiostat (BioLogic SP-300) via 
fiber optic cables. Prior to the acquisition of the CA step, a trigger pulse was applied to 
synchronize the BioLogic potentiostat with the spectrometer. All potentials (vs. NHE) are 
reported by iR drops correction (85%). Each electrode potential was applied for 180 s, ranging 
from 0.8 V to 1.325 V in 35 mV step increments. After 120 s of equilibration, the stirrer was 
manually turned off and the UV-vis spectra at each potential were recorded to prevent signal 
interference of stir bar. Three CVs of 0.45 V to 1.3 V vs. NHE were measured before 
performing the CA step. Note that during potential applied period, stirrer is used all the time 
except the period of spectrum acquisition (~5 s, including the time of stabilizing system). As 
shown in Figure 3-15A-C, current density droped due to the absence of stirring. Current density 
is an average of 120–125 s. For the spectra at different pH values, at least three individual 
samples were measured. In order to compare ΔAbs at different pH, spectra at 0.94 V were 
chosen as a baseline, resulting in positive ΔAbs at pH 6.5 for all potentials, and negative 
absorption in the low potential region at pH 7 or 8.1 (see more in Figure 3-15). ΔAbs were 
normalized by taking ΔAbs to 1 at 310 nm (average of ΔAbs at 308 nm–312 nm) and 0 for 
ΔAbs at 900 nm (average of ΔAbs at 880–900 nm). ΔAbs at 600 nm was averaged between 
590 nm and 610 nm. 
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4 Role of potassium in electrocatalytic water oxidation investigated in a volume-active 
cobalt material at neutral pH 

Abstract Catalytic OER materials often undergo potential-induced redox transitions located at 
metal sites. For volume-active catalyst-materials, these are necessarily coupled to 
charge-compensating relocation of ions entering or leaving the material, which is insufficiently 
understood. In this chapter, the binding mode and mechanistic role of redox-inert potassium 
ions for CoCat when operated at neutral pH in the potassium-phosphate electrolyte are 
investigated by i) determination of K:Co and P:Co stoichiometries for various 
KPi-concentrations and electrode potentials, ii) operando X-ray spectroscopy at the potassium 
and cobalt K-edges, and iii) novel time-resolved X-ray experiments facilitating comparison of 
K-release and Co-oxidation kinetics. Potassium likely binds non-specifically within water 
layers interfacing Co-oxyhydoxide fragments involving potassium–phosphate ion pairs. The 
potassium-release kinetics are potential-independent with a fast-phase time-constant of about 
5 s and thus clearly slower than the potential-induced Co oxidation (result from Shima 
Farhoosh, not shown here) of about 300 ms. It is concluded that the charge-compensating ion 
flow is realized neither by potassium nor by phosphate ions, but by protons. The results 
reported here are likely relevant also for a broader class of volume-active OER catalyst 
materials and for the amorphized near-surface regions of microcrystalline materials. 
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4.1 Introduction and motivation 

In recent decades, numerous catalysts or materials have been extensively investigated for 
improving the electrocatalytic OER performance.[40;53;229;415;446;447] The focus is often on the 
properties of the transition metals (e.g., Mn, Fe, Co, Ni, Ir, Ru), inter alia because they are often 
redox-active, meaning that their oxidation state varies reversibly in response to applied electric 
potentials.[99;126;250-252] Also the role in OER of redox-inert cations present in the electrolyte 
and/or within the catalyst material has been investigated,[123;201;202;253-259] but their function is 
still insufficiently understood. 
Here, we investigate the binding mode and mechanistic role of redox-inert potassium ions for 
volume-active CoCat[65;70;99;112;113;116;119;125;135;158] when operated at neutral pH in 
potassium-phosphate (KPi) electrolyte. For volume-active catalyst materials, electrochemical 
processes are necessarily coupled to charge-compensating relocation of ions entering or leaving 
the material, which guides the core of this chapter. Central open questions regarding the role 
of potassium ions are: 
(1) What is the structural role of K+ ions bound within the CoCat material? In our earlier Co 
K-edge extended X-ray absorption fine structure (EXAFS) analysis, the presence of Co(µ–O)K 
motifs with a Co–K distance of ~3.8 Å was proposed.[112] Subsequently, Kanan et al. compared 
the EXAFS spectra of potassium-phosphate (KPi-) CoCat and sodium-phosphate (NaPi-) 
CoCat and found no structural difference.[158] Ex-situ X-ray absorption spectroscopy (XAS) at 
the potassium K-edge suggested that ca. 10 % of K+ ions may be constituents of (distorted) 
KCo3(𝜇–O)4 cubane structures.[123] The question remains whether potassium ions can be part 
of specific K–Co coordination motifs, i.e., in cubane structures similar to those suggested for 
calcium (Ca2+) ions in Ca-containing Mn oxides,[153;341;448;449] with analogies to the biological 
(Mn4Ca) OER catalyst of oxygenic photosynthesis.[148;149;450] 
(2) Do K+ ions facilitate charge compensation in the redox transitions of the catalyst material? 
The potential-dependent redox transitions of the CoCat bulk material (CoII<-> CoIII <-> CoIV) 
involve proton-coupled electron transfer and likely charge-compensation by proton release (for 
Co oxidation) or uptake (for Co reduction).[40;126;134] However, whether K+ ions or other 
redox-inactive cations can also participate in the charge compensation process is insufficiently 
understood. A role of K+ uptake and release for alkaline OER in KOH electrolyte indeed has 
been suggested recently. Grimaud et al. reported K+ insertion into layered iridium oxides during 
OER, with the insertion process incurring a phase transformation of oxidized a-Li1IrO3 

https://creativecommons.org/licenses/by/4.0/


Chapter 4 The role of redox-inert ions  

 

113 

coupled with Ir reduction and K+ ions likely participating in the overall charge balance 
process.[265] For NiFe and CoFe oxyhydroxides, Strasser and coworkers reported α to γ phase 
conversions and contraction of lattice spacing in the OER catalytic regime,[269] as induced by 
Co/Ni oxidation and associated with intercalation of K+ ions. 
Here, in this chapter, we provide insights by addressing experimentally (1) the structural and 
(2) the charge-compensating role of K+ ions for the Co-based catalyst material which may serve 
as a model system for OER at neutral pH in general. Progress comes from monitoring the 
response of CoCat electrocatalytic films to electrolyte variations and changes in electrical 
potential by quantitative elemental analysis, experimentally challenging ex situ and operando 
(in situ) XAS at the potassium K-edge, and novel time-resolved X-ray experiments (results 
from S. Farhoosh[143]). 

4.2 Results and discussion 

4.2.1 Elemental analysis after variation of electrolyte and electrode potential 

Potassium as well as phosphate have been verified to be internal constituents of CoCat at an 
approximate Co:P:K ratio of 2-3:1:1, for catalyst films electrodeposited in 100 mM potassium 
phosphate (at pH 7).[70] The question remained whether and how the potassium content of the 
catalyst film changes during operation (i) in electrolytes with varying K+ concentrations and 
(ii) in response to changes of the electrode potential. Therefore, elemental analysis via total 
reflection X-ray fluorescence (TXRF) was carried out for CoCat films after operation 15 min 
at different KPi concentrations (1.6 mM, 25 mM, or 100 mM) or electrode potentials (1.0 V or 
1.3 V vs. NHE). 
In order to approach a precise determination of the light element K, each digested CoCat sample 
was divided into six portions with each portion adding well-known concentrations of a 
K-standard (Table 4-1). The amounts of Co and K in CoCat films can be concomitantly 
quantified by adding gallium (as a concentration standard for Co) and caesium (Ga/Cs(NO3)3, 
1 g L−1, Fluka Tracecert) standards. A scheme of the TXRF sample preparation procedure is 
shown in Figure 4-1. Calibration curves of CoCat films operated at three KPi concentrations 
and two electrode potentials are obtained (Figure 4-2, Table 4-2). Correspondingly, the molar 
ratio of K and Co within CoCat films are summarized in Figure 4-3. Noteworthy, the CoCat 
undergoes the same oxidation state and structural changes in response to the electrode potential 
at all three KPi electrolyte concentrations.[142] 

Table 4-1. K standard solutions that were added to the assay mixtures. 

Potassium conc.  

[mg L−1] 

K1 K2 K3 K4 K5 

1.97 3.78 5.68 7.58 9.42 
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Figure 4-1. Scheme of the CoCat film dissolution procedure. The concentrated Ga and Cs standard was 
diluted to the indicated concentration with 1% (v/v) HNO3. K1–K5 stands for the known K standard 
concentrations added to each assay mixture. The standard K concentrations are listed in Table 4-1. 

 
Figure 4-2. Quantification of potassium contents in CoCat films. Calibration curves of CoCat films 
operated at three KPi concentrations and two electrode potentials (A-F) or of as-deposited CoCat film 
(G). Symbols show experimental data and solid lines show linear regressions with parameters listed in 
Table 4-2. The three curves in each figure result from three independently prepared CoCat samples. 
The experimental K amount was calculated from the intercept of the fit lines divided by the 
corresponding slope. The indicated potassium standard concentrations are the concentrations of the 
added amounts of K in each assay mixtures. Data points represent the mean values of at least three 
TXRF measurement repetitions for each sample, error bars show standard deviations. 
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Table 4-2. Linear regression parameters in Figure 4-2. 

KPi conc. [mM] 1.0 V vs. NHE R2 1.3 V vs. NHE R2 

1.6 Y = 0.62 X + 0.16 

Y = 0.70 X + 0.15 

Y = 0.67 X + 0.17 

0.99512 

0.9984 

0.9924 

Y = 0.67 X + 0.14 

Y = 0.66 X + 0.17 

Y = 0.66 X + 0.26 

0.99963 

0.99643 

0.9969 

25 Y = 0.68 X + 0.35 

Y = 0.62 X + 0.29 

Y = 0.66 X + 0.31 

0.99764 

0.99741 

0.99757 

Y = 0.69 X + 0.43 

Y = 0.69 X + 0.47 

Y = 0.69 X + 0.40 

0.99452 

0.98697 

0.96759 

100 Y = 0.61 X + 0.42 

Y = 0.68 X + 0.39 

Y = 0.63 X + 0.42 

0.99769 

0.9917 

0.98167 

Y = 0.55 X + 0.58 

Y = 0.65 X + 0.49 

Y = 0.73 X + 0.50 

0.98458 

0.99322 

0.99503 

As deposited / / Y = 0.64 X + 0.30 

Y = 0.62 X + 0.49 

Y = 0.71 X + 0.35 

0.99915 

0.99243 

0.98477 

 
Figure 4-3. Molar ratio of potassium, phosphorus, and cobalt for CoCat films after operation at two 
electrode potentials (1.0 V or 1.3 V vs. NHE, pH 7) and in various electrolyte concentrations of 
potassium phosphate (KPi). Each film was operated at the indicated electrode potential for 15 min. The 
molar ratios for CoCat directly after electrodeposition in 100 mM KPi are labelled “as deposited” 
(as-dep.). The K/Co ratios resulted from 3 experiments on 3 CoCat films; for each CoCat film, 
minimally 3 quantifications of the Co and K+ contents were conducted; error bars show standard 
deviations (Equation 2-1). For further details, see Figures 4-1 and 4-2 and Tables 4-1 to 4-3. The molar 
ratios of P and Co were calculated from data reported by us elsewhere.[142] Here the molar K/Co ratios 
were determined for CoCat films deposited on a platinum sheet whereas the P/Co quantification refers 
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to films deposited on indium tin oxide (ITO); there are no indications that the substrate electrode 
material affects the elemental composition of the comparably thick CoCat films (ca. 140 nm[99;105]). 
Reproduced with permission from ref.[143]. Copyright Wiley‐VCH (2023). 

 
Table 4-3. Molar ratio of K and Co amounts within CoCat films operated at different KPi concentrations 
and electrode potentials. The potassium amounts (mg L−1) were calculated according to the regression 
lines in Figure 4-2 using the intercept of the y-axis divided by the slope (see Table 4-2). In the two K/Co 
columns, the underlined values provide the averaged molar ratios shown in Figure 4-3, which were 
calculated from the corresponding weight ratios, multiplied by 59/39 (ratio of atomic weights of Co and 
K). The cobalt amount was quantified using a Gallium (Ga) standard added to the samples as a reference. 
The indicated amounts in mg L−1 are the mean values from at least 3 independent CoCat films and 3 
measurements each. The statistical error of the K/Co ratio value is calculated as the standard deviation 
of the molar ratios, for the three independent samples at each KPi concentration and potential (in V vs. 
NHE) shown in this table. 

KPi conc. 

[mM] 

1.0 V 

K/Co 

weight ratio 

molar ratio 

1.3 V 

K/Co 

weight ratio 

molar ratio 

K 1.0 V 

[mg L−1]  

K 1.3 V 

[mg L−1]  

Co 1.0 V 

[mg L−1] 

Co 1.3 V 

[mg L−1] 

1.6 0.06±0.01 

0.09±0.01 

0.07±0.02 

0.11±0.03 

0.25 

0.22 

0.25 

0.21 

0.26 

0.39 

3.97±0.06 

3.98±0.08 

3.78±0.04 

3.99±0.07 

3.72±0.12 

4.01±0.30 

25 0.12±0.01 

0.18±0.01 

0.15±0.01 

0.23±0.01 

0.51 

0.47 

0.48 

0.61 

0.69 

0.58 

4.03±0.12 

3.98±0.11 

4.09±0.06 

4.11±0.15 

4.24±0.18 

4.15±0.44 

100 0.17±0.02 

0.25±0.03 

0.21±0.05 

0.32±0.06 

0.69 

0.58 

0.68 

1.07 

0.75 

0.68 

3.81±0.07 

4.00±0.09 

3.78±0.16 

4.05±0.07 

4.01±0.04 

3.89±0.12 

as deposited / 0.15±0.04 
0.23±0.05 

/ 0.47 

0.79 

0.49 

/ 3.28±0.12 

4.14±0.11 

4.20±0.45 

 
In Figure 4-3, we determined molar ratios of ~0.3 for K:Co and ~0.4 for P:Co and thus of ca. 
1.3 for P:K for films electrodeposited at 1.05 VNHE and operated at 1.3 VNHE (both in 100 mM 
KPi, pH 7). These figures are close to previously reported values for CoCat films 
electrodeposited at 1.29 VNHE in 100 mM KPi, thus verifying the reproducibility of the molar 
ratios of the main CoCat ingredients as resulting from different electrodeposition and elemental 
quantification protocols.[70] It furthermore reveals: 
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(1) The K:Co stoichiometry is not a constant but depends strongly on the K+ concentration 
during electrocatalytic operation; a by factor of ~3 smaller K:Co ratio was found for CoCat 
operation in 1.6 mM vs. 100 mM KPi. In contrast, the P:Co ratio showed much smaller 
variations (≤20 %) for the same large KPi concentration change. This suggests comparably 
weak binding of the majority of potassium ions within the CoCat material. This point is further 
detailed further below. Comparison of potassium K-edge XAS spectra collected before and 
after CoCat exposure to NaPi electrolyte (Figures 4-13B and 4-16) shows that essentially all 
K+ ions leave the CoCat film on a minute time-scale in contrast to the time-scale of hour for 
phosphate exchange (Figure 4-21).[107;131] 
(2) Both the P:Co and the K:Co molar ratios are essentially potential-independent, excluding 
that these ions contribute significantly to charge compensation in response to the massive 
potential-induced valence changes of the Co ions, as explicated in the following. 
As we already reported in ref. [142], the phosphate content of CoCat films is fully potential-
independent ruling out that phosphate uptake facilitates charge compensation upon oxidation 
of Co ions. For the K:Co molar ratio, we observe a trend towards a slightly increased K+ content 
in response to operation at catalytic vs. pre-catalytic potential. However, this trend is not only 
of debatable statistical significance, but also the observation of increased K+ content for Co 
oxidation (positive charging of Co ions) rather would suggest a minor K+ uptake than charge 
compensation by K+ release. 
The extent of the contradiction between the data in Figure 4-3 and charge balancing by 
uptake/release of phosphate or K+ ions is particularly evident when comparing the fraction of 
Co ions that undergo valence changes. The increase in electrode potential from 1.0 to 1.3 VNHE 
is associated with an increase in the mean Co oxidation state from about 2.75 to 3.13,[126;142] 
which corresponds to 0.38 oxidizing equivalents (positive charges) per Co ion. Consequently, 
for the CoCat operated in 100 mM KPi electrolyte, the potential increase from 1.0 VNHE to 
1.3 VNHE would require the release of all K+ ions to compensate for the charging of the material 
by Co oxidation, whereas not any release of K+ ions was detected. For operation at 1.6 mM 
KPi, even the release of all K+ ions could not provide efficient charge compensation because 
the total amount of K+ ions is too low. Similarly, also the potential-independent phosphate 
content excludes charge-compensation by phosphate uptake or release. Furthermore, in the 
Section 4.2.4, kinetic studies on K+/Na+ exchange demonstrate K+ depletion of CoCat material 
around 5 s upon film being exposed in K-free solution, which is one order of magnitude slower 
than the changes in the Co oxidation states as evidenced by time-resolved X-ray experiment,[143] 
thereby also excluding charge compensation by potassium ions. The exchange of phosphate 
ions is even by several orders of magnitude slower (Figure 4-21), and also supported by 
refs.[107;131;139]. Therefore, we can safely conclude that neither K+ ions nor phosphate ions 
facilitate charge compensation in the redox transitions of the CoCat material. 

4.2.2 Potassium coordination from X-ray absorption spectroscopy 

4.2.2.1 Comparison of XANES spectra 

The CoCat material belongs to the family of amorphous layered oxyhydroxides of the MO2 
type (M = Mn, Co, Ni, Ru, Ir), but is distinguished by especially small MO2 fragments possibly 
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comprising less than 20 Co ions.[110;112;125;126;158;409] The layered-oxide fragments of CoCat are 
likely not directly stacked, but separated by water molecules and ions, namely potassium and 
phosphate.[110;112;125;126;158;409] The CoCat thus resembles the well-known birnessite structures 
of Mn oxides or other layered oxides, for which intercalated cations, typically alkali metals or 
alkaline earth metals, are widely found.[261;263;265;451-453] The K+–M distance is typically around 
3.0–3.5 Å[123;451;454;455]. Since the CoCat material is highly amorphous and thus does not diffract, 
X-ray absorption spectroscopy (XAS) is the method of choice for structural investigation of 
such catalyst films, which are volume-active regarding oxidation-state dynamics and OER 
catalysis.[99] Whereas PDF (pair distribution function) analysis on CoCat has been used to study 
domain size and structural features, it does not provide an element-specific focus,[122;133;138] in 
contrast to our present EXAFS analysis revealing the K+ binding motifs. XAS at the Co K-edge 
has been repeatedly applied to CoCat material for assessment of Co oxidation states (electronic 
structure), via analysis of the X-ray absorption near-edge structure (XANES), and for insight 
in the atomic structure, via analysis of the extended X-ray absorption fine-structure 
(EXAFS).[110;112;126;134;142;158] Here, we provide complementary structural information by 
XANES and EXAFS analyses at the potassium K-edge, which is experimentally challenging 
and has been applied before only once to the CoCat material (to our knowledge).[123] 

 
Figure 4-4. Comparison of potassium K-edge XANES spectra for dry CoCat film (K–CoCat) and 
potassium reference compounds. XANES spectra were collected for CoCat films, microcrystalline 
KH2PO4 powder, aqueous solutions of cobalt phosphate (KPi) at 0.1 M or 2.5 M (pH 7), and an aqueous 
KCl solution at 0.1 M. The 2.5 M KPi spectrum was corrected for self-absorption (Figures 4-5 and 4-7). 
For further details of the measurement conditions (temperature, etc.), see the experimental section and 
Figure 4-5. Spectra are stacked for clarity. Prominent features are marked by lower-case letters and for 
KH2PO4 by numbers. Reproduced with permission from ref.[143]. Copyright Wiley‐VCH (2023). 
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Visual comparison of the K-edge spectra in Figure 4-4 reveals overall similar, but not identical 
spectra of CoCat and K+ ions in solution (0.1 M KCl, 0.1 M KPi, 2.5 M KPi), suggesting a K+ 
coordination environment in the CoCat that is quite similar to that of hydrated K+ ions, but 
differs in specific features. The 2.5 M KPi spectrum is expected to differ from the 0.1 M KPi 
spectrum due to the presence of an increased number of potassium–phosphate ion pair 
interactions at high KPi concentrations. We assign features b and d to ion pair interaction 
because these features are well resolved in the 2.5 M KPi spectrum and merely absent in the 
0.1 M KPi and KCl spectra. Vice versa, the features denoted a and c are more prominent in 
0.1 M vs. 2.5 M KPi. In the CoCat spectrum, the discernible b-feature and the d-feature 
shoulder, as well as the relatively diminished features a and c suggest that potassium-phosphate 
ion pair formation, with phosphate ions in the first K+ coordination sphere, to some extent 
occurs also in the CoCat. In comparison to micro-crystalline solid KH2PO4 (or K2HPO4, data 
not shown), we note the absence of pronounced features typical for crystalline materials (1-6 
in Figure 4-4) in the CoCat XANES spectrum, suggesting that (nano-) crystalline domains of 
KxHyPO4 are not present within the CoCat material. 

 
Figure 4-5. Potassium K-edge XANES spectra of CoCat and solution references. The CoCat film and 
KPi solution samples were measured at 20 K (CoCat, front side in contact with KPi, probed through the 
graphene support from the back side); the KCl solution (0.1 M) spectrum was collected at RT. The 
dotted magenta line shows the KPi 2.5 M spectrum before self-absorption correction using the curve in 
Figure 4-7. For further information on the XAS experiment, see Experimental Section 4.4.2. 
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Figure 4-6. XANES spectra of potassium in CoCat at 20 K or room temperature. Dry CoCat films 
deposited on graphene sheet (300 mC cm−2) in vacuum (RT) or in 0.1 bar He atmosphere (20 K) were 
measured in fluorescence or transmission mode (transmission at RT). Samples were probed either 
directly (i.e., from the front side) when facing the incident X-ray beam without any cover or through 
the graphene sheet support (i.e., from the back side) when the front side was in contact with 20 mM 
KPi electrolyte. 

XAS spectra of potassium were measured on thicker CoCat films. To rule out a putative 
reabsorption effect for thicker films (300 mC cm−2), the transmission spectrum was collected 
in vacuum (Figure 4-6). The similar X-ray fluorescence and transmission spectra reveal that 
spectral flattening due to sample self-absorption was unlikely. 

 
Figure 4-7. X-ray fluorescence (interpolated data from normalized-XANES spectra) of KPi (2.5 M, 
20 K) plotted versus the data for CoCat in contact with KPi measured through the graphene support 
(dots) and exponential-rise fit (line). Data corresponds to spectra in Figure 4-5. 
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4.2.2.2  Analysis of EXAFS spectra 

Selected EXAFS spectra are shown in Figure 4-8; for experimental details, further spectra, and 
EXAFS simulation parameters see experimental Section 4.4.2 and  
Table 4-4. 
The EXAFS spectra of CoCat collected at 20 K or room temperature (RT) reveal (within noise 
limits) the similarity of the main interatomic interactions, e.g., K–O bonds (peak I in the 
FT-spectrum), which are also detectable in the 2.5 M KPi EXAFS (see 
Table 4-4). The EXAFS oscillations in the RT spectrum of CoCat are overall similar to that of 
the 20 K spectrum, indicating the absence of significant structural changes upon freezing of 
the material. The clearly more damped EXAFS amplitudes in the RT spectrum are expected 
due to increased vibrational disorder (increased Debye-Waller factors), which hence are closer 
to the noise level. This difference motivates our focus on the 20 K spectra. The coordination 
number (N) of hydrated K+ is consistent with 6±2 oxygen atoms (from water molecules or 
O-atoms within CoCat) surrounding the K+ ion;[456] a coordination number close to 7 seems 
likely[457;458] (Figure 4-9, motif d). In our EXAFS simulations, the longer distances relating to 
peaks II and III in the FT-spectrum are modeled as a K–O–PO3 motif (peak II, K–P around 3.5 
Å, motif g in Figure 4-9) and a K–O–Co motif (peak III, K–Co around 4.1 Å, motif b in Figure 
4-9). For both motifs a low coordination number of about 0.5 is well compatible with the 
experimental data. EXAFS fit-error contour plots reveal parameter correlations and likely 
coordination number boundaries (Figures 4-10 and 4-11). A more precise determination of NK 
and NCo cannot be reached from the present data, but values significantly exceeding 0.5 P and 
0.5 K distances per Co center seem to be unlikely. 

 
Figure 4-8. EXAFS analysis of CoCat films and KPi solution. Spectra were collected at 20 K or room 
temperature (RT). The main panel shows Fourier-transforms (FTs, calculated from 1.6-8.2 Å−1) of the 
EXAFS oscillations in the inset (experimental data, black lines; simulations with parameters in  
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Table 4-4, colored lines). Spectra are vertically stacked for clarity. Reproduced with permission from 
ref.[143]. Copyright Wiley‐VCH (2023). 

 
Figure 4-9. Hypothetical structural motifs of potassium binding in the CoCat material. Two-layer 
fragments interconnected by binding to the same interlayer K+ ions are shown. (a) K+ bound to three 
oxygen atoms of a CoO2 layer fragment forming a KCo3(µ–O)4 cubane motif. (𝛽) K+ bound via one 
oxygen atom to a Co ion of the CoO2 layer fragment; K+ binding via an O-atom bridging between Co 
ions or to a terminal oxygen of a CoO2 layer fragment is conceivable. (g) Ion-pair of K+ and phosphate 
(HxPO4

−(3−x)) formed via one bridging oxygen atom. (d) Fully hydrated K+ ion present in the interlayer 
region of neighbouring CoO2 layers without O-bridging to Co ions. The indicated distances or distance 
ranges represent estimates that are compatible with the EXAFS data. Reproduced with permission from 
ref.[143]. Copyright Wiley‐VCH (2023). 

The cubane-type binding of K+ to a central Co ion of a CoO2 layer fragment (motif a in Figure 
4-9) predicts an NCo of 3 for the nearest Co ions at around 3.4–3.6 Å and additionally a similarly 
high NCo for the next-nearest Co ions of the CoO2 layer fragment at around 4.6 Å. For 
interconnection of two layers by a K+ ion, the corresponding coordination numbers could be as 
high as 6. These figures are so much larger than the experimental value that we can exclude 
the binding of a sizeable fraction of K+ ions in the form of well-ordered KCo3(µ3–O)4 cubanes. 
However, highly disordered or loose binding of a sizeable fraction of K+ ions via a single O 
atom to CoO2 layer fragments (motif b) is compatible with the EXAFS data. 
The formation of potassium-phosphate ion pairs (motif g in Figure 4-9) is supported by the 
XANES spectra (as discussed further above, Figure 4-4) and is in line with the EXAFS analysis. 
The EXAFS analysis leads to values of NCo and NP around 0.5 which suggests that for 6-7-fold 
coordination of K+ to O atoms, the majority of coordination partners are likely water molecules 
present in the space between CoO2 layer fragments. 
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Table 4-4. EXAFS simulation parameters in Figure 4-8. #Coordination numbers were set to 7. *The 
Debye-Waller parameter (2s2) resulted from a joint fit to yield the same value for all coordination shells. 
The fit error parameter, Rf, was calculated for reduced distances of 1–4 Å.[316] 

 CoCat RT 

Rf = 12.9 % 

CoCat 20 K 

Rf = 4.6 % 

KPi 20 K 

Rf = 7.3 % 

shell 
N 

(per K) 

R 

(Å) 

2s2 

(Å2) 

N 

(per 
K) 

R 

(Å) 

2s2 

(Å2) 

N 

(per K) 

R 

(Å) 

2s2 

(Å2) 

K–O 7# 2.74 0.059* 7# 2.76 0.029* 7# 2.76 0.027* 

K--P 0.9 3.51 0.059* 0.5 3.45 0.029* 0.4 3.67 0.027* 

K--Co 0.8 4.21 0.059* 0.5 4.13 0.029* / / / 

 
Figure 4-10. K-EXAFS fit error contour plots for CoCat. The spectrum of CoCat at 20 K (Figure 4-8) 
was simulated in a k-range of 1.6–8.2 Å−1 (up to 250 eV above E0) and the fit error (Rf) was calculated 
in a 1–4 Å range of reduced distance (panels A–D) or in a 2.8–4.5 Å range of reduced distance (panels 
E and F). Color variations represent variations of the fit error, Rf, which was normalized between 0 % 
and 100 %, as given in the color annotations. Absolute Rf values ranged about between 4 % (red areas) 
to 16 % (white areas) in panels A–D and extended to larger errors in panels E and F (see Figure 4-11 
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below). Note that, e.g., in the center of the red error areas, Rf is ca. 4 % while at the border to the 
dark-red areas, it is ca. 6 %, meaning the fit quality is already ca. by 50 % diminished. In each fit, 3 
interatomic distances were used (K–O, K···P, K···Co, see  
Table 4-4), The coordination number N(K-O) was set to 7 and 2s2 (K–O) was set to the unrestraint 
best-fit value ( 
Table 4-4) in each fit. If not both fixed (panels A and B), the N-value of the K···P or K···Co distance 
was variable in the fits and the respective N-value of the other distance was set to 0.5. If not both fixed 
to the same value as for the K-O distance (panels C and D), the 2s2 value of the K···P or K···Co distance 
was variable in the fits and the respective 2s2 value of the other distance was set to the value of the K–
O distance. If not both fixed to the best-fit values (panels E and F), the R-value of the K···P or K···Co 
distance was variable in the fits and the respective R-value of the other distance was set to the best-fit 
value. Left column, data for the K- -P distance. Right column, data for the K···Co distance. Panels A 
and B: variation of the Debye-Waller factor (2s2) vs. the interatomic distance I for 0.5 P and 0.5 Co 
distances per K ion. Panels C and D: variation of the coordination number (N) vs. the interatomic 
distance (R) for 2s2 = 0.03 Å2 for both shells. Panels E and F: variation of the Debye-Waller factor (2s2) 
vs. the coordination number (N) for R = 3.45 Å (K···P) and R = 4.13 Å (K···Co) as in the unrestraint 
best fit. 

 
Figure 4-11. Error contour plot for the K···Co distance. The plot corresponds to Figure 4-10F, 2s2 was 
varied in a 0.002–0.1 Å2 range. In addition, the Rf value calculated in a 2.8–4.5 Å range is shown (black 
dots, right y-axis). Panels a and b: each symbol series from high to low N-values represent the EXAFS 
fit errors for decreasing 2s2 values (40 series, top to bottom, the lower series corresponds to 2s2 = 
0.002 Å2). Panel a, full range plot; panel b, zoom into panel a; panel c: error calculations similar as in 
panels a and b, but using only 6 different 2s2 values over a smaller range to emphasize the fit minima. 
Panel d: error values for best-fit 2s2/N pairs (in the center of the red area in panels a-c). 
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4.2.3 Operando XAS detecting K+ exchange kinetics 

The CoCat undergoes potential-dependent redox transitions of the amorphous bulk material, 
with the mean Co oxidation states ranging from about +2.6 at low potentials to +3.25 at 
catalytic potentials.[126] For basic physical reasons, the Co oxidation (reduction), within the 
bulk of the CoCat films of significant thickness, essentially needs to be coupled to 
stoichiometric charge-compensating ion uptake or release, with ions moving between the 
CoCat bulk and the electrolyte. By comparison of the K+ content of the CoCat material 
equilibrated at various electrolyte concentrations and electrode potentials (Figure 4-3), we 
showed that neither K+ nor phosphate ions facilitate charge-compensation in the equilibrated 
catalyst film, supporting XAS investigations that suggested charge compensation in the CoII/III 

and the CoIII/IV transitions by protonation-state changes of bridging or terminal oxygen ligands 
of Co ions.[126;134] However, merely based on the results obtained for the fully equilibrated 
CoCat, the following scenario cannot be excluded: 
In an initial response to an increased potential, K+ ions leave the catalyst material, which may 
be understood as charging of double-layer capacities at CoCat-intrinsic nanoscopic surfaces. 
Subsequently, structural changes associated with deprotonation and proton release proceed, 
which are coupled to K+ uptake from the electrolyte. 
To scrutinize the above scenario, we developed a novel operando X-ray experiments employing 
potassium K-edge XAS for deciphering K+ exchange kinetics. Briefly, the X-ray fluorescence 
far above the potassium K-edge, which is proportional to the detectable amount of potassium 
in the CoCat film, was monitored in situ before and after sudden exposure to a potassium-free 
electrolyte (NaPi), to follow the release of K+ from the catalyst, which most likely proceeds in 
form of a K+ vs. Na+ exchange. For the timing protocol and time courses of K+ release, see 
Figures 4-12 and 4-13A. 

 
Figure 4-12. Scheme of the timeline of operando XAS experiments for monitoring K+ exchange kinetics. 
The total time range from potassium (K) X-ray fluorescence acquisition on the dry film (A) to 
application of an electrode potential to the film (D) is 132 s. The dry-film K-fluorescence collection at 
4 keV lasts for 120 s until switching on the peristaltic pump for injecting NaPi (0.1 M, pH 7) buffer 
solution (B). After the level of the NaPi solution reaches the area of the film exposed to the X-ray beam, 
the K-fluorescence starts decreasing and this point was defined as time zero (±1 s estimated inaccuracy) 
for the K+ exchange kinetics analysis (C). The process after switching on the pump (C) took ca. 9 s 
including ca. 5 s pump response time. After less than 3 s, an electrode potential was applied to CoCat 
and the K fluorescence was recorded for 10 min. 
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Figure 4-13. Time-resolved X-ray experiment for tracking K+ release from CoCat films. (A) 
Experimental protocol and current traces. (B) Time course of the potassium Ka-fluorescence for X-ray 
excitation at 4 keV, reflecting the detectable amount of K+ within the CoCat film; the inset shows the 
same data on an expanded time scale, but without signal normalization. For measuring K+ release 
kinetics, dry CoCat films electrodeposited in 100 mM KPi were exposed to 100 mM NaPi electrolyte. 
The NaPi electrolyte was injected within 12 s by employing a pump system, with more sudden exposure 
of the X-ray irradiated CoCat areas to the NaPi electrolyte (< 2 s). At this point K+ ions started to leave 
the catalyst material (t = 0 in B), resulting in the decrease of the X-ray fluorescence shown in panel B. 
Roughly at the same time (t = 0 in panel A), either a potential of 0.65 VNHE or of 1.35 VNHE was applied 
for 10 minutes, or the open-circuit potential (OCP) condition continued; for complete time traces see 
Figure 4-15. CoCat film thickness corresponding to 100 mC cm−2 deposition charge; deposition on 
graphene sheets; KPi and NaPi at pH 7; rapid stirring of NaPi electrolyte to remove K+ ions released 
from the CoCat film. Reproduced with permission from ref.[143]. Copyright Wiley-VCH (2023). 
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Figure 4-14. Time traces of the potassium Ka-fluorescence for X-ray excitation at 4 keV (A) and 
corresponding current traces (B) at additional applied electrode potentials (compare Figure 4-13 and its 
legend). 

The concentration of K+ ions within the CoCat film decreases monotonously after exposure of 
the K+-containing CoCat film to NaPi electrolyte (Figure 4-13B), with an estimated half-time 
around 5 s. Noteworthily, there is no electric potential dependence of K+ exchange because 
similarly fast K+ release was observed without any applied potential (OCP transient in Figure 
4-13B) or at pre-catalytic (0.65 VNHE) or catalytic (1.35 VNHE) potentials. Visual inspection of 
the normalized K+ fluorescence traces in Figure 4-13B appears to indicate slightly more rapid 
K+ release for CoCat films operated at 1.35 VNHE (Co oxidation, positive currents) than at 0.65 
VNHE (Co reduction, negative currents), and K+ release at an intermediate rate without any 
applied potential (OCP, no Co oxidation-state change). However, potential jumps to further 
potentials (Figure 4-14) and also simulations of K+-release traces (Figure 4-15, Table 4-5) do 
not support a potential-dependence of the K+ release kinetics; the scatter in the experimental 
transients may relate merely to limited reproducibility of the NaPi-electrolyte exposure rate. 
The K+ release, which presumably proceeds as a K+/Na+ exchange here, represents an 
essentially complete K+ depletion, as indicated by the practically negligible amplitude of the 
final potassium X-ray absorption spectrum (Figure 4-16). This finding indicates that there is 
no major fraction of K+ ions that are firmly bound within the CoCat, in line with the above 
observation of a comparably large change of the K amount upon variation of the KPi 
concentration (Figure 4-3). Notably, XAS data at the Co K-edge show that the CoCat film was 
fully stable (Figures 4-18 and 4-19), indicating that within the time course of the kinetic 
experiment, K+ release is not related to any film degradation. 
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Figure 4-15. Simulation of normalized time traces of potassium X-ray fluorescence at 6 potentials. 
Insets show the same data on an extended time scale (compare Figure 4-14). Traces were simulated 
using the sum of two exponential functions with parameters listed in Table 4-5. Green lines show fitted 
curves. 
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Table 4-5. Simulation parameters for time courses of the potassium X-ray fluorescence in Figure 4-15 
(relative rounded amplitudes, A; time constants, t). 

 
OCP 0.65 V 0.8 V 1.0 V 1.2 V 1.35 V 

A1 [%] 65 74 66 73 79 75 

t1 [s] 4.4 8.1 4.5 6.1 4.8 4.7 

A2 [%] 35 26 34 27 21 25 

t2 [s] 27.7 35.3 26.0 40.6 31.6 25.7 

R
2
 0.9954 0.9970 0.9950 0.9980 0.9951 0.9974 

 
Figure 4-16. Potassium K-edge X-ray absorption spectra (non-normalized Ifluo/I0 data) collected on the 
dry film (100 mC cm−2) “before” K+ release and “after” exposure for 15 min to the continuously stirred 
NaPi electrolyte (0.1 M NaPi buffer, pH 7), illustrating that most or even all K+ ions leave the CoCat 
film when exposed to NaPi. The potassium K-edge amplitude is close to zero after the NaPi exposure 
irrespective of potential and the remaining fluorescence intensity (i.e., at higher energies) reflects the 
background signal (due to scattered incident light and excitation of lighter elements in the sample). The 
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background amplitude (ca. 15-20 % at 4 keV) also accounts for the residual fluorescence amplitudes 
after longer NaPi exposure as visible in Figure 4-13. 

In addition, another experimental approach, involving a series of short (1 s) potential-steps 
during the NaPi-exposure period (Figure 4-17), does not support an electric-potential 
dependence of the K+ release rate. In summary, the role of redox-inert cations inside of CoCat 
was studied via operando-XAS at the potassium K-edge, revealing comparably weak binding 
of K+ in the material and, importantly, the absence of any significant charge compensation role 
for K+ ions. 

 
Figure 4-17. K X-ray fluorescence of CoCat recorded after NaPi exposure during application of 
potential jump sequences. The fluorescence (normalized traces) was recorded at a fixed X-ray excitation 
energy of 4 keV for 100 mC cm−2 CoCat films prior to (t < 0) and after (t > 0) exposure to stirred NaPi 
buffer (0.1 M, pH 7). In addition, a sequence of 10 up-down potential jumps between 0.8 VNHE and 1.05 
VNHE (panel A) or 1.05 VNHE and 1.40 VNHE (panel B) was applied, with application of the respective 
potential for 1 s. The insets show that there is no significant variation in the K+ release rate in response 
to the potential jumps, i.e., the averaged jump levels reveal a fluorescence change of <<1 %. Insets: 
averaged fluorescence levels (blue dots) at low and high potentials. The levels were determined after 
subtraction of a triple-exponential fit curve (red lines) from the normalized experimental fluorescence 
traces (green or purple lines) and averaging of the 19 potential jumps and of the 25 data points collected 
within 0.5 s at low or high potentials, respectively (the error bars show standard errors calculated from 
475 data points). Further details of the experiment are described in the experimental section. The 
potassium X-ray fluorescence changes (t > 0) seem to correspond to a decrease by ca. 0.2 % (in A) and 
an increase by ca. 0.1 % (in B) of the initial fluorescence level (t < 0), which is below the likely error 
(1s confidence interval) of 68%. 
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Table 4-6. Simulation parameters for K fluorescence traces in Figure 4-17.  

Fit parameters 0.8 V ® 1.05 V 1.05 V ® 1.4 V 

A1 [%] 4±1 17±21 

A2 [%] 60±1 36±1 

A3 [%] 36±1 47± 41 

t1 [s] 138±3 5±41 

t2 [s] 11±1 26±1 

t3 [s] 2.5 ±0.1 4.0 ±14 

R2 0.9420 0.9342 

 

 
Figure 4-18. Comparison of Co XAS spectra of CoCat. (A) XANES and (B) FT of EXAFS spectra at 
the Co K-edge for CoCat (100 mC cm−2). Black line: dry CoCat film; red line: spectrum collected at 
OCP after the film was exposed to stirred 0.1 M NaPi (pH 7) electrolyte for 10 min. Note within noise 
limits identical spectra prior to and after NaPi exposure. The non-normalized fluorescence spectra are 
shown in Figure 4-19. 
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Figure 4-19. Raw (non-normalized) X-ray absorption spectra at the Co K-edge corresponding to 
Figure 4-18A. Spectral amplitudes represent Ifluo/I0 values after dead-time correction, averaging of the 
13 detector channels and pre-edge background subtraction. The change of X-ray fluorescence intensity 
at high X-ray energy (8100 eV) is less than ca. 2%, indicating negligible film degradation. 

The absence of a significant influence of K+/Na+ exchange on the Co K-edge XAS spectra of 
the CoCat indicates similar structures under both conditions (Figures 4-18, 4-19, 4-20B), in 
agreement with earlier data.[158] Our K–EXAFS data (Figure 4-8, 
Table 4-4) suggested a coordination number of K(–O–)Co distances (NCo) around 0.5, which, 
when taking the Co:K stoichiometry of 3:1 as it is expected for cubane-type binding into 
account, would correspond to a coordination number of only about 0.17 (= 0.5/3) in the Co–
EXAFS. For a coordination number of 0.17 with a likely sizeable Debye-Waller factor (s), a 
discernable contribution of a K(–O–)Co distance to the Co K-edge EXAFS spectra is not 
expected. We conclude that both the K+ and the Co EXAFS are compatible with only rare 
occurrences of K(–O–)Co distances. 

 
Figure 4-20. Operando EXAFS spectra at the Co K-edge for different types of CoCat film. 
Fourier-transforms (FT) of experimental spectra correspond (A) to different deposited amounts of 
CoCat measured at 1.05 V vs. NHE in 0.1 M KPi buffer (pH 7) or (B) to CoCat (100 mC cm−2) that was 
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equilibrated in KPi or NaPi buffer (0.1 M, pH 7) at OCP for 2 min. Comparison of the two FTs in A 
suggests that the atomic CoCat structure is the same for the thin 20 mC cm−2 and the thick 100 mC cm−2 
electrode film. Comparison of the two FTs in B shows the absence of clear changes for the K+/Na+ 
exchange. We note that after electrodeposition, CoCat electrodes were stabilized by drying in air for 
1-2 days. This drying presumably results in decreased long-range order reflected in decreased peak 
amplitudes in B at about 4.5 Å and 5.3 Å of reduced distance, corresponding to Co-(Co)-Co distances 
of about 4.8 Å and 5.6 Å. Upon electrolyte exposure alone, the long-range order is not restored (in B); 
upon electrolyte exposure and application of an electrode potential, the long-range order is restored (in 
A). 

4.2.4 Slow release of phosphate from CoCa film 

Operando XAS detected K+ exchange kinetics with a fast K+/Na+ exchange of ca. 5 s and 
reveals its independence of applied potential. Here, the dynamic behavior of phosphorus in the 
CoCat catalyst operated in a KPi-free electrolyte was studied by using the malachite-green 
assay for P quantification (Figure 4-21).[459-461] For obtaining the release rate of phosphate ions 
from the CoCat material, the film was exposed to a phosphate-free electrolyte (KNO3, 500 mM, 
pH 7.0) at a working electrode potential of 1.0 VNHE. The potential was similar to the deposition 
potential where the film is long-term stable and cobalt is mainly in the Co (III) oxidation 
state.[126] The P content within CoCat film was determined for various operation time (0, 2, 4, 
10, 20, 30, 40, 60, 80 min). 

 
Figure 4-21. Phosphate content in CoCat films (20 mC cm−2) exposed to a phosphate-free electrolyte 
(KNO3 500 mM, pH 7.0) at a potential of 1.0 VNHE (pH 7) for the indicated time periods. Left y-axis, P 
content in the total CoCat film determined by the malachite-green assay (see Experimental 
Section 4.4.3). Right y-axis, respective relative P contents. Each data point (squares) shows the mean 
of two individual films with three assays for each film. The fit line is a single-exponential decay with a 
time constant of 250 min and zero offset. The first data point is assumed to be the intrinsic P content of 
the electrodeposited CoCat film (before electrolyte exposure) and was used to calculate the relative P 
content in percent The dotted line denotes 100% P content. 

0 20 40 60 80

48.6

53.6

58.6

63.6

68.6

70.9%

78.1%

85.4%

92.7%

100.0%

Time (min)

A
bs

ol
ut

e 
P 

am
ou

nt
 (n

m
ol

 c
m
-2

)

P 
co

nt
en

t (
%

)



Chapter 4 The role of redox-inert ions 

134 

 

The P content was quantified by UV-vis spectrometry based on the optical absorption at 
620 nm. The absorption spectrum (500–750 nm) was measured after 30 min incubation (Figure 
4-22) and the absorption at 620 nm was determined. According to the calibration curve [142] in 
Chapter 2 (Figure 2-22B), the P concentration in each assay solution was determined and the 
P contents in the respective CoCat samples were calculated accordingly (i.e., considering the 
dilution process). The rationale and procedure of P quantification via malachite green assay is 
described in Chapter 2 (see Section 2.4.4). 

 

Figure 4-22. UV-vis absorption spectra of malachite-green/CoCat assay solutions. After exposure for 
the indicated time spans to P-free electrolyte at 1.0 VNHE, CoCat films were dissolved and reacted with 
the malachite-green assay kit for 30 min (see experimental section) and then the spectra were recorded. 
Absolute P contents in each assay were determined using our earlier reported calibration curve 
(Figure 2-22).[142] The total P contents in CoCat film were calculated with considering dilution 
procedure. 

The P amount for various operation time (Figure 4-21) revealed very slow release of phosphate 
ions within more than four hours, as opposed to rapid release of potassium ions within less than 
one minute. Within 80 min the P content in the film decreased by only about 30 % and a 
single-exponential fit revealed a time-constant of ca. 250 min for the P loss. The slow P release 
is consistent with an earlier report.[131] The initial P content is about 70 nmol cm−2, which 
matches the reported Co:P stoichiometry of ca. 2-3:1 for a Co content of ca. 200 nmol cm−2 for 
a 20 mC cm−2 film.[70] Also the P content after 10 min exposure agrees with an earlier report 
(Figure 2-21).[142] The slow P release from CoCat suggests that phosphate does not act as a 
mobile counterion, which compensates surplus positive charges that appear in the film upon 
oxidation of the cobalt ions. Because also potassium ions cannot effectively balance the cobalt 
charges (Figures 4-3 and 4-13), compensation of positive charges must occur by the release of 
protons from the CoCat film. Phosphate ions rather serve as quasi-stationary proton-accepting 
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buffer molecules that channel the charge-compensating H+ ions to the bulk electrolyte. In 
summary, a charge-compensating role of phosphate in CoCat can be excluded, but such ions 
may be important for maintaining a defined arrangement of redox inert ions in the interlayer 
spaces, which are required for efficient proton conduction for charge compensation in response 
to the cobalt redox reactions and for release of the protons produced during water oxidation 
and O2 formation. 

4.3 Summary 

(1) What is the structural role of K+ ions bound within the CoCat material? 
The CoCat-internal K+ ions are structurally innocent, which is not related to the K+ 
coordination that tight binding to three Co ions to form a cubane motif [153;341;448;449], as found 
for Ca2+ in the Mn4Ca-oxo cluster of the biological catalyst of photosystem II[153;341;448;449] and 
also in inorganic OER catalyst materials. Instead, a sizeable fraction of otherwise hydrated K+ 
ions likely form ion pairs with phosphate species, resulting in a K+ coordination environment 
similar to that found in concentrated KPi solution. Meanwhile, the potential dependence of the 
Co oxidation states and coordination environment is independent of electrolyte concentration, 
indicating a non-essential role of K+ ions for the atomic structure and electrochemical 
functionality. This conclusion is also supported by the similar CoCat structure after K+/Na+ 
exchange. To sum up, the properties of K+ within the CoCat are in agreement with a dissolved 
ion in the aqueous quasi-electrolyte[99] that fills the space between Co oxide fragment layers 
without any direct influence on the structure, redox chemistry, and catalytic performance of the 
material. 

(2) Do K+ ions facilitate charge compensation in the redox transitions of the catalyst material?  
The volume-active CoCat material implies that Co oxidation within the macroscopic catalyst 
volume needs to be associated with a corresponding quantity of cations (incl. protons) leaving 
the catalyst volume (or anions entering it) in order to maintain the neutrality of charge 
accumulation. The structural analysis suggests loose binding of K+ within the CoCat as part of 
interlayer quasi-electrolyte. Elemental analysis of the CoCat material equilibrated at reducing 
and oxidizing potentials reveals that potential-dependent Co oxidation is associated neither 
with K+ depletion nor with phosphate enrichment (see Figure 4-2). 
The temporal sequence of events associated with the potential-induced Co oxidation may 
involve K+ release as a fast initial response to an increased electrode potential, followed by Co 
oxidation associated with deprotonation of Co ligands paralleled by a reverse K+ uptake. This 
per se plausible scenario was excluded herein by time-resolved X-ray experiments revealing 
clearly faster Co oxidation (around 300 ms)[143] than K+ release (around 5 s). 
In conclusion, the stoichiometric charge compensation in the Co redox transitions of the 
volume-active CoCat material is not facilitated by any ions aside from protons. Early 
electrokinetic investigations have provided evidence that OER involves proton-coupled 
electron transfer reactions in CoCat, pointing towards coupling of the CoII/III oxidation to proton 
release.[119;134] The coupling to proton release and uptake is in line with the clear 
pH-dependence[99;113;126] and H/D isotope effect[134] of the midpoint potential of the Co redox 
transitions.[126;158] At an atomic level, the proton release coupled to Co oxidation likely 
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proceeds by deprotonation of bound water species (H2O/OH−) coordinated to Co ions, as 
previously suggested based on structural changes detected by XAS,[126] later supported by the 
H/D exchange influence on electrokinetic data [134] and operando Raman spectra.[139] 

(3) Relevance for other catalyst materials 
The structural changes associated with the CoII/III and CoIII/IV redox transitions of the CoCat 
material are comparably moderate; non-stoichiometric mixed-valence Co oxidation states 
(CoII0.4CoIII0.6 and CoIII0.8CoIV0.2, respectively) are encountered at lowest and highest 
potentials.[126] In other OER catalyst materials, potential-induced redox transitions are coupled 
to clearly more pronounced structural changes and more complete redox transitions, thus 
corresponding to a full-fledged phase transition. A prime example is layered Ni-based 
oxyhydroxides, for which the Ni2+/3+ transition is associated with the decrease of layer spacing, 
likely involving K+ ion insertion.[269] In the latter material the structural and charge-
compensating role of K+ ions may differ from the one in the CoCat and related amorphous 
materials. 
The CoCat is a dynamic material for which redox activity and catalytic activity are not 
restricted to the bulk-electrolyte exposed surface, but are occurring in the complete bulk 
volume of the catalyst material (volume activity),[99] even for the ca. 700 nm material thickness 
of the 100 mC cm−2 CoCat as used in the present study.[99] On a first glance, this volume activity 
appears as a very special property. However, by prolonged OER operation, several initially 
crystalline, molecular, and metallic catalyst materials were transformed partially or completely 
into an amorphous material with similar redox properties of the amorphized regions as 
observed for the bulk-volume of the CoCat.[67;105;107;115;153;154;178;234;343;442-445;462;463] Therefore 
we believe that the here reported findings on the K+ binding mode and likely absence of a 
charge-compensating role of K+ ions are of relevance for a larger group of OER-active 
materials, but possibly not for OER materials where the redox transitions exhibit 
phase-transition character. For optimization of charge-compensating ion flows in 
volume-active OER materials, rather than catalyst-internal cations, the (de)protonation 
reactions and proton mobility may be especially promising targets. 
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4.4 Experimental details 

4.4.1 Sample preparation  
XAS sample: solid potassium-phosphate (KH2PO4, Roth, ≥99%) was finely ground and 
uniformly dispersed onto Kapton tape to form a thin film. KCl (Sigma-Aldrich, 99.999% purity) 
was dissolved in MillQ water to prepare a 0.1 M KCl solution. Potassium or sodium phosphate 
buffer (KPi/NaPi, 0.1 M or 2.5 M, pH 7) was prepared by mixing ~40% K(Na)H2PO4 and ~60% 
K2(Na)2HPO4 at specific concentration. Graphene sheet (15´15 mm2, Graphene Supermarket) 
without Kapton tape covering the backside serves as electrode substrate. CoCat depositing 
amount in XAS measurement for this chapter is 100 or 300 mC cm−2 which was controlled by 
a well-known electrodeposition protocol.[134] 
TXRF samples were prepared as follows: each CoCat film (20 mC cm−2) electrodeposited on 
Pt foil (0.1 mm, 99.95% purity, Labor-Platina Kft) was exposed to respective KPi 
concentrations (1.6 mM, 25 mM, or 100 mM) and electrode potentials (1.0 V or 1.3 V vs. NHE) 
for 15 min followed by Millipore water rinsing. The operated CoCat films on Pt foil were 
dissolved by immersion in pure nitric acid (HNO3, 3 mL, 70%, 99.999% purity, Sigma-Aldrich) 
for 5 min. To 400 µL aliquots of these samples, 100 µL aliquots of K standards were added 
with various concentrations (Table 4-1) prepared from KH2PO4 stock (1 g L−1, Merck 
Millipore). In addition, gallium and caesium (Ga/Cs(NO3)3, 1 g L−1, Fluka Tracecert) standards 
(Figure 4-1) were added for quantifying cobalt and potassium amount, respectively. For TXRF 
measurement, 10 µL aliquots of the digested sample solution were dried on quartz glass holders 
and TXRF spectra were recorded for 30 min and analyzed with the software available with the 
spectrometer. The calibration curves of each assay for films operated at various operation 
conditions are shown in Figure 4-2. The K amount quantification within each film was 
described in the caption of Figure 4-2. 

4.4.2 XAS measurement 
XAS spectra at potassium or cobalt K-edge were collected either with samples held at 20 K in 
a closed-cycle liquid-helium cryostat (Oxford) or under operando conditions at room 
temperature in an electrochemical cell (setup scheme see Figure 3-19, samples were probed 
through the thin graphene sheet support) or in a vacuum chamber (samples were probed 
through thin Mylar foil or directly exposed to the beam). Further measurement conditions 
(Figure 4-4): spectra of K-CoCat and KPi (2.5 M solution) were obtained at 20 K, spectra of 
KH2PO4 powder and KPi (0.1 M solution) were collected at RT. The KCl (0.1 M) solution 
spectrum was measured at RT in vacuum. K–CoCat and KPi (0.1 M) were probed by the 
incident X-ray beam passing through a thin graphene sheet (25 µm) without a foil window 
while the other samples were probed through a 3 µm Mylar foil window. At least 4 spectra per 
sample were averaged to improve the signal statistics. The monochromator was detuned by 
50% at the potassium K-edge to suppress harmonics; detuning is not required at the Co K-edge 
because harmonics are absent due to the intensity cutoff of the beamline at ca. 15 keV. 
Deadtime-corrected XAS spectra were normalized to yield XANES spectra and EXAFS 
oscillations were extracted as described earlier[123] using an E0 of 3608 eV (K) or 7709 eV (Co). 
Fourier-transforms (FTs) were calculated for a k-range of 1.6–8.2 Å−1 (K) or 1.6–12.3 Å−1 (Co) 
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using cos windows extending over 10 % of both K-range ends, S02 was 0.8. EXAFS simulations 
were carried out using in-house software and phase functions from FEFF9.[67;169] XAS spectra 
of potassium were measured on thicker CoCat films. In Figure 4-20, XAS spectra at the Co 
K-edge for different film thickness and/or different electrolyte (NaPi or KPi) are measured, 
suggesting similar atomic structure of CoCat that is independent of film thickness and 
electrolyte component. 
Operando XAS experiments at the potassium K-edge were conducted to measure the potassium 
content by monitoring the potassium X-ray fluorescence at a fixed excitation energy of 4 keV. 
CoCat films (100 mC cm−2) were deposited on graphene sheets with the X-ray beam passing 
through the graphene sheet (without covering Kapton tape). The CoCat was operated in stirred 
(~300 rpm) NaPi buffer (0.1 M, pH 7). To study K-exchange kinetics, dry CoCat films were 
mounted in the electrochemical cell, in which NaPi electrolyte was rapidly filled through a 
triggered peristaltic pump (flow rate 116 mL min−1). More specific protocol as follows: (a) 
Switching on fast shutter to make sample irradiated under the X-ray beam, and recording the 
potassium K𝛼	fluorescence of dry CoCat film at open circuit potential (OCP) for 120 s; (b) 
switching on pump to fill ~20 mL NaPi within ca. 12 s; (c) after 132 s, different potentials 
(OCP, 0.65 V, 0.8 V, 1.0 V, 1.2 V or 1.35 V vs. NHE, without iR drop correction) were applied 
for 10 min and simutaneously recording potassium X-ray fluorescence. Fluorescence was 
recorded at 0.5 s per point and analyzed using bi-exponential functions (Figure 4-15). 
Meanwhile, a potential jump protocol was employed by using the same cell configuration and 
electrolyte condition as described above (Figure 4-13), but here with each potential applying 
for 1s, see more in Figure 4-15 caption. 

4.4.3 P quantification via malachite green assay 
Phosphate release dynamics was conducted by using malachite green assay method. The details 
of this technique were explained in Section 2.4.4 of Chapter 2.



 

 

 

 

5 Local pH and electrolyte pH profiles in neutral-pH water oxidation quantified by 
operando Raman spectroscopy  

 
Abstract The electrolyte pH at the catalyst-electrode—electrolyte interface is a major 
determinant of the electrocatalytic current density (see Chapter 2). Fluxes of 
proton-transporting molecules, here phosphate ions in different protonation states, are decisive 
regarding formation of the local pH under electrocatalytic operation conditions. In this chapter, 
a non-intrusive method is introduced that facilitates the spatially resolved detection of local pH 
values based on detection of Raman bands of the electrolyte phosphate ions. It is applied for 
investigation of water electrolysis using a cobalt-based catalyst film (CoCat) at the anode and 
a platinum cathode. For water oxidation at the anode, pronounced local acidification was 
detected close to the outer surface of the CoCat material, but only for electric potentials beyond 
the Tafel slope regime. This result supports the conclusion of Chapter 2 that macroscopic 
proton transport limitations lead to a decrease in the local pH near the catalyst surface which 
in turn limits the catalytic current density. Time-resolved investigation revealed that 
establishment of largely stationary concentrations required minimally 5 min. Unexpectedly, 
non-linear H2PO4− and HPO42− amount profiles were detected between anode and cathode, with 
steep concentration gradients that level off within about 800 µm from the respective electrode. 
This can be explained by a circular electrolyte flow that involves the transport of (protonated) 
buffer molecules from the anode to the cathode at the top of the cell and (deprotonated) buffer 
molecules from the cathode to the anode at the bottom of the cell. Natural convection caused 
by buoyancy effect relating to density difference of the hydrated phosphate ions may drive the 
circular flow. In conclusion, for the here investigated geometry, the direct ‘passive’ diffusion 
of proton carrying molecules within a stagnant electrolyte is not the major route of proton 
transport from the anode to the cathode; other non-diffusive flows dominate the electrolyte 
proton transport. This conclusion likely is generally valid for technically relevant electrolysis 
cells. 
 
 
All experiments and data evaluation presented in this chapter were performed by Si Liu. 
A portion of this chapter reproduced from the following open-access article:  
S. Liu, I. Zaharieva, L. D'Amario, S. Mebs, P. Kubella, F. Yang, P. Beyer, M. Haumann, H. 
Dau*. Electrocatalytic Water Oxidation at Neutral pH–Deciphering the Rate Constraints for an 
Amorphous Cobalt‐Phosphate Catalyst System. Advanced Energy Materials 2022, 12, 
2202914. https://doi.org/10.1002/aenm.202202914 
This article is licensed under a Creative Commons Attribution 4.0 license. 
The experimental scheme of Figure 5-1 has been reproduced from the following article (with 
the permission from Elsevier): 

https://doi.org/10.1002/aenm.202202914
https://creativecommons.org/licenses/by/4.0/
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S. Liu, L. D'Amario, S. Jiang, H. Dau*. Recent operando Raman spectroscopy applications in 
electrochemistry. Current Opinion in Electrochemistry 2022, 35, 101042. 
https://doi.org/10.1016/j.coelec.2022.101042 
In this review article, S. Liu was the lead author; she predominantly wrote and edited the 
manuscript. L. D'Amario, S. Jiang, and H. Dau contributed to writing and editing. 

5.1 Introduction and motivation 

In electrocatalytic water oxidation reactions, electron transfer affects the catalytic reaction rate. 
Notably, proton release and its transfer or transport can also have a significant impact on 
reaction kinetics, activity, and selectivity, and thus must be incorporated into the understanding 
of the intrinsic mechanism of OER and its relation to transport processes in the electrolyte.[464-

466] In order to elucidate the structure-activity relationship of OER, it is important to consider 
also the the mass-transport limitations, in particular the local pH at the conductive 
substrate-catalyst or catalyst-bulk electrolyte interface. Changes in local pH are expected to 
arise from redox transitions in the metal centers as well as the release or uptake of protons 
during water oxidation. 
Relevant factors affecting the local pH value (or proton activity) include current density, 
diffusivity and buffering capacity of the electrolyte system.[467] We have demonstrated 
experimentally that buffer bases in electrolytes can mitigate proton transport limitations under 
neutral conditions,[142] and found that the activity of CoCat-catalyzed OER in the intermediate 
potential region is directly proportional to the availability of unprotonated buffer molecules 
(see Chapter 2).[142] In ref. [135], a first-order model describing the effect of pH changes at the 
working electrode on catalytic current densities was reported. In this model, proton transfer is 
mediated by the macroscopic diffusion of the buffer base molecules between anode and cathode; 
for parallel arrangement of planar electrode, a linear spatial amount distribution of the 
buffer-base molecules between the anode electrode and the cathode electrode (Figure 1-7A), 
but a recent investigation suggests it is the presence of buoyancy effects[207] (Figure 1-7B). 
Therefore, the following section presents an experimental study of the local pH in the vicinity 
of the electrodes and explores the validity of the first-order model, which assumes a linear 
(de-)protonated buffered base amount profile between the electrodes. 
Various methods for quantifying local pH have recently been reviewed.[57;142;204;205;207;391;465;468-

472] Operando Raman spectroscopy under optimal operating conditions facilitates non-invasive 
assessment of proton activity at a three-dimensional spatial resolution close to 1–2 µm.[206] To 
the best of our knowledge, this is the first time that this method has been used to assess the 
localized alkalization of copper foam electrodes during CO2RR, based on an analysis of the 
HCO3-/CO32- amount ratio.[57] Similar optical experiments had been reported by employing 
the attenuated total-reflection IR spectroscopy.[466;473] However, the IR technique suffers from 
strong adsorption of Infrared light by water molecules or electrolytes and requires specific 
electrodes. Operando Raman experiments do not require additional electrodes[465;471;474-477] or 
indicator dyes,[470;471;478] which facilitated to study local pH effects quantitively by determining 
the protonation states of protonatable “buffer” molecules. The pH is quantified by collecting 
Raman reference spectra of the buffer molecules at various pH followed by constructing 

https://doi.org/10.1016/j.coelec.2022.101042
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calibration curve. Here the protonatable molecules are phosphate species serving as electrolyte 
used for neutral-pH OER. 
In this chapter, we quantify the local and overall electrolyte pH profiles during neutral OER at 
low concentrations (25 mM, pH 7) of KPi by operando Raman spectroscopy. Electrochemical 
techniques are applied including chronoamperometry (CA) or chronopotentiometry (CP) as 
well as jumping current protocols. As outlined further above, the rationale of pH determination 
is based on changes in the amplitude of the vibrational band caused by changes in the amount 
of the phosphate protonation state.[57;142] Two types of electrochemical cells were employed to 
quantify local and bulk-electrolyte pH (Figures 5-1 and 5-6), respectively. For local pH 
measurements, we examined the pH at the microscale distance (20 µm) of the 
electrode/bulk-electrolyte interface. To investigate the overall pH profile between anode and 
cathode, a simple two-electrode geometry was employed for collecting Raman spectra at 
different spatial positions of the electrochemical cell and time traces changes of pH or 
phosphate amounts at different positions are obtained. 

5.2 Results and discussion 

For determining local (spatially resolved) pH values and their temporal evolution, first Raman 
spectra were measured, second the amounts of phosphate species were calculated based on 
calibration equation and third the local pH values were obtained according to pH calibration 
curve. For a presentation of the results, however, mostly a different sequence was chosen to 
avoid the reader getting lost in the details of the experimental approach. In the various 
subsections of this chapter, the central results on the evolution of local pH values are presented 
first, followed by more detailed presentations on calibration, phosphate species amounts, and 
exemplary Raman spectra. 

5.2.1  Local electrolyte pH at the catalyst electrode 

In Chapter 2, we have proposed that the plateau-level current density of the j-V curves is 
determined by the availability of a buffer base (HPO42−) in the vicinity of the CoCat 
electrode.[142] In the Tafel-slope regime, those basic species mitigate local electrolyte 
acidification by accepting protons produced by the OER. The plateau-level of the current 
density is reached once diffusion of the buffer ions between CoCat anode and cathode (here a 
Pt counter electrode) approaches its maximal rate, resulting in pronounced local acidification 
of the electrolyte close to the electrolyte-catalyst interface. To verify the above scenario, we 
investigated the local pH close to the outer catalyst-electrolyte interface (20 µm) during 
electrocatalysis using Raman spectroscopy (Figures 5-1 and 5-2). A laboratory-build 
three-electrode Teflon cell was used to collect spectra of CoCat films (1 cm diameter) deposited 
on a Pt-foil substrate in 25 mM KPi solution (pH 7). Spectra were collected from CoCat film 
(20 mC cm−2) operated at various potential steps from 0.6 V to 1.38 V for 1 min (total step 
duration 2.5 min) via a chronoamperometric protocol. In Figure 5-2A, the intermediate band at 
991 cm−1 corresponding to the basic phosphate species (HPO42−) sharply decreases with 
applying increasingly positive potentials, whereas the bands at 877 and 1077 cm−1 
corresponding to the protonated base (i.e., H2PO4−) rise. The quantitative analysis takes into 
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account broad potential-dependent bands from the CoCat material[139] as shown in Figure 5-2B 
and the calibration curve prepared from various pH of KPi buffer (25 mM) (Figures 5-3 and 
5-4). The results in the potential dependence of the local pH close to the outer CoCat surface 
are shown in Figure 5-2C. 
 
 

 
Figure 5-1. Scheme of the operando Raman spectroscopy setup for local pH measurement. WE, working 
electrode; CE, counter electrode; RE, reference electrode. The indicated voltmeter and amperemeter are 
not physically part of the set-up but represent the potentiostat functionality. The inserted photo shows 
a simple electrochemical cell (made from Teflon®PTFE) for operando Raman spectroscopy using an 
immersion microscope objective. A thin Teflon film (Teflon® FEP, 13 𝜇m, DuPont) is wrapped around 
the microscope objective for protection of the lens, as it is needed for measurements in corrosive 
electrolytes. (Here experiments are reported for electrolytes in the near-neutral pH regime; therefore, 
the lens-protection membrane was not used.) Reproduced with permission from ref.[206]. Copyright 
Elsevier (2022). 
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Figure 5-2. Estimation of local acidification by operando Raman experiments for electrocatalytic 
operation in 25 mM KPi buffer at pH 7 (CoCat deposition amount of 20 mC cm−2, spectra collected at 
about 20 µm distance from the catalyst surface). (A) Spectra collected for CoCat films operated at the 
indicated electrode potentials (in V vs. NHE); from bottom to top, the applied potential was increased 
stepwise. (B) Examples of simulations for Raman spectra collected at 1.2 or 1.38 V versus NHE. The 
spectra were background subtracted and simulated from 800 to 1400 cm−1 as described in the 
experimental method. Briefly, for each spectrum, three Lorentzian functions (blue lines) and two 
Gaussian functions (green lines) were fitted with fixed band positions (Lorentzian: 877, 991, and 
1077 cm−1; Gaussian: 1088 and 1225 cm−1) and widths (half-width at half-maximum: Lorentzian: 25, 
8, and 10 cm−1; Gaussian: 70 and 65 cm−1), but varying band amplitudes. (C) Catalytic current densities 
(left y-axis, black squares) and local pH (right y-axis, red circles). The squares indicate static current 
densities after applying the respective potential for 2.5 min (current densities below 7 µA cm−2 are not 
shown). Reproduced with permission from ref.[142]. The olive background indicates the Tafel-slope 
region with exponentially increasing current density, but without significant pH change. The beige 
background indicates increasing saturation of the current density, which is found to be associated with 
increasing acidification at the catalyst-electrolyte interface. Copyright Wiley-VCH (2022). 
 
In Figure 5-2C, we observe pronounced local acidification by almost one pH unit close to the 
outer CoCat surface for electric potentials beyond the Tafel-slope regime. This finding supports 
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that, during OER operation, macroscopic proton transport limitations result in a local pH 
decrease (increased proton activity) in the vicinity of the catalyst surface, which in turn limits 
the catalytic current density. 

5.2.2 Calibration curve 

To accurately quantify the local pH, constructing a reliable calibration curve is crucial. A broad 
pH range from 4.5 to around 9.8 was prepared to collect Raman spectra and its change of 
phosphate species amplitude at various pH can be used for constructing the calibration curve. 
In the spectra of a phosphate standard solution (Figure 5-3), two phosphate species prevail, 
H2PO4− and HPO42−.[479;480] H2PO4− shows Raman bands at ~877 cm−1 and 1077 cm−1, assigned 
to the Vs P(OH)2 and Vs PO2 vibrations. Another band at ~991 cm−1 belongs to Vs PO3 from 
HPO42−. At more alkaline pH, a broad band around 855 cm−1 with lower intensity is ascribed 
to Vs P(OH). In addition to the vibrations associated with phosphorus species, a broad water 
band at ~1642 cm−1 corresponds to the H-O-H bending vibration and was chosen as an internal 
calibration standard.[139;481] The ratio of the H2PO4− and HPO42− amounts according to the 
Henderson-Hasselbalch equation was used to quantify the local pH. Here, we chose the HPO42− 
vibrational band at 991 cm−1 and the H2PO4− band at 1077 cm−1 to determine the standard curve. 
The normalized amplitudes of the two bands at different pH values are shown in Figure 5-4 
and Table 5-1. For obtaining the amount of phosphate species, a calibration factor (υ) was 
introduced, assuming that the sum of the HPO42−and H2PO4− amounts are constant. According 
to the data in Figure 5-4A and Table 5-1, we calculated υ (1.558) as the band intensity at 991 
cm−1 (9.77) divided by the intensity at 1077 cm−1 (4.56). The calibrated phosphate amount of 
HPO42− and H2PO4− are given by the following relations: 

 [𝐻,𝑃𝑂*(] = u ∗ 𝐴B'II/(u ∗ 𝐴B'II + 𝐴JJB) Equation 5-1 

 [𝐻𝑃𝑂*,(] = 𝐴JJB/(u ∗ 𝐴B'II + 𝐴JJB) Equation 5-2 

A is the normalized peak amplitude with respect to the average water peak amplitude. The 
resulting calibration curve as a function of the pH is shown in Figure 5-4. It reveals an apparent 
pKa of 7.13, which is in good agreement with the reported pKa of phosphate buffer of 7.21. The 
calibration curve was used to determine the pH at different potentials close to the CoCat surface 
or in the bulk at different positions between the electrodes. For the band quantification, each 
spectrum was analyzed using five apparent vibrational features, with the P band from the KPi 
electrolyte being simulated similar to the P standards, and the internal phosphate band 
simulated by a Gaussian function. The simulation parameters are shown in  
Table 5-2. In addition, the amplitudes of inner phosphate bands provided access to dynamic 
changes in the P localization at different potentials (Figure 5-5). 
 

𝑠 = ^
1
𝑛
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 Equation 5-3 
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Here n is the number of samples measured in each condition, 𝑥#  is result of a single 
measurement, �̅� is the average result. 

Table 5-1. Fitted Raman band amplitudes for standard phosphate solutions at various pH values. 
Amplitudes (in counts) are for normalized spectra. Respective normalization factors (NF) were derived 
from mean values of fitted water band amplitudes. Numbers in parentheses represent peak position and 
half-width-at-half maximum (HWHM) (both in cm−1), a slash means that no band was visible. A 
calibration factor (u) of 1.558 was obtained from the normalized band intensities at 991 cm−1 (at pH 
9.77) and 1077 cm−1 (at pH 4.56). The values for the column of “absolute P amount” (a.u.) only show 
their numerator part since the final ratio of P amount (P991/P1077) only considers the numerator. The 
absolute phosphate ratio values and the measured pH values were used to construct the calibration curve 
in Figure 5-4. 

pH 

HPO42− 

(855, 10) 

Vs P(OH) 

H2PO4
−  

(877, 10) 

Vs P(OH)2 

HPO42−  

(991, 10) 

Vs PO2 

H2PO4
−  

(1077, 10) 

Vs PO2 

NF 

Absolute 

P 
amount 

(991) 

Absolute 

P 
amount 

(1077) 

P991/P1077 

4.56 / 12082 / 9016 0.98 / 14047 / 

4.78 / 11989 / 8622 0.97 / 13433 / 

5.38 / 11753 / 8876 0.99 / 13829 / 

5.58 / 11226 / 8465 1.00 / 13189 / 

5.98 / 10976 581 8168 1.00 581 12727 0.05 

6.29 / 10217 1274 7881 1.20 1274 12279 0.10 

6.67 / 9344 4053 6169 1.00 4053 9612 0.42 

6.88 / 8188 5560 5435 1.05 5560 8469 0.66 

7.14 5197 4098 7948 4045 1.03 7948 6302 1.26 

7.44 4369 3750 10596 2795 1.12 10596 4355 2.43 

7.96 4872 2168 13044 1087 1.05 13044 1694 7.70 

8.27 4662 1610 13822 665 1.02 13822 1036 13.34 

8.5 5001 1375 14393 381 1.01 14393 594 24.23 

9.12 5196 1260 14146 / 1.01 14146 / / 

9.32 6613 / 14203 / 1.00 14203 / / 

9.77 5425 / 14047 / 1.02 14047 / / 
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Figure 5-3. Raman spectra of phosphate standard solutions (25 mM) at various pH values. The dotted 
lines mark the vibrational bands of three main phosphate species prevailing in respective pH ranges; 
from left to right: H2PO4

− (~877 cm−1), HPO4
2− (~991 cm−1), H2PO4

− (~1077 cm−1). At high pH, a broad 
phosphate vibration at 855 cm−1 is furthermore observed. The shown spectra were background corrected. 
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Figure 5-4. Normalized Raman band intensities of phosphate species at 991 cm−1 and 1077 cm−1 (A) 
and pH calibration curve determined from the amount (absolute P amount) ratio of phosphate species 
(B). Band intensities in Panel A were normalized with respect to the water band at ~1642 cm−1 (Table 
5-1). Panel B shows the calculated ratio of HPO4

2− and H2PO4
– amounts (symbols). The line is a linear 

regression line. 
 

Table 5-2. Normalized Raman band amplitudes from CoCat spectra at various potentials. Normalization 
factors (NF) were calculated as in Table 5-1. The absolute phosphate amount (a. u.) and their ratio were 
obtained as described in Table 5-1. The calculated pH was derived by using the calibration curve in 
Figure 5-4. 

Potential 

(V vs. 
NHE) 

Normalized intensity (counts) 

at band position in cm−1 

NF Absolute P 
amount (a.u.) 

P991/P1077 Calc. pH 

 877 991 1077 1088 1225 991 1077 

0.6 6451 6998 5672 8451 11186 4.13 6998 8837 0.79 7.03 

0.7 6060 6951 6235 7142 9260 4.06 6951 9714 0.72 6.98 

0.8 5836 8041 5954 7654 8808 4.03 8041 9277 0.87 7.07 

0.9 5849 7642 5742 6909 8574 4.03 7642 8946 0.85 7.06 

1.0 6349 7144 5171 7757 8810 4.14 7144 8056 0.89 7.08 

1.1 7076 6307 5828 6934 6766 4.32 6307 9081 0.69 6.97 

1.15 7280 6681 5061 6388 5179 4.52 6681 7884 0.85 7.06 

1.20 6728 7018 4652 6611 4526 4.71 7018 7248 0.97 7.12 

1.25 7263 7246 5432 6504 4426 4.82 7246 8464 0.86 7.06 

1.30 9093 5528 5473 6863 4247 4.87 5528 8527 0.65 6.94 

1.34 11940 3836 7249 7063 4411 4.97 3836 11293 0.34 6.66 

1.38 12659 1626 7830 7435 4610 4.95 1626 12199 0.13 6.25 

OCP 5768 6471 5447 9284 13192 4.36 6471 8487 0.76 7.01 
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Figure 5-5. Broad Raman bands possibly assignable to catalyst-internal phosphate ions. For the (still 
hypothetical) assignment to two distinct protonation states of phosphate ions, the relative amount 
(fraction) of the two phosphate protonation states were calculated. In  
Table 5-2, the respective phosphate band amplitudes from Raman spectra at 1088 cm−1 and 1225 cm−1 
are shown. The relative fractions are calculated based on the sum of the two normalized band amplitudes. 

5.2.3 Bulk electrolyte pH quantification 

After quantifying the local acidification near the CoCat-bulk electrolyte interface, we 
experimentally investigated buffer base-assisted proton transport in the bulk-phase 
electrolyte.[135] In ref.[135], we propose that at constant diffusive flux, the change in base amount 
exhibits a linear curve between WE and CE. Raman cells featuring complicate geometries may 
result in especially intricate pH profiles (Figure 5-1). Therefore, a simpler two-electrode cell is 
employed where CoCat deposited on platinum foil acts as the working electrode (WE), and a 
blank platinum foil acts as the counter electrode (CE). Raman spectroscopy scheme used to 
measure bulk electrolyte pH is shown in Figure 5-6. A digital photograph of the two-electrode 
cell is shown in Figure 5-7A. The distance between WE and CE (10 mm) was controlled by a 
Teflon spacer (2 mm thickness) to ensure that the Pt electrodes fit tightly against the Teflon or 
aluminium holder. Copper tape is used for the electric circuit connection. The effective 
geometric area (1 cm2) of electrodes is controlled by Kapton tape. In principle, facilitated by 
the microscale resolution of Raman spectroscopy, it is possible to obtain Raman spectra at any 
location between the two electrodes and thus can quantify the pH or phosphate amount based 
on changes in the amplitude of the phosphate peaks, as described in the rationale for local pH 
quantification (Figure 5-4). However, collecting spectra in the vicinity of the electrodes (less 
than 1 mm) was challenging when the electrode system had reached equilibrium due to bubble 
accumulation after a long period of operation (Figure 5-7D). Air bubbles positioned on the 
platinum foil can lead to strong attenuation or scattering of the Raman signal. Therefore, it is 
crucial to optimize the applied current density and the protocol of spectrum collection. One 
approach is to collect time-dependent spectra at various positions close to the electrodes upon 
the electrochemical protocol initiated, for which not only we can acquire time scale of the 

0

0.2

0.4

0.6

0.8

1

0.5 0.7 0.9 1.1 1.3 1.5

R
el

at
iv

e 
 fr

ac
tio

n

Potential (V vs. NHE)

1088 cm⁻¹
1225 cm⁻¹



Chapter 5 Local pH and electrolyte pH profile 

149 

electrochemical cell equilibrated but also mitigate the interference of large amount of bubble 
generation. Thereby, pH profiles can be obtained horizontally and vertically in the entire 
electrochemical system. 

 
Figure 5-6. Scheme of operando Raman spectroscopy setup for the spatially resolved measurement of 
the electrolyte (bulk) pH. WE: working electrode (CoCat deposited on a platinum foil); CE: counter 
electrode (platinum foil); RE: reference electrode (Ag/AgCl, used only to measure the working 
electrode potential). A drop of water was added in front of the water-immersion microscope objective 
(×40, numerical aperture NA, 0.8). The dark blue rectangle represents 1 mm thick glass. The laser 
focusing point (green) is approximately 1 mm from the backside of the glass. The green dashed line 
represents the one-dimensional pathway for spectra collection. The geometry of the electrochemical 
cell is shown in Figure 5-7. 
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Figure 5-7. The two-electrode electrochemical cell used for spatially resolved detection of local pH in 
the bulk electrolyte. (A) Digital photograph shows the setup for operando Raman collection. (B and C) 
Front view of spectrum collection positions. The distance between the electrodes was 10 mm. Pt foils 
supported by Teflon or aluminium rectangular blocks were exposed in electrolyte with an effective area 
of 10 ´10 mm2 (B) or 10 ´ 8 mm2 (C); B, C, E, and F illustrates spectrum collecting dimensions and the 
electrochemical cell geometry. z represents the vertical distance from the bottom line of the cell (z = 0). 
The white area in B and C is Teflon spacer (2 mm thick) positioned between the electrodes for 
controlling the electrode distance. Note that the laser focus positions of B and C (z = 5 mm and 10 mm) 
are different relative to the height of the effectively solvent exposed catalyst. The collection point at the 
top of B is ca. 2 mm above the film. The blue area represents the electrolyte solution at a height of 15 
mm; the thick lines on the far left (orange line) and far right (black line) represent the anode and cathode, 
respectively; (D) Photograph of bubbles accumulated on electrode surface at 0.5 mA cm−2 after ca. 2 h 
(left: CoCat deposited on Pt foil; right: blank Pt foil). 

5.2.3.1 Temporal evolution of pH at various near-electrode positions (z = 5 mm)  

Temporal pH or phosphate amount profiles between electrodes were quantified at a constant 
horizontal layer of 5 mm height (z) with applying current density of 0.3 mA cm−2. However, 
pH measurement in the vicinity of the electrodes (i.e., within 1 mm of each other) is interfered 
by the rapid generation of air bubbles upon the electrochemical cell reach equilibrium. Thus, 
we measured the temporal evolution of pH profile at various positions within 1 mm distance 
from the electrode (Figure 5-8). Spectrum acquisition immediately starts upon current is 
applied to electrode, i.e., equilibrium does not reach. The temporal evolution of pH or the 
corresponding phosphate amount profile is terminated earlier (Figure 5-8) due to the 
interference of air bubbles. Thereby, collecting spectra with a spatial resolution of 1–2 𝜇m is a 
challenge. In the following experiments, spectra were measured at an absolute distance of at 
least 50 𝜇m. An edge-mode green laser (532 nm) was employed. Other experimental 
parameters are detailed in the experimental section. CoCat (40 mC cm−2) deposited on Pt foil 
was operated in 25 mM KPi (pH 7) at a current of 0.3 mA cm−2. Prior to the measurement, we 
adjusted the micrometer-step sample stage until an electrode position blocking the clear laser 
spot, where the position is defined as zero point (y = 0). Collecting OCP spectra in the vicinity 
of the electrodes also facilitates to find the zero point, i.e., to check if the measured spectra 
contain phosphate, water peaks, and Teflon peaks. Subsequently, measuring and comparing 
spectra measured at different positions between the electrodes ensures reproducible positions 
defined. 
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Figure 5-8. Comparison of the temporal evolution pH profiles at the indicated distances (y) from the 
electrode-bulk electrolyte interface for anode (A) or cathode (B) with applying a constant current of 
0.3mA cm−2. The legends are the respective distances towards the electrodes. The solid green line is the 
overall cell voltage of the two-electrode cell. The data points are mean values of several individual 
measurements (see more in Figure 5-9). The corresponding error bars are shown in Figure 5-9. pH 
calculation follows the same rules as Figure 5-4B. Note that panels A and B use the same color code 
and that the right-side y-axis for anode is reversed. 

Notably, pH value at OCP (t = 0) was around 7 (electrolyte initial pH), suggesting that Raman 
spectroscopy can effectively quantify absolute pH values. At 100 µm and 200 µm, neither close 
to the anode nor close to the cathode it is possible to collect good-quality spectra after 
prolonged catalytic operation because of accumulation of large bubbles. After 5 minutes, the 
available pH values near to anode and cathode were around 6.2 and 7.8, respectively. 
Interestingly, the absolute pH change (ΔpH) was consistent, implying that at that moment the 
electrochemical cell reaches equilibrated state. It may indicate the dynamic equilibrium of 
proton production and depletion in the vicinity of the electrodes, which is co-determined by 
the diffusion rates of phosphate species, gas production rates, and catalytic reaction rates. 
Finally, with the temporal evolution pH profile at various positions, we can observe a clear pH 
gradient in the vicinity of the anode with a range of 600 µm. At the cathode, this gradient 
extends over about 800 µm. With applying a current of 0.3 mA cm−2, the anodic and cathodic 
pH values measured by Raman spectroscopy were around 6.2 and 7.8, respectively. 
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Figure 5-9. Temporal evolution of (de)protonated phosphate amounts at different distances from the 
anode (left) and the cathode (right) at 0.3 mA cm−2. The legends show that the respective distance 
towards the electrode. The displayed H2PO4

− or HPO4
2− amount is calculated according to Equation 5-1 

or Equation 5-2. Phosphate base amount (Pb, HPO4
2−, ~991 cm−1, A and B) and phosphate acid amount 

(Pa, H2PO4
−, ~1077 cm−1, C and D) are shown separately on the upper and lower rows. The solid line 

shows the corresponding voltage at each position. The ratio of Pb and Pa amount is used for calculating 
pH shown in Figure 5-8. Curves collected between 100 𝜇m to 600 𝜇m are mean of at least three 
independent measurements, and the error bars are standard deviations (s) calculated according to 
Equation 5-3. At distances of 800 𝜇m and 1000 𝜇m, mean values and error bars were calculated from 
two measurements. 

The phosphate species amount profiles in Figure 5-9 exhibits opposite trends, i.e., more 
protonated phosphate species at anode and more deprotonated phosphate species at cathode, 
and vice versa. More closer to electrode surface, more larger deviation of pH from the bulk pH 
7, implying a greater difference on the amount of the two phosphates (HPO42−/ H2PO4−). 
Similarly, the variation of phosphate peak intensity within 1 mm from the electrode (Figure 
5-10) follows a similar trend to that of the phosphate amount profile (Figure 5-9). The only 
difference is that the latter method shows a better signal-to-noise ratio due to the “noise-robust” 
normalization method, for which we assume that the sum of the amounts of the two phosphate 
ions (HPO42−/ H2PO4−) is the same everywhere, see the experimental methods for more details. 
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Figure 5-10. Normalized Raman peak intensities for phosphate at the indicated distances from the anode 
(left) and cathode (right) at 0.3 mA cm−2. The normalization approach is relative to the water peak 
at1642 cm−1. The phosphate species correspond to phosphate base (Pb, HPO4

2−, ~991 cm−1, A and B) 
and phosphate acid (Pa, H2PO4

−, ~1077 cm−1, C and D) with y-axis labeled in purple and orange, 
respectively. Solid curves (right axis) show the potentials of working electrode (red) , counter electrode 
(blue), and total cell voltage (black), with a miniature saturated Ag/AgCl (3 M NaCl) electrode as the 
reference electrode. Phosphate amounts were calculated by using the normalized phosphate intensities, 
assuming that the sum of phosphate species amounts was equal everywhere in the cell. Error bars is the 
standard deviation calculated according to Equation 5-3, calculated mainly from three or more 
individual measurements, but occasionally also from two measurements. See Figure 5-9 for more details. 
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Figure 5-11. The 2nd acquisition of Raman spectra at various positions (along the y-axis) near the anode 
(A) and cathode (B) upon applying a current of 0.3 mA cm−2. The legends are absolute distances from 
the electrode-electrolyte interface. (a and b) Zoom in the area of the phosphate zone in panels A and B. 
The displayed spectra were background corrected and normalized to 1 of water peak. The dashed lines 
are the major vibrational bands of phosphate species; from left to right: H2PO4

− (~877 cm−1), HPO4
2− 

(~991 cm−1), H2PO4
− (~1077 cm−1). Data were smoothed using the Savitzky-Golay method with a span 

of 5 pts. 

Figure 5-11 shows the normalized Raman spectra at the indicated distance that were extracted 
from the second acquisition after applying the current for 1.8 min (0.3 mA cm−2). It is 
noteworthy that the amplitudes of the phosphate bands at the indicated locations are different. 
The amplitude of the intermediate peak (Pb, 991 cm−1) gradually increases with increasing 
distance from the anode, whereas the acidic phosphates peak (Pa) at 1077 cm−1 gradually 
decreases, suggesting that the ratio of Pb/Pa becomes larger, resulting in an alkaline pH. 
Similarly, a decrease of Pb/Pa is clearly observed upon measuring positions moving away from 
the cathode, indicating a gradual reduction of localized alkalization. In addition, at the anode 
and cathode, beyond 600 µm, the peak amplitudes of the phosphate species almost overlapped, 
suggesting that there was no significant pH change and that proton transfer was not limited. 
The spectra shown in Figure 5-11 are from a single sample collection under the corresponding 
conditions and may slightly deviate from the mean results shown in Figure 5-8 to Figure 5-10. 
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Importantly, the temporal evolution of pH measurement provides an important approach to 
quantify the overall pH profile in the bulk electrolyte also at near electrode region. 

5.2.3.2 pH profiles between electrodes for various equilibration time (z = 5 mm) 

In a stagnant cell, it is challenging to acquire pH values at different locations between 
electrodes when the electrochemical system has reached equilibrium, especially within 1 mm 
from the electrodes. By acquiring spectra immediately after energization, pH values in the 
vicinity of the electrodes can be obtained within a limited time frame. After time-dependent 
data acquisition is completed at fixed position near the electrode, spectra at other positions 
along the y-axis away from the electrode can be measured by moving the micro-step sample 
stage in different steps, i.e., small steps of 50, 100, or 200 µm beyond a range of 2 mm, and 
moving the sample stage in 1-mm increments. To ensure that the collected spectra spanned the 
entire range of the cell, the spectra were measured within a distance of 6 mm from the anode 
or cathode, respectively. It is noteworthy that the completion of the time-dependent 
measurements takes ~18 min for each distance, thus the following spectrum acquired at other 
positions is the electrochemical system at equilibrium state corresponding to equilibrium pH 
(Figure 5-12). Note that equilibrium here refers to the formation of a stable spatial distribution 
of phosphate species, a stable flow equilibrium, and a steady state of bubbles attached to the 
electrode. 

With jointly observing pH profiles at the anode and cathode, the bulk pH profile along the y-
direction corresponding to the middle layer of the cell (z = 5 mm) is not linear at 0.3 mA cm−2 
(Figure 5-12 A and B), suggesting a more complex diffusion process that involves buffer 
species to alleviate proton transport limitations. The pH gradient only occurs within 1 mm from 
the electrode, especially at distances of less than 600 µm from the anode and less than 800 µm 
from the cathode. The pH gradient at the cathode is slightly prolonged, probably because the 
cathode involves more hydrogen than oxygen. Bulk pH is reproducibly maintained at 7 over 1 
mm. Figure 5-12 a and b adapted from Figure 5-8 shows rapid pH change at closer distances 
from the electrodes-bulk electrolyte interface not for distance over 1 mm. After around 5 
minutes, the detectable pH values at the anode and cathode were ca. 6.2 and 7.8 at a current 
density of 0.3 mA cm−2. As a complement, the corresponding phosphate amount profiles and 
normalized phosphate intensities are shown in Figure 5-13 and Figure 5-14. 
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Figure 5-12. pH profile in the range of 0.1 to 6 mm from the anode (A) or cathode (B) and time 
dependence of pH changes at specified positions near the anode (a) or cathode (b). The overall pH along 
the y-axis for the entire cell can be jointly visualized from Figure 5-12 A and B. Note that pH values at 
100 µm and 200 µm in panel A are data from panel a at 5.2 min. pH values in the vicinity of the cathode 
(y = 100, 200, 400 µm) is taken from the data at t = 4.35 and 5.2 min (panel b). Unless otherwise noted, 
pH values at other locations are equilibrated. Areas close to the electrodes (less than 1 mm) are 
highlighted in blue and pink and further zoomed in panels a and b. We also note that panels a and b are 
adapted versions of Figure 5-8. Panels A and B show the average results of at least three separate 
measurements. Error bars indicate the standard deviation according to Equation 5-3. Data point without 
an error bar indicates a single measurement. 
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Figure 5-13. Spatial amount of alkaline phosphate (A and B, purple) and acid phosphate (C and D, 
orange) within 6 mm from anode (left) and cathode (right). Panels a–d show the amount of HPO4

2− and 
H2PO4

− amount as a dependence of time at 0.3 mA cm−2 at a range of 1 mm from the electrodes. At t = 
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0, it represents the amount of phosphate species in the OCP condition. The calculation of the error bars 
and more details are shown in Figure 5-12. 

 

 
Figure 5-14. Spatial distribution of normalized alkaline phosphate (A and B, red) and acid phosphate 
(C and D, blue) peak intensities within 6 mm of the anode (left) and cathode (right). The highlighted 
area near the electrode (1 mm) is zoomed in panels a-d to show the change in intensity of the normalized 
phosphate peak as a dependence of time over a range of 1 mm from the electrode. The displayed 
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normalized phosphate intensity is used to calculate the phosphate amount in Figure 5-13 by using the 
same calibration method described in Section 5.2.2 (see Equation 5-1 and Equation 5-2). Calculation of 
the error bars and more details are provided in the figure caption of Figure 5-12. 

In summary, by operando Raman spectroscopy in a neutral KPi solution (25 mM, pH 7), we 
could quantify the spatial distribution of phosphate-species amounts and the corresponding pH 
profiles in a parallel two-electrode system upon applying a current density of 0.3 mA cm−2. 
The bulk pH was stable at about pH 7, the electrolyte pH before the onset electrocatalytic 
operation, for a distance from the electrolyte-electrode interface exceeding 1 mm. The 
phosphate species amounts profile does not fit with the earlier proposal[135] of the presence of 
linear phosphate concentration profiles between electrodes at constant flux flow (Figure 1-7A). 
However, it is undeniable that in unstirred electrochemical cells, the diffusion process of 
phosphate species are much more complex and are likely to be influenced by other factors, 
such as natural convection that can shape the phosphate concentration profile, as verified in 
Section 5.2.3.4. A non-linear pH gradient is observed between electrodes, and we observed 
subtle difference on pH gradient ranges, for which local acidification occurs within 600 µm 
and local alkalization range is ca. 800 µm. It should be emphasized that in a stagnant cell with 
prolonged catalytic operation, estimating the actual pH near the electrode surface by RM may 
be imprecise or even impossible due to the effect of light (of the Raman experiment) scattered 
by gas bubbles, resulting in the inaccessibility of spectra collection (Figure 5-8). 

5.2.3.3 pH profiles near to and between electrodes at 0.12 mA cm−2 (z = 5 mm) 

In order to study the diffusion of phosphate species without the Raman experiment being 
negatively affected by bubble production, a lower current density (0.12 mA cm−2) was applied 
so that spectra at equilibrium could be measured also at small distance to the respective 
electrode. The Raman spectra were collected for largely completed equilibration of the pH 
profile (at ca. at least 14 min after current onsets) (Figure 5-15). 

 
Figure 5-15. Equilibrated pH near the anode (A) or cathode (B). The inset shows the magnified range 
within 1 mm from the electrodes. Data points with error bars are the mean of at least two independent 
measurements, otherwise from single measurement. Spectra in the bulk electrolyte are readily measured 
and assignable to a pH value of about 7, which matches the initial electrolyte pH before current onsets. 
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Figure 5-16. Raman spectra taken at selected locations (along the y-axis) near the anode (A) and cathode 
(B) when the system was equilibrated at 0.12 mA cm−1. Legend numbers indicate the distance from the 
corresponding electrode-electrolyte interface. Spectra are background corrected and normalized to unity 
height (1.0) of the water peak located at about ~1642 cm−1. The dashed lines indicate the major 
vibrational bands of phosphate species; from left to right, H2PO4

− (~877 cm−1), HPO4
2− (~991 cm−1), 

H2PO4
− (~1077 cm−1). The data were smoothed using the Savitzky-Golay method with a span of 5 pts. 

 
Figure 5-17. Spatial profile of two phosphate species (HPO4

2−, A and B; H2PO4
−, C and D) near the 

anode (left) and cathode (right). The calculation of the error bars is consistent with Figure 5-15. 
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Figure 5-18. Spatial profile of normalized Raman peak intensities for acid phosphate (H2PO4

−, A, blue) 
and basic phosphate (HPO4

2−, B, red) within 6 mm range from anode (left) and cathode (right). The 
calculation of the error bars is consistent with Figure 5-15. 

 
Figure 5-19. Comparison of cell voltage at 0.3 mA cm−2 and 0.12 mA cm−2. 

As expected, pH gradient near electrodes is weaker at lower current densities (0.12 mA cm−2) 
than at 0.3 mA cm−2. For example, at 50 µm from the electrode, the pH at anode are about 6.8 
and at cathode is about 7.4, whereas at 0.3 mA cm−2, the pH at 100 µm from the anode and 
cathode are about 6.2 and 7.8, respectively. We note that the calculated pH values are based on 
Raman spectra collected under non-equilibrated state, thereby the actual pH change upon 
reaching a static state may have a larger different from the here presented results. At both anode 
and cathode, pH changes resulting from the respective catalytic reaction seem to level off at 
distances greater than 800 µm at 0.12 mA cm−2. 
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In spite of significant noise contributions, visual inspection of the normalized Raman spectra 
clearly suggests the corresponding changes in the peak magnitude of phosphate peaks at 991 
and 1077 cm−1 (Figure 5-16). At the anode, the acidic phosphate peak at 1077 cm−1 steadily 
decreases as the focusing position is gradually moved away from anode side, and vice versa 
for the alkaline peak (991 cm−2) near the cathode. A qualitative comparison of the normalized 
peak amplitudes in Figure 5-11 and Figure 5-16 shows that the Pb/Pa ratio is smaller at lower 
currents (0.12 mA cm−2 vs. 0.3 mA cm−2). In addition, in Figure 5-17 and Figure 5-18, the 
profile of phosphate amount and their normalized Raman peak intensities show the same trend 
as the pH profile, i.e., acidic phosphate intensities (H2PO4−) are higher at the anode, while basic 
phosphates (HPO42−) are higher at the cathode, implying local acidification and alkalinization. 
Cell voltages at low and high current densities (Figure 5-19) do differ in the magnitude for 
extended operation time, showing a larger overpotential required at 0.3 mA. A fully stable 
overpotential level is not reached within 17 min, which may be explainable by still incomplete 
establishment of stationary flow-equilibrium of the phosphate amounts. Alternatively, the onset 
of catalyst degradation processes could be involved.[140] Based on the here reported data on the 
temporal evolution of pH profiles (Figure 5-8), we assume that after about 5 min the situation 
is reasonably stable and the spatial pH profiles then largely correspond to a stationary flow 
equilibrium, at both current density levels. 

Importantly, also at low current densities, at which bubble-induced convective flows likely 
affect the diffusion of phosphate species only marginally, the proposed linear profile between 
the anode and cathode was not observed. This implies that other factors (e.g., natural 
convection due to changes in electrolyte density) shape the process of buffer species-assisted 
proton transport. For further insight, we took spectra at three representative positions between 
the electrodes (y = 1, 5, 9 mm, see Figures 5-7 B and C) to study possible convection in the 
bulk-phase electrolyte, as reported in the following. 

5.2.3.4 3D convective flow 

The CoCat film was operated in a neutral KPi buffer (pH 7, 25 mM) with a relatively thick film 
thickness (40 mC cm−2) (unstirred cell, at RT). Thus, for the spectra taken at three different 
vertical positions (Figure 5-7 B and C, z = 10, 5, 0.5 mm), we observed a completely different 
behavior of the pH profile under the same electrochemical scheme (Figure 5-20), i.e., at the top 
of the cell, the solution was becoming acidic, whereas near the bottom of the cell, the solution 
was becoming alkaline, while the pH of the middle layer between the electrodes is largely 
unaffected by the onset of catalytic currents and stays constant at the initial pH of 7. Spectral 
analysis is shown in the Experimental section. The calibration curve in Figure 5-4B was used 
to calculate pH. 
For measurements at the top position (z = 10 mm, Figure 5-7B and 5-20), the pH value changed 
from about 7 at OCP to 6.7 after 15 min of applying a current of 0.5 mA cm−2. Subsequently, 
when the current is turned off, the pH value remains almost constant. Upon reapplication of 
the current a slight change in pH occurs along with a pH-change delay. After switching to the 
OCP condition in the final stage, the pH value reaches about 6.5. In the intermediate position 
(z = 5 mm), the pH value almost stabilizes at about 7, with or without catalytic operation. In 
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contrast, at the bottom position of the cell, after OCP and current-on cycling, the pH increased 
from approximately 7 to 7.6. It is noteworthy that similar delay of pH changes was observed at 
the top and bottom positions, reflecting slow diffusional and convective flows. It was also 
found that the pH response of the second stage during powering-up (of the catalytic current) 
was less than the initial value, which could be attributed to convection or buoyancy effects 
produced by the bubbles[207] compensating for the uneven pH changes after a long period of 
operation. We note that the pH values at different locations are averaged over two independent 
samples, and that the cell voltage was around 2.3 V for both samples at 0.5 mA cm−2, 
suggesting that the individual experiment is reproducible. 
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Figure 5-20. pH profile at different vertical distances (z = 10 mm, A; 5 mm, B; 0.5 mm, C) with current 
jumps from OCP conditions to 0.5 mA cm−2 (red). The corresponding cell voltage is shown in black. 
Spectra were collected with a horizontal position (y) of 5 mm between the electrodes. The CoCat 
material was deposited on Pt foil (40 mC cm−2) and run in KPi buffer (25 mM, pH 7). The blue dots 
represent pH values calculated from individual Raman spectra taken consecutively during 
electrochemistry. Collection of each individual spectrum took 57-58 s. The pH values were quantified 
using the calibration curve in Figure 5-4B. The corresponding phosphate amounts are shown in Figure 
5-23. The blue dots indicate the smoothed average of two nearby data points. The pH at t = 0 is the 
initial pH (pH = 7) of the KPi solution prepared when the electrochemical reaction has not started. Note 
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that quantification of pH values may result in a statistical error of ±0.1 pH. Data points shown are 
average results using at least two independent CoCat films. 

 
Figure 5-21. pH profile at different vertical distances (z = 10 mm, A; 5 mm, B; 0.5 mm, C) with current 
jumps from OCP to 0.5 mA cm−2 (red). The left or right column shows the pH curve at 1 mm from the 
anode or cathode. Data points shown are average results using at least two independent CoCat films. In 
panel E, incomplete curves are caused by manually aborting the experiment. Due to the high local 
alkalinity, the pH curve in part F shows results for only a short period of time and is therefore outside 
the quantitative range of the pH calibration curve (Figure 5-4). See Figure 5-20 for details. 

The pH profile of the bulk solution was measured at different vertical heights (z = 0.5, 5, 10 mm) 
starting from a fixed intermediate position between the electrodes (y = 5 mm, Figure 5-7B and 
5-20). Subsequently, the series of spectra were further measured at a fixed horizontal distance 
(y-axis) of 1 mm from the electrodes (y = 1 and 9 mm, see Figure 5-7C and Figure 5-21). The 
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purpose of obtaining pH profiles in the vicinity of the electrodes is to identify convection loops 
that may exist in the two-electrode cell. In Figure 5-21A–C, the pH values of the three z-
positions (y = 1 mm) close to the anode show different behaviors during the 70 min jumps, i.e., 
the top layer of the cell is slightly acidified, the pH of the middle layer is around 7.1, and the 
bottom layer of the cell is alkaline. In the intermediate layer (z = 5 mm) at a distance of 1 mm 
from the cathode (Figure 5-21, panel D–F), the results were similar to those of the anode, with 
a slight change in pH over 40 min followed by a slight decrease (panel E). The decrease in pH 
after a long run may be due to diffusion of protonated phosphate species from the top region. 
In the top region, there was an overall decrease in pH of about 0.4 pH units with a delayed pH 
change, which implies that the protonated phosphate species diffused from the anode to the 
cathode. In addition, strong alkalization was observed in the bottom region near the cathode, 
and the peaks of acidic phosphate species monitored after energization for about 5 min were 
almost absent (Figure 5-21F). Thus, it was not possible to quantify pH from the calibration 
curve. It is also noteworthy that the intensity of the normalized Pb (HPO42−) peak at the bottom 
position (z = 0.5 mm) is significantly greater than that of the peaks at the middle and top 
positions (z = 5, 10 mm), suggesting the formation of a strong alkalization ( Figure 5-24F vs. 
Figure 5-24 D and E). 
In conclusion, we obtained a three-dimensional pH profile of a parallel two-electrode cell and 
revealed a unique behavior in the vertical space, i.e., acidification at the top of the cell, neutral 
pH in the middle layer, and strong alkalization at the bottom. In addition, the extent of change 
in pH varied depending on the horizontal distance of the electrodes (y = 1, 5, 9 mm). The 
presence of acidity at the top cathode location and the alkalinity at the bottom anode region 
strongly suggest that (protonated) buffer molecules circulate from the anode toward the top of 
the cathode (z = 10 mm) and (deprotonated) buffer molecules circulate from the bottom of the 
cell from the cathode to the anode (z = 0.5 mm). Therefore, we conclude that there is convective 
flow in the bulk electrolyte. 
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Figure 5-22. Time course of phosphate species amount (left) and normalized phosphate peak intensity 
(right) profile at the indicated vertical space (z = 10 mm, A, B; 5 mm, C, D; 0.5 mm, E, F) and at a 
horizontal distance (y) of 1 mm from the anode. A jumping current (red) from OCP to 0.5 mA cm−2 was 
applied. The two phosphate species corresponding to phosphate base (Pb, HPO4

2−, ~991 cm−1) and 
phosphate acid (Pa, H2PO4

−, ~1077 cm−1) are shown in purple or orange, respectively. The phosphate 
amounts are calculated according to Equations 5-1 and 5-2 (see Section 5.2.2). The ratio of phosphate 
amount was used for pH quantification. Phosphate peak intensities (right) were normalized with respect 
to the water peak at ~1642 cm−1. The indicated data points are the averages of at least two independent 
films and are used as supporting information for Figures 5-21 A–C. 
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Figure 5-23 Time-course profiles of phosphate species amount (left) and normalized peak phosphate 
intensity (right) in a specified vertical space (z = 10 mm, A, B; 5 mm, C, D; 0.5 mm, E, F) and at a 
horizontal distance y of 5 mm from the anode. See Figure 5-22 for more details. 
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Figure 5-24. Time course of phosphate species amount (left) and normalized phosphate peak intensity 
(right) in the indicated vertical space (z = 10 mm, A, B; 5 mm, C, D; 0.5 mm, E, F) and at a horizontal 
distance y of 9 mm (1 mm) from the anode (cathode). The right column is 1 mm relative to the cathode. 
See Figure 5-22 for more details. 

Figures 5-22 to 5-24 is the time course of phosphate amount (left) and normalized phosphate 
intensity (right) corresponding to Figures 5-20 and 5-21. Comparing the top (z = 10 mm) and 
bottom (z = 0.5 mm) profiles, the amount profiles for Pb or Pa are reversed if we do not account 
for the effects of late jumps caused by the diffusion of phosphate species from nearby vertical 
space, while the profiles at the middle positions (z = 5 mm) are relatively stable. In addition, 
we observed delayed changes in phosphate species amounts in the horizontal one-dimensional 
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direction. It is noteworthy that the major phosphate species involving Pa at the top of the anode 
(Figure 5-22A) or Pb at the bottom of the cathode (Figure 5-24C) did not show any delay in the 
initial period. However, a significant delay of phosphate species was observed in the middle 
layer of the cell (Figure 5-23B). This delay can be attributed to the 5 mm macroscopic distance 
from the electrode-bulk electrolyte interface. 

 
Figure 5-25. Comparison of normalized Raman spectra at specified vertical positions (z = 10, black; 5, 
red; 0 mm, blue) with jump currents tuned from zero (OCP) to 0.5 mA cm−2. CoCat was operated in 25 
mM KPi buffer (pH 7). The overlapping spectra represent simultaneously acquired spectra, normalized 
for water peaks and corrected for background. The dashed lines indicate the major vibrational bands of 
the phosphate species; from left to right: H2PO4

− (~877 cm−1), HPO4
2− (~991 cm−1), H2PO4

− 
(~1077 cm−1). The results are aligned with Figure 5-20 to Figure 5-24. Data were smoothed by 
commercially available software (OriginPro 2020b) using the Savitzky-Golay method for 5 points. 

Raman spectra were acquired at a fixed distance of 5 mm from the electrode at the specified z 
position (Figure 5-25). At 5.8 min (OCP), the peaks at 991 cm−1 (Pb) and 1077 cm−1 (Pa) clearly 
overlapped, indicating the same pH at different vertical positions. When a current of 
0.5 mA cm−2 is applied, the amplitude of Pb increases while Pa at the bottom position decreases. 
In contrast, the spectra taken at the top of the cell had the smallest amplitude at 991 cm−1 and 
therefore a smaller pH. The spectra recorded at z = 5 mm were repetitively localized between 
the spectra recorded at the top and bottom positions. After turning off the current, the phosphate 
peaks were no longer similar at all locations (z = 0.5, 5, and 10 mm), suggesting insufficient 
equilibration of phosphate species over a 15-minute period. Consequently, the amplitude 
changes of the phosphate peaks (Pb or Pa) do not increase or decrease to the same extent 
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compared to the first stage, because the previous OCP process did not reach full equilibrium. 
It is worth noting that after 1 hour, the bottom region has the largest peak of alkaline phosphate 
species (HPO42−) and the smallest peak of acid phosphate, indicating the formation of an 
alkaline region at the bottom of the cell and vice versa. In the mid-cell layer (z = 5 mm), the 
peaks at 991 cm−1 and 1077 cm−1 show little change during the jump (solid red curves), 
reflecting the presence of a stagnant layer in the mid-cell layer. This provides an explanation 
for the quantification of the overall pH profile at the mid-cell layer (see Section 5.2.3.1 to 
5.2.3.3). 
To sum up, Raman spectrum measurement with jump currents in the vertical direction of the 
cell suggests the presence of convective flow in the bulk electrolyte cell. In a previous study,[207] 
significant changes in pH (or phosphate amount) in three dimensions were also observed by 
using pH-sensitive fluorescent foils and attributed to the presence of natural convection.[207] 
Through numerical modeling, they confirmed that it is the change in electrolyte density that 
drives natural convection (i.e., the buoyancy effect) and further mitigates the large changes in 
local pH. In a practical electrolyzer, the evolution of bubbles generated by electrochemical 
reactions may play an important role in convective mixing, which obviously depends on the 
current density, the departure diameter and coverage of the bubbles.[291;292;298;309] Bubbles of 
different sizes affect the mass transfer characteristics. Thermal effects from the overpotential 
may also lead to macroscopic convection. As for the formation of convection here, it may be 
related to natural convection caused by changes in electrolyte density due to (de)protonation 
of phosphates. In addition, the evolution of bubbles is negligible at low current density 
(0.12 mA cm−2), where the bulk pH profile is similar to that at high current density 
(0.3 mA cm−2), and thereby we tend to attribute the convection to buoyancy effects.[207] 

5.3 Summarizing discussion 

A. Pronounced acidification at the CoCat—electrolyte interface 
By operando Raman spectroscopy, we observed that pronounced local acidification by almost 
one pH unit close to the outer surface of CoCat for electric potentials beyond the Tafel-slope 
regime. This finding suggests that macroscopic proton transport limitations lead to a decrease 
in the local pH near the catalyst surface, which in turn limits the catalytic current density. This 
finding strongly supports the conclusions presented in Chapter 2, where also a more detailed 
discussion can be found. 
B. Circular flow enhances proton transport between anode and cathode 
For stationary operation, transport of protons by diffusion of H2PO4− ions directly from the 
anode to the cathode would require H2PO4− amount profile that changes linearly between a 
maximum at the anode-electrolyte interface to a minimum at the cathode-electrolyte interface 
(and vice versa for the HPO42− amount profile, see also dash lines in Figure 5-26A). This 
behavior is clearly predicted by the one-dimensional diffusion equation for the stationary 
situation, but it contrasts with the here reported experimental findings (solid lines in Figure 
5-26A). Instead, by collecting Raman spectra of the middle layer of the water electrolyzer (z = 
5 mm), remarkable concentration gradients were observed, but only within about 800 µm from 
the anodic and cathodic electrodes. The otherwise lacking concentration gradients excludes 
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significant proton transport by diffusion of H2PO4− ions directly from the anode to the cathode 
(as well as the HPO42− diffusion in the reverse direction). 

 
Figure 5-26. Circular flow within the two-electrode cell facilitating accelerated proton transport by the 
protonated buffer base (H2PO4

−). (A) One-dimensional concentration profiles of proton transport 
assisted by electrolyte phosphate ions from theoretical prediction (dashed lines) at constant diffusive 
flux and experimental results (solid lines) generating steep concentration gradient. (B) Schematic 
circular flow enhancing proton transport between the anode and cathode. The blue area indicates more 
protonated HPO4

2− at the top of the cell and salient HPO4
2− (orange) at the bottom of the cell. Arrow 

(red) marks the direction of convective flow. 

The steep non-linear concentration gradients that level off within about 800 µm can be 
explained by a circular electrolyte flow as schematically shown in Figure 5-26. This 
explanation is strongly suggested by the experiments of Figures 5-20 to 5-25. The circular flow 
involves the transport of (protonated) buffer molecules from the anode to the cathode at the top 
of the cell (z = 10 mm) and (deprotonated) buffer molecules from the cathode to the anode at 
the bottom of the cell (z = 0.5 mm). It is likely that for the here investigated electrode geometry, 
the rate of proton transport through the circular flow of phosphate ions clearly exceeds the rate 
of proton transport by direct diffusion between anode and cathode. 
The origin of the circular flow is not fully clear. As discussed in the preceding section, it is 
conceivable that natural convection caused by buoyancy drives the here described circular flow. 
The buoyancy would result from a density difference of the hydrated phosphate ions. The 
doubly charged HPO42− is expected to carry a more extended and denser hydration shell than 
the singly charged H2PO4− so that the latter would experience a relative buoyancy force. 
Here its found that the electrolyte pH in the vicinity of the anode and the cathode (here detected 
at 1 mm distance) can differ pronouncedly between the lower part of the electrodes (more 
alkaline) and the upper part of the electrodes (more acidic). Such a wide spread of pH values 
in the vicinity of the same electrode may complicate the interpretation of potential and pH 
dependencies in mechanistic investigations. For example, a heterogeneity in the local pH at the 
working electrode may be related to the imperfectly linear relation between oxidation state and 
the logarithm of the current density in unstirred electrolyte (Panels A3 and B3 of Figures 3-11 
and 3-12), contrasting the perfectly linear relation in stirred electrolyte (Panels C3 and D3 of 
Figures 3-11 and 3-12). Moreover, it will hamper the reproducibility of the results for changes 
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in the cell geometry. In mechanistic investigations, diffusion acceleration by strong electrolyte 
stirring may be generally a useful experimental approach for minimization of diffusion 
limitations and avoidance local-pH heterogeneities at the working electrode.  
In conclusion, for the here investigated geometry the direct diffusion of proton carrying 
molecules within a stagnant electrolyte is not the major route of proton transport from the anode 
to the cathode. This conclusion likely is generally valid for technically relevant electrolysis 
cells. (Noteworthily, also in alkaline electrolysis, the proton transport between electrodes 
typically is facilitated by diffusion and/or flow of molecules, specifically of hydroxide ions.) 

5.4 Experimental details 

5.4.1 Sample preparation 
For local and bulk electrolyte pH quantification, CoCat was deposited on a Pt foil with an active 
area of 1 cm2. For local pH measurements, the area of the film exposed to the electrolyte was 
0.785 cm2 (diameter: 1 cm). In bulk pH quantification, the exposed film is 1 cm2 unless 
otherwise noted. In vertically oriented acquisitions (Figure 5-7C), the exposed area in the 
electrolyte was 0.8 cm2 at a distance of 1 mm from both electrodes. The deposited amounts of 
CoCat are 20 and 40 mC cm−2, as described everywhere.[70;126] The prepared CoCat was 
operated in 25 mM neutral KPi buffer solution. Standard phosphate solutions (25 mM) of 
different pH values were prepared from stock solutions of H3PO4, KH2PO4 with the pH 
adjustment by adding concentrated KOH solution (1 M or 5 M). 

5.4.2 Raman configuration 
Operando Raman spectroscopy was performed using Renishaw inVia confocal Raman 
spectrometer equipped with a Leica water immersion objective (×40, NA 0.8, laser position 
and intensity calibrated to standard silicon). Two types of electrochemical cells were used to 
quantify local and bulk pH, respectively (Figure 5-1, Figure 5-6). 
Spectra of CoCat films (1 cm in diameter, exposed to the electrolyte) deposited on a platinum 
foil substrate were collected for local pH experiments in 25 mM KPi solution using a 
laboratory-made three-electrode Teflon cell (Teflon® PTFE) (Figure 5-1). Water-immersion 
objective of the Raman microscope was covered with a Teflon film (Teflon® FEP, 13 𝜇m, 
DuPont) to avoid exposure to corrosive electrolyte solutions during data collection for pH 
calibration. Spectra were collected in phosphate solutions of different pH values using green 
laser (532 nm edge mode) and a circular spot as an excitation source (grating of 2400 lines/mm, 
laser power of 35 mW, each spectrum collection for 3 min 50 s acquisition). In order to monitor 
the local pH change of the CoCat film during the electrocatalytic process, a motorized sample 
stage was used and the laser focus was adjusted to approximately 20 µm above the CoCat 
surface. Line focusing was performed using a 532 nm laser (beam size of approximately 
100 × 10 µm2, intensity of 17.5 mW, acquisition time of around 1 minute per spectrum) to 
avoid damage to the sample. The electrochemical system is controlled by a SP-200 BioLogic 
potentiostat. With the BioLogic potentiostat's ZIR technology, the iR voltage drop is 
compensated by 85%. During the chronoamperometric steps, the collection of spectra was 
initiated after applying corresponding potentials in the range of 0.6 V to 1.38 V for 1 minute 
(total step size of 2.5 min). 



Chapter 5 Local pH and electrolyte pH profile 

174 

To measure bulk pH, a simple two-electrode electrochemical cell was built. The laser focusing 
point of Raman spectrometer was located around 1 mm from the back side of the transparent 
glass wall (Figure 5-6) so that measurements could be made along the path of the two parallel 
electrodes. For using the water immersion objective, a drop of water is placed between the 
glass wall and the objective. The distance between electrodes is 1 cm and is wedged with a 
Teflon spacer (2 mm thick). Pt foil (10 ´ 20 mm) can be used as an anode or cathode but is 
coated or uncoated with CoCat. The electrodes are fastened with Kapton tape to a PTFE or 
aluminium holder. Spectra were collected using a green laser (532 nm) in edge mode (100 % 
power). The exposure time for each spectrum was 10 s, with 5 accumulations. The acquisition 
time for each spectrum is approximately 58 s. The position where a clear laser spot is blocked 
by the electrode is defined as the zero point by adjusting the micrometer motorized sample 
stage. Similarly, the bottom line of the electrochemical cell is defined as the “zero” height of 
the vertical jump current experiment. To ensure the repeatability of the zero point, the OCP 
spectra were continuously acquired with the presence of of KPi buffer. The zero point is defined 
as the position where the Raman peaks of phosphate and water first appear, and the PTFE peak 
disappears. The protocols applied include jump currents between OCP and 0.5 mA cm−2 and 
fixing currents of 0.3 mA cm−2 or 0.12 mA cm−2. A miniature Ag/AgCl electrode (3 M NaCl) 
was added in the top solution region near the anode in order to obtain the specific potential of 
the working or counter electrode. 

5.4.3 Raman analysis 
Raman spectra were analyzed using Fityk software. Calibration curves (Figure 5-4B) are 
obtained by collecting spectra with well-known phosphate concentrations and used for local 
and bulk pH quantification. Lorentzian, Gaussian, or Voigt function are used to fit the Raman 
bands of the phosphate solution species or water. In more detail, the half-width-at-half 
maximum (HWHM) and peak position values are fixed, and the band amplitudes are 
normalized to the water band intensity. Note that the water peak intensity is from the average 
of phosphate standard solutions (~1642 cm−1, 45508 a.u.). See Section 5.2.2 for details on 
obtaining calibration curves. Here, we focus on spectral modeling for bulk electrolyte pH and 
thus fit only the phosphate peaks. There are two main types of phosphates, H2PO4− and HPO42−. 
The H2PO4− bands at ~ 877 cm−1 and 1077 cm−1 were fitted with a fixed HWHM of 10 cm−1. 
Another band at ~991 cm−1 assignable to HPO42− was fitted with the HWHM of 8 cm−1. The 
Voigt function (77.5 cm−1, shape = 0.1) was used to fit the water peak at ~1642 cm−1. 
Background was corrected by using a sixth-order polynomial. Direct peak amplitudes of 
phosphate species were obtained by concurrently fitting the peak bands of phosphate species 
and calibrating background. Subsequently, normalized phosphate peak amplitude is calculated 
after normalization respect to water peak (~1642 cm−1). Note that a calibration factor (υ) was 
introduced to obtain the relative phosphate amounts, as described in the calibration curve 
section 5.2.2.



 

 

 

 

6 Key results 

This thesis focuses on the activity determinants and limiting factors in neutral-pH water 
oxidation, the oxygen evolution reaction (OER) elucidated for an electrocatalytic 
cobalt-phosphate (CoCat) system. The main topics include the role of macroscopic proton 
transport limitation as determinants of electrocatalytic rates (Chapter 2), the role of metal redox 
chemistry in determining the rate of OER catalysis (Chapter 3), the structural and functional 
role of redox-inert ions (Chapter 4), and the quantification of local pH and electrolyte pH 
profiles under electrocatalytic operation conditions (Chapter 5). The involved techniques 
comprise electrochemical techniques combined with operando X-ray absorption spectroscopy 
(XAS), operando Raman spectroscopy (RM), UV-vis spectroscopy, and elemental analysis 
(total reflection X-ray fluorescence, TXRF) as well as numerical simulations. The most 
important results are summarized below and concern (A) the macroscopic transport phenomena 
acting back on the catalyst material and (B) the rate-determining factors of the OER at the 
microscopic (atomistic) level. 

 
A.  Macroscopic Proton Transport Limitations in the Bulk Electrolyte Determine 

Catalyst-Internal OER Rates (Chapters 2 and 5) 
Comprehensive analysis of current-potential (j-V) curves at different KPi concentrations 
reveals distinct rate determinants of OER in different potential regimes as summarized in the 
following. (Chapter 2) 
a) Low overpotential regime. At low overpotentials, essentially identical Tafel slopes at 

different KPi concentrations reflect the fact that the intrinsic OER mechanism is unaffected 
by the electrolyte (KPi) composition. Both potential-dependent oxidation states and the 
atomic structures that are relevant to catalytic mechanisms are indeed unaffected by the 
electrolyte phosphate concentration, as found by XAS analysis. (Chapter 2) 

b) Intermediate overpotential regime. Upon further extension to the intermediate 
overpotential regime, plateau current density and KPi concentration show a first-order 
relation, implying that current limitation arises from the available amount of nonprotonated 
buffer ions (HPO42−) that can accept protons. Upon accelerating diffusion in the electrolyte, 
the plateau current density significantly increases, supporting that the proton-carrying 
buffer ion is macroscopically diffusion-limited. (Chapter 2) 
i. Localized acidification was detected close to the outer surface of the CoCat material 

by operando Raman spectroscopy when the electric potential exceeded the region of 
the Tafel slope, implying that the macroscopic transport of protons was limiting. 
(Chapter 5) 

ii. By analyzing the first-order derivatives of the X-ray fluorescence signal collected 
during CVs at fixed XAS excitation energy, it is shown that CV peaks observed in 
low-KPi electrolyte are not resulting from redox transitions but result from KPi 
diffusion limitations. This supports that sufficient amounts of electrolyte bases acting 
as proton acceptors are critical to mitigate decreased catalytic activity resulting from 
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local acidification at the electrode surface and consequently within the CoCat 
material (increase proton activity within the volume-active CoCat material). 
(Chapter 2) 

iii. Phosphate ions do not facilitate the catalyst-internal proton transport. By quantifying 
the absolute amount of internal phosphate as a function of (i) electrolyte KPi 
concentration and (ii) applied electrode potential, limitation from internal proton 
transport mediated by phosphate ions was essentially ruled out. The negligible 
influence of changes in KPi electrolyte concentration and electrode potential on the 
amount of internal phosphate suggests that a low exchange efficiency of phosphate 
between electrode material and bulk electrolyte. This finding conflicts with the first-
order dependence between current density and KPi concentration relating to catalyst-
internal proton transport by phosphate ions (see Figure 2-1). The slow release of 
phosphate from the interior of CoCat when the film is operated in an unbuffered 
electrolyte with a relatively stable potential also suggests an inefficient exchange of 
phosphate. (Chapters 2 and 4) 

iv. Modeling of experimental j-V curves confirms the roles of the buffer pathway and an 
additional water pathway (see also c) in mediating electrolyte proton transfer in 
neutral-pH water oxidation, as schematically summarized in Figure 2-23. (Chapter 2) 

c) High overpotential regime. At higher potentials, the j-V curves at low KPi concentrations 
asymptote to those of the electrolyte without KPi (pure water), indicating that water acts as 
a proton acceptor once the capacity of the phosphate buffer system for proton transport is 
exhausted. The increased activity for the stirred pure water system implies that also for the 
water pathway of proton transport diffusion (of the H3O+ ion) is a limiting factor. 
Experiments and mathematical modeling consistently predicted a doubling of the Tafel 
slope when run in a non-buffered electrolyte. Therefore, the water pathway is 
technologically largely irrelevant in neutral OER due to the need for high overpotentials. 
(Chapter 2) The following further effects were observed in the high overpotential (and thus 
high current) regime: 

i. Experiments and simulations show a relevant limitation by the Ohmic resistance of the 
substrate electrode (mainly from ITO electrodes) and the electrolyte. (Chapter 2) 

ii. Additional enhancement due to natural convection, such as buoyancy, was detected by 
numerical modeling of j-V curves, in line with results obtained by operando Raman 
spectroscopy. (Chapters 2 and 5) 

d) Further results on proton-transport limitations and their removal. 
i. Ionic strength. The effect of varying the ionic strengths was investigated by adding high 

concentrations of electrolyte salts (here KNO3) at different KPi concentrations. It was 
found that the catalytic activity is largely independent of the increased electrical 
conductivity or other possible salt effects (when a non-proton-accepting electrolyte salt 
is added). (Chapter 2) 

 
ii. Current densities exceeding 1 A cm−2 in neutral-pH OER. A proof-of-principle 

experiment using a three-electrode rapid-flow system achieved OER current densities 
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well above 1 A cm−2 by consequently removing the limitations identified above. 
(Chapter 2) 

iii. Non-diffusive, convective flows dominate electrolyte proton transport. 
Spatially-resolved operando Raman spectroscopy investigated electrolyte pH profiles 
of a water-electrolysis cell, which involved a cobalt-based catalyst film (CoCat) at the 
anode and a platinum cathode. By analysis of Raman bands of the electrolyte phosphate 
ions, their concentrations and local pH values were determined at selected locations on 
the electrochemical cell. Non-linear H2PO4− and HPO42− concentration profiles were 
detected between anode and cathode, with steep concentration gradients close to the 
electrodes that level off within about 800 µm from the respective electrode. This could 
be explained by a circular electrolyte flow that involves the transport of (protonated) 
buffer molecules from the anode to the cathode at the top of the cell and (deprotonated) 
buffer molecules from the cathode to the anode at the bottom of the cell (see scheme of 
Figure 5-26). Natural convection caused by buoyancy effect relating to density 
differences of the hydrated phosphate ions may drive the circular flow. Consequently, 
the direct diffusion of proton-carrying molecules within a stagnant electrolyte is not the 
major route of proton transport from the anode to the cathode; other non-diffusive flows 
dominate the electrolyte proton transport. This conclusion likely is generally valid for 
technically relevant electrolysis cells. (Chapter 5) 
 

B1.  Microscopic Determinants of Catalyst-Internal Redox and Reaction Chemistry 
(Chapter 3) 

The redox-active CoCat material is investigated by combining electrochemical 
experimentation with X-ray absorption and visible-light spectroscopy in operando 
experiments. It was found that the atomic structure and average metal oxidation state of the 
catalyst material are in equilibrium with the electrochemical potential, which is determined 
by the applied potential and the electrolyte proton activity. It is not the electric potential or 
the strength of the electric field per se that determines the OER catalytic rate, but rather the 
chemical state of the equilibrated material (see scheme of Figure 3-18). The steepness of 
the potential dependence of the catalytic current and non-Nernstian redox transition of the 
catalyst material can be explained in terms of energetically interacting high-valence metal 
sites. (Chapter 3) 
a) Finding one: The catalytic current and thus the catalytic rate depends strictly 

exponentially on the Co4+ concentration in the redox-active catalyst material, 
independent of the electrolyte pH or mass-transfer limitations. (Chapter 3) 

b) Finding two: The CoIV ions are formed in a redox transition in which the CoIV 
concentration does not follow the classical Nernstian behavior but depends linearly on 
the electrochemical potential. This is due to the rather strong interactions between the 
CoIV metal ions, whose total positive interaction energy is proportional to the CoIV 
concentration, thus placing the catalyst material between a redox-active molecular 
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solution with Nernstian behavior and a redox-inactive solid material with a 
potential-dependent Fermi energy. (Chapter 3) 

c) Based on these experimental results, we propose that (i) the average oxidation state of 
cobalt is linearly related to the electrochemical potential due to the fact that the total 
positive interaction energy increases linearly with increasing Co4+ concentration. (ii) 
The same interaction energy leads to an increase in the oxidizing ability of the OER 
active site. Accordingly, the free energy difference of the transition state decreases 
linearly with increasing overpotential, thus explaining the exponential relationship 
between CoIV concentration and catalytic current. (Chapter 3) 

 
B2.  Microscopic Determinants: The Role of Catalyst-Internal Redox-Inert Ions  
(Chapter 4) 

The structure of the redox-inert potassium ion within the CoCat material and its role in the 
charge compensation process of the cobalt redox transition have been investigated by 
operando XAS at potassium K-edge and elemental analysis. (Chapter 4) 
a) The K+ ion binding within CoCat material involves comparably weak binding motifs, 

most likely hydrated K+ ions and a minor fraction of K+ ions forming ions pair with 
phosphate species as well as a potassium bound via a single O atom to Co ions of CoO2 
layer fragments. These binding motifs were deduced from XANES and EXAFS data 
collected at the potassium K-edge in technically challenging experiments. (Chapter 4) 

b) In the CoCat material, the CoII/III and the CoIII/IV redox transitions take place throughout 
the CoCat material involving a major fraction of cobalt ions. These transitions require 
massive charge-compensating ion flows. Previous electrokinetic data and analysis of 
H2O/D2O exchange[134] effects suggest charge-compensation by protons exiting (upon 
Co oxidation) or entering (upon Co reduction) the CoCat bulk material. Here it was 
investigated whether also charge compensation by potassium ion flows is involved. It 
was found that cobalt redox transitions involving K+ ions are not supported by 
elemental quantification and operando XAS detection of K+ exchange kinetics. 
Electric-potential independence of the P:Co and K:Co molar ratios rules out any 
relevant contribution of these inert ions to charge compensation in the CoCat redox 
processes. The charge-compensating role of potassium ions was also ruled out from the 
novel potassium K-edge XAS experiment, where the releasing rate of potassium ion 
was one order of magnitude slower than the rate of oxidation of cobalt ion in the CoCat. 
Therefore, in combination with the inherent slow-release rate of phosphate, we 
conclude that neither K+ ions nor phosphate ions can participate in charge compensation 
events in the redox transition of CoCat materials. (Chapter 4) 
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7 Appendix 

7.1 Additional figures 
 

 
Figure 7-1. Rate law plots between log(current density) and log(Co4+ concentration) for CoCat operating 
at different pH or KPi concentrations. The results shown here are adapted from Figure 3-1D and Figure 
3-5A, but the X-axis is shown on a logarithmic scale. The [Co4+] indicates an average oxidation state 
greater than 3.0. Specifically, the Co4+ concentration shown here is obtained by subtracting 3.0±0.05 
from the displayed mean oxidation state in Figure 3-1D and Figure 3-5A, respectively. See Figure 3-1 
and Figure 3-5 for more details. 
 

 
Figure 7-2. Logarithmic plots of current density and oxidatively stored charge for CoCat films operated 
at different pH or KPi concentrations. Note that the here displayed graphs are adapted from Figure 3-11 
C3 and Figure 3-12 C3, with offset values (~0.5) subtracted from each curve because of the deviation 
from the zero point of Figure 3-11 C3 and Figure 3-12 C3. The presence of offset is likely related to the 
choice of the jump-back potential. Ideally, the potential at which the mean oxidation state of cobalt is 
equal to 3.0 is used as the jump-back potential. See Figure 3-11 C3 and Figure 3-12 C3 for more details. 
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Figure 7-3. Logarithmic plot of optical absorption difference at 600 nm and current density, adapted 
from Figure 3-17C. Note that absorption values less than 0 cannot be displayed. 
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