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Summary 
Renewable energy sources are increasingly important in meeting society’s energy demand. 

In particular, penetration of wind and photovoltaic power is growing rapidly. This 

development is essential for the wellbeing of future generations, but is accompanied by many 

challenges. One of the most important technical challenges is security of supply of renewable 

energy. After all, there are windless, dark periods. This thesis focusses on a potential novel 

energy storage system to bridge those periods with stored energy from light, windy periods. 

The storage occurs through conversion of dissolved potassium bicarbonate into potassium 

formate, creating a safe and scalable system. Safe, as only non-flammable, non-toxic 

chemicals are used and scalable due to the liquid storage medium that can be pumped into 

tanks. Before the system can be realised, many questions need to be answered. Some of 

which, in this thesis.  

First, in Chapter 2, the question is answered under which circumstances electrochemical 

conversion of bicarbonate to formate can occur. That is researched with a theoretical analysis 

of an electrolyzer, taking into account reactions at the electrode, transport through a 

membrane, exchange with a gas phase and the carbon dioxide-bicarbonate-carbonate 

equilibrium. From this mass balance analysis, it follows that the overall net conversion of the 

electrolyzer remains unchanged, when the electrochemically active species at the cathode is 

changed from bicarbonate to carbon dioxide. Consequently, electrodes designed for the 

reduction of carbon dioxide, which have been thoroughly studied in literature, can be utilized 

in the bicarbonate-formate storage system. Furthermore, due to the carbon dioxide-

bicarbonate-carbonate equilibrium, the desired conversion of bicarbonate to formate can only 

occur when protons are transported through the membrane into the catholyte.  

Given the possibility to utilize electrodes designed for the reduction of carbon dioxide, 

Chapter 3 considers lead (Pb) electrodes. Those are initially highly active and selective for 

formate production, but show reduced current density and a relative increase in undesired 

hydrogen production, within minutes. Brief anodic polarization of the electrode, restores the 

initial activity and selectivity. From in-situ Raman spectroscopy and thermodynamic 

analysis, it follows that lead carbonate is likely the electrochemically active phase. The lead 

carbonate degrades relatively slowly during production of formate, but can be regenerated 

relatively fast by anodic polarization. Therefore, pulsed electrochemistry can be a viable 

method to ensure a high average activity and selectivity of lead cathodes. However, for 

application in an energy storage system the overpotential is too high, which would result in 

excessive energy losses and low energy efficiency.  

Therefore, in chapter 4, electrodes with a palladium catalyst are studied. Palladium has a 

low overpotential, but also produces relatively large amounts of undesired hydrogen. 

Fortunately, an increase in the partial pressure of hydrogen and therefore an increase in the 

concentration of hydrogen dissolved in the electrolyte, results in reduced net hydrogen 

production. A partial pressure of hydrogen of only 4 bars can be sufficient to prevent further 

hydrogen production and results in nearly exclusive formate production. At even higher 

partial pressures of hydrogen, there is net consumption of hydrogen from the gas phase. A 



ii 

reactor, in which the formed hydrogen accumulates through an increase in partial pressure 

and/or concentration, will therefore reach an operating point at which the net hydrogen 

production is zero. Consequently, the lack of intrinsic selectivity of palladium with regard to 

formate production does not have to be a showstopper for its application in the bicarbonate-

formate storage system. 

Although an increase in the partial pressure of hydrogen has a clear effect on the net hydrogen 

production, it is not directly explicable with the reaction schemes presented in literature. 

Moreover, other have applied a small increase in the partial pressure of hydrogen and 

reported no effect on the net hydrogen production, but rather an increase in formate 

production. In chapter 5, an engineering method is applied to determine a suitable reaction 

mechanism. Several plausible mechanisms, substantiated by (literature) observations, are 

modelled. Then, modelled trends regarding reaction rates as function of experimental 

parameters are compared to experimentally observed trends. Mechanisms that are not able to 

describe all trends are dismissed. A mechanism based on both an α- and β-palladium hydride 

phase can describe the experimental results and correctly predicts the outcome of isotopically 

labelled experiments. From the mechanism and model, it follows that the ratio of α- and β-

palladium hydride is a crucial factor in the intrinsic selectivity. The ratio itself is strongly 

influenced by the size, shape and support of the Pd nanoparticles. Furthermore, the proton 

reduction rate, which is highly dependent on the catalyst-ink layer properties, is a determining 

factor in the effect of the partial pressure of hydrogen on the formate and/or hydrogen 

production rate. Therefore, both aspects are highly relevant for further research. 
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Samenvatting 
Hernieuwbare energiebronnen vervullen een steeds belangrijker deel in de energiebehoefte 

van onze maatschappij. Met name de penetratie van elektrische energie uit zon en wind 

vordert met rasse schreden. Die ontwikkeling is essentieel voor het welzijn van toekomstige 

generaties, maar brengt ook uitdagingen met zich mee. Een van de belangrijkste technische 

uitdagingen is leveringszekerheid van duurzame energie. Er bestaan immers luwe, donkere 

periodes. Dit proefschrift focust op een potentieel nieuw energieopslagsysteem om deze 

periodes te overbruggen met opgeslagen energie uit lichte, windrijke periodes. Die opslag 

geschiedt middels omzetting van opgelost kaliumbicarbonaat naar kaliumformiaat, waarmee 

een veilig, schaalbaar opslagsysteem ontwikkeld kan worden. Veilig wegens het gebruik van 

onbrandbare, niet-giftige chemicaliën en schaalbaar door het gebruik een vloeibaar 

opslagmedium dat naar een tank verpompt kan worden. Voor het bicarbonaat-formiaat 

opslagsysteem kan worden gerealiseerd, moeten nog vele vragen beantwoord worden. Een 

deel daarvan in dit proefschrift. 

Allereerst wordt in hoofdstuk 2 de vraag beantwoord onder welke omstandigheden 

elektrochemische conversie van opgelost bicarbonaat naar formiaat kan plaatsvinden. Dat 

geschiedt middels een theoretische beschouwing van een elektrolysetoestel, met 

inachtneming van reacties aan de elektrodes, transport door een membraan, uitwisseling met 

een gasfase en het koolstofdioxide-bicarbonaat-carbonaat evenwicht. Uit deze massabalans 

analyse blijkt dat het, voor de netto omzetting van het elektrolysetoestel, irrelevant is of 

koolstofdioxide dan wel bicarbonaat reageert aan de kathode. Derhalve kunnen kathodes 

gericht op koolstofdioxide reductie, waar al veelvuldig onderzoek naar gedaan is, toegepast 

worden. Verder blijkt, wegens het koolstofdioxide-bicarbonaat-carbonaat evenwicht, dat de 

gewenste omzetting van bicarbonaat naar formiaat alleen plaats kan vinden als er protonen 

door het membraan naar het katholyt getransporteerd worden.  

Gegeven de mogelijkheid kathodes voor de reductie van koolstofdioxide te gebruiken, wordt 

in hoofdstuk 3 gekeken naar lood elektrodes. Deze zijn initieel zeer actief en selectief voor 

de productie van formiaat, maar blijken al na enkele minuten verminderde stroomdichtheid 

te vertonen, waarvan een groeiend aandeel voor de productie van ongewenst waterstof wordt 

aangewend. Kortstondige anodische polarisatie van het lood hersteld de initiële activiteit en 

selectiviteit. Middels in-situ Raman spectroscopie en thermodynamische analyse blijkt 

loodcarbonaat de katalytisch actieve fase voor formiaat productie, welke relatief langzaam 

degradeert tijdens formiaat productie, maar snel anodisch geregenereerd kan worden. 

Gepulseerde elektrochemie kan dus een effectieve methode zijn om een hoge gemiddelde 

activiteit en selectiviteit van lood elektrodes te waarborgen. Voor toepassing in een 

energieopslagsysteem, blijkt echter het overpotentiaal te hoog, waardoor de energie-

efficiëntie te laag zou zijn. 

Derhalve worden in Hoofdstuk 4 elektrodes bestudeerd met palladium als katalysator, wat 

een laag overpotentiaal voor formiaat vorming heeft, maar ook grote hoeveelheden 

ongewenst waterstof produceert. Gelukkigerwijs leidt, verhoging van de partiële druk van 

waterstof en dus verhoging van de concentratie opgelost waterstof in het katholyt, tot een 
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verlaagde waterstof productie. Al bij een partiële waterstof druk van 4 bar kan verdere 

waterstof vorming voorkomen worden en wordt nagenoeg alle stroom gebruikt voor formiaat 

productie. Bij een hogere partiële waterstof druk wordt zelfs netto waterstof uit de gasfase 

geconsumeerd. Een reactor waarbij het gevormde waterstof volledig kan ophopen in de 

reactor middels een druk en/of concentratieverhoging zal dus een punt bereiken waarop de 

netto waterstofvorming nul is. Dientengevolge hoeft het gebrek aan intrinsieke selectiviteit 

van palladium met betrekking tot formiaat vorming geen belemmering te zijn voor toepassing 

in het bicarbonaat-formiaat opslagsysteem. 

Hoewel het verhogen van de partiële waterstofdruk en duidelijk effect heeft op de netto 

waterstofvorming, is dit niet direct te verklaren met in de literatuur geopperde 

reactiemechanismen. Bijkomend zijn er andere onderzoeksgroepen die bij een zeer kleine 

verhoging van de partiële waterstofdruk geen verandering in de waterstof productie 

observeerden, maar juist een verhoging van de formiaat productie. In Hoofdstuk 5 wordt een 

ingenieursmethode gebruikt om een passend reactiemechanisme te vinden. Verschillende 

plausibele mechanismen, onderbouwd door (literatuur) observaties, worden gemodelleerd. 

Gemodelleerde trends in reactiesnelheden als functie van experimentele parameters, worden 

vergeleken met experimenteel geobserveerde trends. Mechanismen die onder geen beding de 

experimentele trends konden beschrijven kunnen zo worden uitgesloten. Een mechanisme op 

basis van zowel een α- als β-palladiumhydride fase, blijkt de experimentele resultaten goed 

te beschrijven en ook de uitkomst van isotoop-gemarkeerde experimenten te voorspellen. Uit 

het mechanisme en model blijkt dat de verhouding tussen α- en β-palladiumhydride een 

bepalende rol in de intrinsieke selectiviteit heeft, welke sterk beïnvloed wordt door de 

grootte, vorm en drager van de palladium nadeeltjes. Daarnaast is de proton reductie snelheid, 

welke sterk onderhevig is aan de eigenschappen van de katalysator-inkt laag, bepalend is 

voor het effect van de partiële waterstofdruk op de snelheid van formiaat dan wel waterstof 

vorming. Beide aspecten zijn dus potentieel zeer relevant voor vervolgonderzoek. 
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Every morning billions of people start their day. They might have a warm shower, cook 

breakfast or make a nice cup of hot coffee. Many of the smaller and larger pleasures in life 

require some form of energy. E.g., heat to warm your house and bake your eggs or electric 

power for air-conditioning and the coffeemaker. Throughout the majority of human history, 

people had to supply their energy need by their own manual labour and body heat. That 

changed 350 000 years ago, when human-made wood fires started to find use in heating and 

cooking. Then, about 10 000 year ago, draught animals were first utilized for their labour. 

Later energy was harnessed from wind to sail ships (3500 b. C) and power windmills (500 b. 

C).1  

It was only in the 18th century that non-renewables became a major energy source, displacing 

firewood for heat production due to increasing wood prices and decreasing availability. 1 

During the industrial revolution, the invention of the steam engine made large-scale 

conversion of thermal energy to work feasible and increased coal consumption to then 

unprecedented levels in Europe and the USA.2,3 In 1885, Karl Benz developed the first 

practical automobile with an internal combustion engine that ran on gasoline. An automotive 

industry developed soon and in 1908 Ford started production of the iconic model T, the first 

car that was widely available to the middle class. Gasoline demand rose accordingly, which 

initiated several oil booms worldwide.4 By 1965 oil had outgrown coal as the world prime 

energy source.2 Although the first natural gas well became operational in the USA in 1821, 

widespread use of naturally occurring natural gas was long time not feasible due to 

difficulties with transporting the flammable gas. Around 1900, advances in pipeline 

technologies contributed to the commissioning of the first major gas transmission pipeline, 

which was the start sign for development of vast pipeline network.5 The share of natural gas 

in the world energy mix has been steadily increasing ever since and some scenarios predict 

it will be the primary energy source worldwide in 2050. 2,6 

In current times, people are realizing more and more that we should move away from fossil 

resources. Whether that happens before we run out of fossil resources remains to be seen, but 

the fact of the matter is that, at some point, renewables will become the main energy source 

once again. Oil, coal and gas producing nations have had significant financial benefits from 

the energy industry. One can imagine that a similar wealth can be gained from renewable 

energy production technologies and sales. In the electric power sector, global investments in 

renewables already represent a larger value than those in fossil fuelled power since 2007.7  

With the historic 2015 Paris Agreement, many countries (representing 87% of the world 

greenhouse gas emissions) have committed themselves to attempt to keep the global 

temperature rise below 2°C compared to pre-industrial levels.8 While some countries have 

sadly chosen not to honour the agreement, others have translated the Paris agreement into 

well defined goals. For example, the European Union formulated the clear-cut goal of being 

climate neutral in 2050.9 That is not just a far dot on the horizon. In 2018, eighteen percent 

of the gross final energy consumption in Europe was renewable.10 Even a country as 

Germany, typically considered an industrial powerhouse and motor of the European 

economy, acquired more than sixteen percent of its energy need sustainably in 2018.10 Over 
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46% of their electric power generation for the public grid was renewable in 2019.11 The 

energy transition towards renewables is not just going to happen. It is already in full swing! 

1.1 The role of energy storage in the energy transition 

Up until now, the most crucial developments in renewable energy technology were 

accomplished in the power (electricity) sector.12 In general, the share of renewables is much 

larger in the power sector specifically, compared to the share of renewables in the total energy 

production. During the coming decades, the European power sector is expected to increase 

its share in the total energy demand from 22% in 2015 to 29-38% in 2050.13 In the most 

recent EU reference scenario, the integration of renewables in the European power sector 

grows from 21% in 2010 to 56% in 2050. The majority of the expected growth spurt of 

renewables is accounted for by increases in solar power (<1% in 2010 to 11% in 2050) and 

wind power (5% in 2010 to 25% in 2050).14 Solar and wind power will be the workhorses 

for the energy transition in Europe.  

As with any radical change, transitioning to renewables requires overcoming a multitude of 

hurdles. For integration of solar and wind power in the electricity grid, the three major 

challenges are all related to inherent properties of solar and wind power. First, the power 

output is as uncertain as the weather, which means that unplanned generation shortages or 

excesses are unavoidable and should be managed. Second, power output is location-specific, 

thus transmission is required for distribution from the places of generation to the place of 

consumption. Third, wind and solar show temporal variability (intermittence), whereas 

demand is relatively constant, which requires long-term supply/demand management. To put 

it bluntly, we are uncertain where, when and how much renewable power is available and the 

power that is available will probably not match our demand.15,16 Fortunately, electricity 

storage technologies can help mitigate these three issues. 

Electricity storage can be a cost effective method, in addition to grid integration and demand 

side management, for integrating renewable power into the electricity grid. First, electricity 

storage can make up for the difference between forecasted renewable electricity production 

and actual electricity production, evening out short term imbalances. Second, storage can 

also aid in electricity transmission. For example storing part of the available solar power near 

the production site during the day when production is high and transmitting it at night when 

production is low, spreads the transmission of electricity over a longer period, reducing the 

required transmission capacity. Lastly, long-term storage of electricity can mitigate the 

intermittent nature of renewables and address supply/demand mismatches over longer 

periods. 16,18 

Electrical energy storage technologies are roughly divided in three categories (Figure 1.1). 

First, bulk scale energy storage with power outputs of more than 1 MW and enough capacity 

for at least 1 hour of discharge. Second, distributed storage systems with similarly long 

discharge time, but less power output. Lastly, there is short-term storage, which provides 

power over seconds to minutes. Short-term electricity storage technologies are already 

widely available and find their use in maintaining balance in the current electricity grid. 
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Long-term storage technologies, both bulk scale and distributed, are specific to a grid with a 

high percentage of intermittent renewable power. 19 

 

Figure 1.1: Typical capacities and time scales for selected storage technologies17 

A multitude of long-term storage technologies for renewable energy is in various stages of 

development. Pumped hydro is the only mature technology and currently represents over 

95% of the installed long-term storage capacity.20,21 It is cost effective and efficient (75% - 

85% roundtrip), but limited to specific geographic locations and has a large environmental 

footprint due to vast water basins that have to be created. Therefore, only a limited increase 

in its capacity is predicted and complementary alternative storage technologies are expected 

to be implemented. 16,22 

Promising alternative large scale, long-term electricity storage technologies include power to 

hydrogen (to power), power to X (to power) and redox flow batteries. Power to hydrogen is 

the most mature technology of the alternatives. Renewable electricity powers electrolysers 

that convert water into hydrogen and oxygen. The hydrogen can be stored as pressurized or 

liquefied gas and later reconverted to power in a fuel cell. Alternatively, hydrogen can be 

used in various industries as a chemical or as a combustion fuel. The energy efficiency of 

commercialised power to hydrogen systems is about 70-75% 23 and the round trip energy 

efficiency (power to H2 to power )approximately 20-50%. 24,25 A drawback of power to 

hydrogen is the high logistics cost for transport and storage in areas that are not connected to 

a hydrogen gas grid.26 Power to X tries to solve that by substituting hydrogen for another 

chemical.  Either vie subsequent conversion of hydrogen or direct electrochemical 

production. Potential chemicals include gasses as methane and ammonia and liquids as 

methanol, dimethyl ether and synthetic fuels.21 Whilst mitigating the logistics problem, 
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production of those chemicals is far less facile than hydrogen production, resulting in higher 

costs and lower efficiencies.27 Power to X therefore has more potential as a technology for 

the production of value added chemicals and for demand side management, rather than as 

energy storage for conversion back to power. For round cycle power to power storage, redox 

flow batteries are more promising with an efficiency of around 85%.28 Redox flow batteries 

exist in many forms, the most common being vanadium based and to a lesser extent Zn-Br2 

and Br-polysulfide systems.28 The working principle is similar to a rechargeable battery in 

the sense a reversible chemical reaction can produce and consume electricity. Contrary to 

batteries, the chemicals are not contained in the cell, but are liquid and can be pumped around 

storage tanks. Therefore, the size of the storage tanks limits the maximum amount of 

chemicals, hence storage capacity of a redox flow battery. The amount of electrode area in 

the redox flow battery dictates the power they can produce. Consequently, power and 

capacity are not coupled and contrary to a regular battery, both redox flow battery 

characteristics can be scaled independently. 

An important factor in the effectiveness of electricity storage is the size, number and location 

of storage units.19 As an example, consider three extreme cases. Fully distributed storage at 

the production site (every solar panel has its own adequate storage unit), fully distributed 

storage at the consumption site (every consumer has its own adequate storage unit) and fully 

centralised storage (only one storage unit). With distributed storage at the production site, the 

only transport of electricity is from supplier to consumer and peak power demand dictates 

the minimum grid capacity. With distributed storage at the consumption site, again the only 

transport of electricity is from supplier to consumer, but now peak power production 

determines the minimum grid capacity. In both distributed storage options, there is no 

economy of scale advantage for each small storage unit. In centralised storage, the grid is 

used ineffectively, as power has to be transferred to the storage unit and then later again to 

the consumer. However, there is an economy of scale advantage for the large storage unit. In 

a future electricity grid with a high fraction of intermittent renewable power, there will be a 

combination of large centralised storage units near the large production sites and distributed 

storage near smaller production sited and at industrial and urban consumers. 16,21,22,29,30 

Distributed storage must work on a relatively small scale of around 1 MW (adequate for 

about 3000 Dutch households). Therefore, pumped hydro and most power to X systems are 

inadequate. Pumped hydro storage typically works typically at a scale of 10-3000 MW31 and 

handling large amounts of water is too cumbersome in non-rural areas. Power to X typically 

involves a chemical hydrogenation reactor, which is difficult to scale down to less than 10-

80 MW.32 Note that an average industrial size methanol plant corresponds to 800 MW.33 

Current options for long-term electrochemical electricity storage are thus limited to power to 

hydrogen and redox flow batteries. 

Close to or within the urban environment, safety and fear of risks are important issue for the 

acceptance of a storage technology by local inhabitants.34 Safety measures that are 

implemented in large-scale chemical plants can be too expensive to implement on a small 

scale. For example a single flammable gas sensor may cost €2000, negligible on a factory 
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size, but significant for a small-scale system. Both power to hydrogen and most redox flow 

batteries are not intrinsically safe. Power to hydrogen requires large quantities of compressed 

flammable/explosive hydrogen gas and redox flow batteries require tanks of oftentimes toxic 

chemicals.35 This thesis focusses in the development of an alternative scalable storage 

system, based on an intrinsically safe storage medium: The bicarbonate-formate system. 

1.2 The bicarbonate formate system 

Interconversion of bicarbonate to formate (Reaction 1.1) is promising for the purpose of 

energy storage. When dissolved in water as potassium salt, the solubility of KHCO3 limits 

the bicarbonate/formate concentration to 2.8 kmole/m3, which results in an estimated 

maximum theoretical energy density of 183 kWh/m3. The energy density is in between that 

of typical redox flow batteries and regular battery technologies, as shown in Table 1.1. 

Therefore, the storage system does not require excessive space. More importantly, the 

bicarbonate-formate system has a large safety advantage over other energy storage systems. 

The bulk chemicals used in the bicarbonate-formate system (KHCO3, KHCOO and H2O) are 

all non-toxic, non-explosive and non-flammable.36 Therefore, far less risk is associated with 

implementing the bicarbonate-formate system near or even in urban areas.  

𝐻𝐶𝑂3
 − ⇄ 𝐻𝐶𝑂𝑂− +

1

2
𝑂2  Δr𝐺° = 236 𝑘𝐽/𝑚𝑜𝑙𝑒  (Reaction 1.1) 

Table 1.1: Theoretical maximum energy densities and reported state of the art 

values for several energy storage technologies 

Technology Theoretical maximum  

energy density (MJ/m3) * 

State of the art experimental 

energy density (MJ/m3) 

H2 (gas, 1 atm.) 10  -  

H2 (gas, 700 atm.) 5000 37 2960 38 

Vanadium redox flow 160 39 120 28 

Br-Polysulfide redox flow 420 40 160 41 

Li-ion battery (single cell) 6800 42,43 2500 44 

NiMH battery 3200 43 1500 45 

Lead-acid battery 1400 46 320 47 

Bicarbonate-Formate system 660  -  

 

The bicarbonate formate system can be implemented in two configurations. The first option 

is fully electrochemical, with electricity as both input and delayed output, as illustrated in 

Figure 1.1. In the charge step, surplus electricity is used in an electrolyser to convert dissolved 

bicarbonate from a storage tank into formate (Reaction 1.1). The resulting potassium formate 

solution is then stored. When demand for electricity is high, formate is converted back to 

bicarbonate in a discharge step, via the reverse of Reaction 1.1, which generates electricity. 

                                                           
* Theoretical capacity estimated from standard Gibbs free energy of formation and (maximum) 

concentration/density at 298 K, disregarding activity coefficients and pressure effects 
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The resulting potassium bicarbonate solution is stored. Overall, the electrochemical 

configuration (Figure 1.2) stores electricity over time. 

 

Figure 1.2: Schematic representation of bicarbonate-formate system for 

electricity storage 

 

The second configuration is an electrochemical charge step with a delayed chemical 

conversion to hydrogen instead of the discharge step. In the conversion step, formate is 

converted to hydrogen via Reaction 1.2. Hydrogen is subsequently available as chemical 

feedstock or fuel. Overall, the second configuration has electricity as input and hydrogen as 

delayed output, which corresponds to combined electrochemical hydrogen production and 

storage in a safe medium.  

𝐻𝐶𝑂𝑂− +𝐻2𝑂 ⇄ 𝐻𝐶𝑂3
 − +𝐻2  Δr𝐺° = −1 𝑘𝐽/𝑚𝑜𝑙𝑒 (Reaction 1.2) 

Theoretically, the bicarbonate-formate storage system offers safe energy storage at 

acceptable energy density. Parts of the system were already researched as both hydrogen 

storage medium and electricity storage medium. The majority of existing research focusses 

on hydrogen storage by hydrogenation of bicarbonate to formate (reverse of Reaction 1.2) 

and dehydrogenation of formate (Reaction 1.2).36,48,49 Promising heterogeneous catalysts are 

typical (de-)hydrogenation catalysts based on e.g. palladium,  nickel or ruthenium.48,50 In the 

grand scheme of the energy transition, hydrogen is likely generated via water electrolysis. 

Therefore, the electricity-to-hydrogen configuration (Figure 1.3) can be seen as an intensified 

version of electrochemical hydrogen production and storage in formate. Ultimately, the goal 

would be to perform both steps (charge and discharge or charge and conversion) with the 

same reactor. 
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Figure 1.3: Schematic representation of bicarbonate-formate system for 

hydrogen generation and storage 

 

1.3 Scope and outline 

Considering the two major steps of the storage system, charge and discharge/conversion, 

literature data on the discharge/conversion steps is mostly promising and unambiguous. 

Literature shows chemical conversion of formate to hydrogen and bicarbonate (Reaction 1.2) 

at over 90% yield on various heterogeneous and homogeneous catalysts.48,51–53 Several 

benchtop-scale reactors are described in literature.51,52 Discharge of formate in direct formate 

fuel cells, has drawn significant attention in recent years and various efforts yielded fuel cells 

with up to 50-60% energy efficiency.54–56 It is suggested that conversion of formate to 

hydrogen and subsequent utilisation in a hydrogen fuel cell may be another viable option.51  

Far less knowledge is available regarding electrochemical conversion of bicarbonate into 

formate. Many publications regarding electrochemical reduction of bicarbonate to formate 

were published several decades ago.57–59 More recent literature, with similar reaction 

conditions including bicarbonate in solution, regards dissolved CO2 as the reactive species 

on various catalysts.60–63 No consensus is yet reached on the (catalyst dependent) reactive 

species on formate producing electrocatalysts. The consequences of either species being the 

reactive species are for now unexplored. Moreover, selectivity for formate production is 

oftentimes not 100% as hydrogen is formed in a side reaction (Reaction 1.3). Much variation 

is reported in literature, even for the same catalytic material (e.g. for Pb electrodes, selectivity 

ranges from 10-90%).64–68 Therefore, the majority of this thesis focusses on electrochemical 

production of formate, with specific focus on the overall mass balance, selectivity and energy 

efficiency. 

𝐻2𝑂 ⇄ 𝐻2 +
1

2
𝑂2  Δr𝐺° = −237 𝑘𝐽/𝑚𝑜𝑙𝑒  (Reaction 1.3) 
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1.3.1 Overall mass balance  

During (electro)chemical conversion of bicarbonate into formate, a presence of CO2 has a 

positive effect on the reaction rate.60,69 The majority of electro-chemical research reports CO2 

as reactive species at the electrode. 60–63  However, CO2 reduction to formate is much slower 

without the presence of bicarbonate.70–72 Recent literature suggests elaborate interplay 

between HCO3
- and CO2 during electrochemical production of formate.61,73,74 Likely, the 

carbon dioxide – bicarbonate – carbonate equilibrium (Reaction 1.4) has an influence on the 

interplay. The carbonaceous equilibrium may also influence the overall mass balance over 

the electrochemical reactor, which is even further complicated by the anode reaction and 

transport through the charge selective membrane that is typically necessary in an 

electrochemical reactor. Chapter 2 explores the effect of the reactive species, the 

carbonaceous equilibrium and membrane/electrolyte choice on the mass balance and overall 

conversion of an electrochemical formate production reactor, with the aim of identifying 

viable reactor designs.  

𝐶𝑂2 
− 𝐻2𝑂
←     

+ 𝐻2𝑂
→      𝐻2𝐶𝑂3 

+ 𝐻+
←    

− 𝐻+

→     𝐻𝐶𝑂3
 − 

+ 𝐻+
←    

− 𝐻+

→     𝐶𝑂3
 2−     (Reaction 1.4) 

 

1.3.2 Selectivity  

Formate is not the sole product for electrochemical reduction of CO2/HCO3
-. Hydrogen 

evolution (Reaction 1.3) that results from water electrolysis limits the selectivity to formate. 

Pristine, lead based electrodes pose high selectivity towards formate, as high as 100%, but 

selectivity between sources varies drastically and seems to decline over time. In chapter 3, 

we will explore the origin of this phenomenon and utilize it to increase the time-averaged 

activity of Pb electrodes for formate production.  

 

1.3.3. Energy efficiency  

The minimal potential required to make an electrochemical reaction possible is determined 

by thermodynamics. Oftentimes, an overpotential is required to make the reaction run at a 

significant rate. The majority of the excess energy input from this overpotential is converted 

to heat and a smaller fraction is consumed by the endothermic nature of some electrochemical 

reactions. In ambient pressure aqueous systems, the overpotential results in undesired low 

temperature heat. Palladium electrocatalysts typically exhibit especially low overpotentials. 

Unfortunately, the intrinsic selectivity towards formate is much less as compared to other 

catalysts. However, palladium is also known for formate production via hydrogenation of 

CO2/HCO3
-, which consumes hydrogen. Chapter 4 combines formate production via 

electrochemical reduction and chemical hydrogenation with the aim to reduce net hydrogen 

production. 
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1.3.4. Reaction mechanism 

Where chapter 4 considers practical aspects of combined hydrogenation and electrolysis of 

CO2, the next chapter focusses on kinetics, as reaction mechanisms in literature cannot fully 

describe the behaviour observed on Pd catalysts. Electrokinetic studies oftentimes feature 

density functional theory (DFT) calculations supplemented with measurements of the Tafel 

slope. Another approach is operando spectroscopy, typically performed in a synchrotron 

setting. Both approaches are quite complicated, especially for initial evaluation of potential 

mechanisms. Chapter 5 describes and applies an engineering method, historically used for 

finding catalytic reaction mechanisms, to electrochemistry using formate production on Pd 

as a case study. 

Finally, chapter 6 contains a summary of the main conclusions and reflects on the work in 

this thesis in light of the research questions, other technological developments and 

perspective for the future. 
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Abstract 
The overall mass balance of an electrochemical reactor is a key instrument in assessing the 

viability of an electrochemical process, but is not immediately obvious from only the half-

reactions. This chapter provides a simplified method to estimate the overall mass balance and 

electrolyte composition of electrochemical conversion systems and applies it to several 

CO2/HCO3
- conversion systems for the production of HCOOH/HCOO-. In addition to the 

half-reactions, the method also considers transport through membranes, transport between 

phases and homogenous (acid-base) reactions. Due to the acidity of HCOOH, in the presence 

of HCO3
-, HCOO- is formed, resulting in HCOO- production and negligible HCOOH yields.

Moreover, due to the CO2 - HCO3
- - CO3

2- equilibrium, the overall balance is independent of 

CO2 or HCO3
- being the reactive species. Therefore, under suitable conditions, CO2 reduction 

catalysts can be utilized for overall conversion of HCO3
- to HCOO-. The requirements for 

HCO3
- to HCOO- and CO2 to HCOOH conversion are discussed.* 

This chapter has been published as : 

Blom, M. J. W., van Swaaij, W. P. M., Mul, G. & Kersten, S. R. A. Overall mass balance 

evaluation of electrochemical reactors: The case of CO2 reduction. Electrochim. Acta 333, 

(2020). 
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Nomenclature 

Variable Description unit 

𝑐𝑖
𝑗
  Concentration of species i in electrolyte j mole/L 

𝑐𝑖,𝑖𝑛
𝑗

  Concentration of species i in inlet flow to electrolyte j mole/L 

F Faraday constant C/mole 

𝑓𝑖
𝑗
  Molar gas liquid exchange of species i to electrolyte j mole/s 

𝐼  Current through reactor A 

𝐽𝑖  Molar transfer of species i across membrane mole/s 

𝑛  Number of electrons in electrochemical reaction - 

𝑅𝑏𝑎𝑡𝑐ℎ
𝑗

  Electrochemical productivity of batch reactor for electrolyte j (Faradaic 

charge in Coulomb, passed through one litre of electrolyte j) 

C/L 

𝑅𝑓𝑙𝑜𝑤
𝑗

  Electrochemical productivity of steady state flow reactor for electrolyte 

j (Faradaic charge in Coulomb, passed through one litre of electrolyte 

j) 

C/L 

𝑡  time s 

𝑡𝑖  Transport number of species i - 

𝑉𝑗  Volume of liquid electrolyte j L 

𝑧𝑖  Charge number of species i - 

𝜙𝑉
𝑗
  Volumetric flow rate of electrolyte j L/s 

𝜈𝑖
𝑗
  Reaction stoichiometry coefficient for half-reaction in electrolyte j - 

Sub- and superscripts 

c Cathode/catholyte - 

𝑖  Species - 

𝑗  Electrolyte, e.g. catholyte - 

inter Interface region between bipolar membrane layers - 

2.1. Introduction 

Many publications focused on the electrochemical production of formate and formic acid, 

state that CO2 is converted to either formic acid or formate. 1–4 However, these studies are 

oftentimes conducted at low conversion and in the presence of HCO3
-
, another possible 

carbon source. 5–8 Therefore, without attention to the overall mass balance, it is unclear 

whether the claimed conversion really occurred. A favourable mass balance is of vital 

importance to any conversion process, as it dictates what is produced and in which amounts.9 

The mass balance of an electrochemical reactor is typically not directly obvious from the 

reaction equations. Unlike a conventional chemical reactor, where the overall conversion is 

usually the same as the reaction at the catalyst, the overall conversion of an electrochemical 

reactor includes the sum of reactions at the cathode and anode, and may be dependent on 

transport through a charge-selective membrane. Moreover, reactions at the cathode and 

anode, and charge transport are all coupled via the charge balance, which further convolutes 

the overall balance. Specific to CO2 conversion to formate, there is even uncertainty 

regarding the reactive species at the cathode, being either CO2 or formate.8,10–12 
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Therefore, this chapter introduces a simple method for evaluating the mass balance of an 

electrochemical reactor and applies that to CO2/HCO3
- reduction systems. First, the method 

is applied to typical electrochemical reactor setups encountered in literature, with the aim to 

study how the membrane, anolyte, catholyte and reactive species, influence the overall mass 

balance. From there, the design space is explored further, to find a viable reactor design for 

the concept of this thesis, namely electrochemical conversion of bicarbonate to formate. 

2.2. The overall mass balance 

As a minimum requirement, an electrochemical reactor must have a mass balance that 

provides favourable economics when all reactor elements perform ideally. Therefore, the 

mass balance under ideal performance is best evaluated prior to scale up attempts, as its 

derivation does not require any experimental data and the results are required for determining 

the economic potential of a process. Consider a thought-experiment with a hypothetic ideal 

electrochemical reactor that has 100% Faraday efficiency (FE) at both electrodes and a 100% 

charge selective cation exchange membrane (CEM). The hypothetic reactor is aimed at the 

conversion of carbon dioxide to formic acid. The catholyte and anolyte respectively consist 

of aqueous solutions of KHCO3 and H2SO4, similar to some reactor designs used in literature 
13,14.  At the cathode, reduction of CO2 with protons to formic acid is considered (2.1),  which 

is the targeted reaction in many recent publications 1–4. For the anodic reaction, the oxygen 

evolution reaction (2.2) is selected. Figure 2.1 provides a schematic overview of the reactor. 

Aqueous KHCO3 solution is a representative catholyte for studies towards the CO2 reduction 

reaction (CO2RR). The presence of bicarbonate (HCO3
-) ions enhances the CO2RR and 

provides a pH buffer 5–7. In a CO2 saturated KHCO3 solution, CO2, bicarbonate and carbonate 

species are in equilibrium. Nearly all recent research focused on the CO2RR, including scale-

up attempts 13,15–19, is conducted in electrochemical cells that are divided by ion-exchange 

membranes 5,6,20. The majority of CO2RR research is solely dedicated to the study of cathode 

and catholyte 5,7,21,22. However, ion transfer across the membrane may shift the carbonaceous 

equilibrium and affect catholyte composition, pH and CO2 consumption, which in turn may 

have an effect on the electrochemistry at the electrode. Therefore, this chapter explores the 

effect of basic operating parameters (current and electrolyte flow), and membrane and 

anolyte choice on the composition of the catholyte, pH, CO2 conversion and overall balance. 
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Figure 2.1: Schematic representation of an electrochemical reactor for the case: 

[Cathode | CO2 + KHCO3 | CEM | H2SO4 | Anode]. 

Cathodic reaction: 𝐶𝑂2 + 2 𝐻+ + 2 𝑒− → 𝐻𝐶𝑂𝑂𝐻    (2.1) 

Anodic reaction:  𝐻2𝑂 →
1

2
𝑂2 + 2 𝐻+ + 2 𝑒−    (2.2) 

Initially, consider batch operation for both liquid electrolyte phases, which describes a typical 

H-type electrochemical cell. The catholyte is assumed to be in constant equilibrium with pure

gaseous CO2 at 1 bar. Any (gaseous) oxygen produced at the anode flows freely out of the

reactor and does not accumulate. The respective electrolytes are assumed to be idealy mixed

and no mass transport limitations are present. Therefore, no concentration gradients are

present in the fluid phases. Accumulation of (mobile) ions in the membrane is neglected.

Therefore, species transferred accros the membrane are directly available for reactions. This

aproach regards all balances as quasi-stationairy.

First, the catholyte of the thought-experiment is considered, shown as the solid blue box in 

Figure 2.2. At t>0, sufficient potential is applied for the cathodic reaction (2.1) to occur. Due 

to the reaction, CO2 and protons are consumed and formic acid is produced. Simultaneously, 

an influx of electrons into the reaction products occurs at the cathode (2.3). For clarity, 

electron flux from/to an electrode and transfer of species across the membrane are shown 

between square brackets throughout this chapter. To satisfy the charge balance, protons 

transfer across the CEM to the catholyte (2.4).  

Transport: [2 𝑒−]𝑐𝑎𝑡ℎ𝑜𝑑𝑒 → [2 𝑒−]𝑐𝑎𝑡ℎ𝑜𝑙𝑦𝑡𝑒 (𝑖𝑛 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠)    (2.3) 

[2 𝐻+]𝑎𝑛𝑜𝑙𝑦𝑡𝑒 → [2 𝐻+]𝑐𝑎𝑡ℎ𝑜𝑙𝑦𝑡𝑒    (2.4) 
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Figure 2.2: Schematic overview of reactions and transport in the catholyte.  

Homogenous acid-base reactions must be considered. First, consider the reactants of the 

cathodic reaction. CO2 consumed in the cathode reaction is immediately resupplied from the 

gas phase and has no effect on the catholyte composition. The cathodic reaction also 

consumes two protons, which are resupplied by transfer across the membrane. Second, 

consider the product of the cathodic reaction. Formic acid has a pKa value of 3.75 whereas 

bicarbonate has pKa values of 6.35 and 10.33 23. Therefore, the formic acid reacts with the 

bicarbonate via acid base reaction (2.5), to produce formate, water and CO2. Note that 

reaction (2.5) is the sum of several acid-base reaction steps, shown as reactions (2.5a-2.5c). 

The formed CO2 will transfer to the gas phase, as gas-liquid equilibrium is assumed. 

Catholyte acid-base reaction: 𝐻𝐶𝑂𝑂𝐻 + 𝐻𝐶𝑂3
− → 𝐻𝐶𝑂𝑂− + 𝐻2𝑂 + 𝐶𝑂2             (2.5) 

    𝐻𝐶𝑂𝑂𝐻 → 𝐻+ + 𝐻𝐶𝑂𝑂−             (2.5a) 

    𝐻𝐶𝑂3
− + 𝐻+ → 𝐻2𝐶𝑂3             (2.5b) 

    𝐻2𝐶𝑂3 → 𝐻2𝑂 + 𝐶𝑂2             (2.5c) 

Catholyte balance:  𝐻𝐶𝑂3
−  [+2𝐻+ + 2𝑒−] ⇒ 𝐻𝐶𝑂𝑂− + 𝐻2𝑂             (2.6) 

Addition of all reactions in the catholyte (2.1, 2.5) and transports to the catholyte (2.3, 2.4), 

yield the catholyte balance (2.6). Species not between square brackets can be observed in the 

catholyte. Species that are between brackets were transported into the catholyte and 

immediately consumed, hence are not observed as such in the catholyte. The reaction of 

formic acid with bicarbonate to formate, CO2 and water results in the overall conversion of 

bicarbonate to formate. 
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Next, consider the balance over the anolyte. In the anodic reaction (2.2), water is consumed 

and oxygen, protons and electrons are produced. Simultaneous with the anodic reaction, 

electrons flow from reactants in the anolyte, into the anode (2.7).  Consequently, to satisfy 

the charge balance, protons are transported from the anolyte to the catholyte (2.4). Oxygen 

transfers to the gas phase and no acid-base reactions occur. The anolyte balance is shown as 

reaction equation 2.9, which is the sum of all reactions in and transports into the anolyte (2.2, 

2.3, 2.7 and 2.8). Considering the balances over the catholyte (2.6) and anolyte (2.9) 

separately, water is produced in the catholyte and consumed from the anolyte. Therefore, 

there is net water transport from anolyte to catholyte, but this is not reflected in the overall 

cell balance 2.10 (the sum of equations 2.6 and 2.9). Anolyte, catholyte and overall balances 

must all be evaluated to identify internal transports and overall conversion. 

Transport:    [2 𝑒−]𝑎𝑛𝑜𝑙𝑦𝑡𝑒 (𝑖𝑛 𝑟𝑒𝑎𝑔𝑒𝑛𝑡𝑠) → [2 𝑒−]𝑎𝑛𝑜𝑑𝑒             (2.7) 

Anolyte acid-base reaction: -                 (2.8) 

Anolyte balance:    𝐻2𝑂 ⇒
1

2
𝑂2  [+2𝐻+ + 2𝑒−]              (2.9) 

Overall cell balance:  𝐻𝐶𝑂3
− → 𝐻𝐶𝑂𝑂− +

1

2
𝑂2             (2.10) 

 

Now assume that the hypothetical batch reactor initially contains 1 mole/L KHCO3 solution. 

When all bicarbonate is consumed, acid-base reaction 2.5 can no longer occur. If the cathodic 

reaction is continued, the produced formic acid is not able to participate in acid-base reactions 

any more (formic acid is not acidic enough to protonate water in significant amounts). When 

no bicarbonate is present, the catholyte balance will therefore be the addition of reaction 2.1 

and equations 2.3 and 2.4, shown as equation 2.11. The overall balance is shown as equation 

2.12. 

Catholyte balance: 𝐶𝑂2 [+2𝐻+ + 2𝑒−] ⇒ 𝐻𝐶𝑂𝑂𝐻 {𝑐𝐻𝐶𝑂3
− = 0 𝑚𝑜𝑙𝑒/𝐿}     (2.11) 

Overall cell balance: 𝐶𝑂2 + 𝐻2𝑂 → 𝐻𝐶𝑂𝑂𝐻 +
1

2
𝑂2 {𝑐𝐻𝐶𝑂3

− = 0 𝑚𝑜𝑙𝑒/𝐿}     (2.12) 

Overall balance (2.10) shows that a CO2 electrolyzer using acidic anolyte, a cation exchange 

membrane and a CO2 + bicarbonate catholyte does not actually convert CO2 to formate, due 

to the acid-base reactions that occur. The actual overall reactant is bicarbonate, instead of 

CO2. However, when no (more) bicarbonate is present, that same set-up allows for the net 

production of formic acid from CO2 in a formate/formic acid catholyte, as described by 

overall cell balance 2.12. Several studies reporting on the conversion of CO2 to formic 

acid/formate under inappropriate conditions 13,14,24, are actually studying the overall 

conversion of their supporting electrolyte: potassium/sodium bicarbonate.  
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Table 2.1: Algorithm for deriving a mass balance and assumptions for the 

simplified method 

Step Assumptions in simplified method 

Definition of electrochemical reactor 

Select electrode reactions 100% Faraday efficiency 

No mass transport limitations 

Select electrolytes 100% electrolyte purity 

Gas and liquid are in vapour liquid equilibrium (VLE) 

Constant density of liquid 

Select membrane 100% charge selective membrane 

Identification of homogenous reactions and transports 

Identify charge carrier and account for its 

transport 

All ionic current is carried by one charge carrier 

No accumulation of mobile ions in the membrane 

Ideal mixing 

No mass transport limitations 

Water transport through the membrane is negligeble 

Dissolved gasses do not transfer throught the 

membrane 

Identify and account for homogenous 

reactions 

 

Irreversible reactions 

Homogenous reactions are instantaneous 

No mass transport limitations 

Homogenous reactions proceed to complete 

conversion of the limiting reactant 

Processing 

Derive balances per electrolyte  

Derive overall balance  

Identify internal transport  

Identify limitations  

2.3. Simplified method for mass balance evaluation 

In the previous section, an overall cell balance was derived in several steps, which are 

summarized in Table 2.1. To estimate the mass balance without the need for detailed 

calculations, several assumptions can be made, also summarized in Table 2.1. The relevant 

steps and assumptions can be applied to any reactor, which yields an estimate of the overall 

cell balance, electrolyte balances and internal transports. From here on, this is referred to as 

the simplified method. To derive a more detailed mass balance, assumptions can be replaced 

with an appropriate mathematical description. Thereby the simplified method provides 

guidance for detailed modelling. 

For identification of the charge carrier, it holds that higher concentration and ion mobility 

increase the contribution of an ionic species to the ionic current 25. This is especially relevant 

to some studies that employ a Nafion™ proton exchange membrane (PEM) and assume that 

it only conducts protons, even when the anolyte is highly alkaline 19,26. However, a Nafion™ 
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PEM is a type of CEM (although optimised for proton transport) and will transport other 

cations (e.g. K+) when proton availability is too low.27 Lastly, the validity limits of the 

solutions should be identified, as limitations can occur through e.g. a reactant reaching 100% 

conversion or reaching a solubility limit. 

2.4. Application to: Cathode | CO2 + KHCO3 | CEM | H2SO4 | Anode 

The balances derived in the thought-experiment can be used to visualize the concentration of 

selected species and the consumption of CO2 as reactions progress. To make this analysis 

independent of reactor type and size, consider the charge that has been passed through a unit 

volume of electrolyte (Coulomb per litre) and define the electrochemical productivity (R) as 

such. For a batch reactor, the electrochemical productivity in electrolyte j is defined in 

equation 2.13. With this definition a reactor that contains 1L catholyte and is operated at 10 

A for 10 minutes, has the same electrochemical productivity as a reactor that e.g. contains 

0.1 L catholyte and is operated at 2 A for 5 minutes. Furthermore, the electrochemical 

productivity is fully defined by parameters that can be measured and controlled ex-situ, which 

makes it useful for practical applications. 

𝑅𝑏𝑎𝑡𝑐ℎ
𝑗

= ∫
𝐼

𝑉𝑗 𝑑𝑡
𝑡

0
                  (2.13) 

Consider an ideally stirred batch reactor with a control system to keep the gaseous CO2 

pressure at 1 bar in the catholyte. Initial conditions are: 1M KHCO3 catholyte and 1M H2SO4 

anolyte. The change in catholyte composition is described by equations 2.6 and 2.11, for 

which the results are plotted in Figure 2.3 and Figure 2.4A (See appendix for algebraic 

equations A2.1-A2.3). The figures can be divided into two electrochemical productivity 

domains: domain I, from 0 to 193 kiloCoulomb per litre when there is bicarbonate present 

and domain II from 193 to 600 kC/L when all bicarbonate has reacted. This is illustrated in 

Figure 2.3. In domain I, bicarbonate is converted to formate as per equation 2.6, whereas in 

domain II, CO2 is converted to formic acid as per equation 2.11. This is further illustrated by 

Figure 2.4A, where CO2 consumption starts from domain II. Catholyte compositions and pH 

change continuously with time in the batch system considered. 



24 

 

 

Figure 2.3: Concentration of selected species in catholyte using the simplified 

method for system:  [Cathode | CO2 + KHCO3 | CEM | H2SO4 | Anode]. 

The same system was also modelled using acid-base equilibrium calculations in the catholyte 

(See appendix section A2.2). The results of this extended method are shown in Figure A2.1 

(appendix) and resemble the simplified method results very closely, showing the strength of 

the simplified method.  Unlike the simplified method, the extended model can also predict 

pH, which is shown in Figure 2.4B for the thought-experiment. In domain I, the buffer effect 

of bicarbonate is clearly visible. When domain II is reached, pH drops as the reaction medium 

now resembles a formic acid/formate solution. 

Figures 2.3 and 2.4 are constructed for a hypothetical batch system, whereas an industrially 

relevant process will use a flow reactor. Such a process may show mixing behaviour ranging 

between that of a plug flow reactor (PFR) to a continuous ideally stirred tank reactor (CSTR). 

For a CSTR it is shown in appendix section A2.3 that the steady state concentration follows 

equation 2.14. The electrochemical productivity is defined in equation 2.15, based on the 

volumetric flow through the reactor. The transport number of ion i is defined in equation 2.16 

and represents the fraction of the total ionic current, carried by species i. Equation 2.14 is a 

simplification of equation A2.22 (appendix) and assumes constant density.  
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Figure 2.4: A) CO2 consumption as function of electrochemical productivity 

using the simplified method. B) pH change as function of electrochemical 

productivity using acid-base equilibrium calculations in the catholyte. Both for 

system:  [Cathode | CO2 + KHCO3 | CEM | H2SO4 | Anode]. 

The terms 𝑓𝑖
𝑐 𝑛𝐹

𝐼
,  𝑡𝑖

𝑛

𝑧𝑖
 and 𝜈𝑖

𝑐 are all dimensionless as shown in equations 2.17, 2.18 and 2.19. 

With the assumptions of the simplified method, those terms are also constant and independent 

of mixing. E.g. for protons in the catholyte, equation 2.17 equals zero, as there is no exchange 

with the gas phase, equation 2.18 equals 2, as obtained from equation 2.4 and equation 2.19 

equals -2, as obtained from equation 2.1. Since all parameters in equation 2.14 are 

independent of mixing, modelling yields results that are identical to those in Figure 2.3 and 

Figure 2.4. Therefore, Figures 2.3 and 2.4 also hold for CSTR behaviour and visualize 

possible operating points for a CSTR with 1M KHCO3 + CO2 as catholyte feed.  

𝑐𝑖,𝑖𝑛
𝑐 − 𝑐𝑖

𝑐 + (𝑓𝑖
𝑐 𝑛𝐹

𝐼
+ 𝑡𝑖

𝑛

𝑧𝑖
+ 𝜈𝑖

𝑐)
𝑅𝑓𝑙𝑜𝑤

𝑐

𝑛𝐹
 = 0                      (2.14) 

𝑅𝑓𝑙𝑜𝑤
𝑗

=  
𝐼

𝜙𝑉
𝑗                    (2.15) 

𝑡𝑖 =
𝑧𝑖𝐽𝑖

∑ 𝑧𝑖𝐽𝑖𝑖
                   (2.16) 

𝑓𝑖
𝑐 𝑛𝐹

𝐼
=

𝑓𝑖
𝑐

(
𝐼

𝑛𝐹
)

=
𝑇𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 𝑜𝑓 𝑠𝑝𝑒𝑐𝑖𝑒𝑠 𝑖 𝑓𝑟𝑜𝑚 𝑔𝑎𝑠 𝑡𝑜 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒 [𝑚𝑜𝑙𝑒/𝑠]

𝑅𝑎𝑡𝑒 𝑜𝑓 𝑐𝑎𝑡ℎ𝑜𝑑𝑖𝑐 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 [𝑚𝑜𝑙𝑒/𝑠]
               (2.17) 

𝑡𝑖
𝑛

𝑧𝑖
=

𝑧𝑖𝐽𝑖

∑ 𝑧𝑖𝐽𝑖𝑖

𝑛

𝑧𝑖
=

𝐽𝑖

(
𝐼

𝑛𝐹
)

=
𝑇𝑟𝑎𝑛𝑠𝑓𝑒𝑟 𝑜𝑓 𝑠𝑝𝑒𝑐𝑖𝑒𝑠 𝑖  𝑎𝑐𝑟𝑜𝑠𝑠 𝑡ℎ𝑒 𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒 [𝑚𝑜𝑙𝑒/𝑠]

𝑅𝑎𝑡𝑒 𝑜𝑓 𝑐𝑎𝑡ℎ𝑜𝑑𝑖𝑐 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 [𝑚𝑜𝑙𝑒/𝑠]
                              (2.18) 

𝜈𝑖
𝑐 =

𝑅𝑎𝑡𝑒 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑠𝑝𝑒𝑐𝑖𝑒𝑠 𝑖 [𝑚𝑜𝑙𝑒/𝑠]

𝑅𝑎𝑡𝑒 𝑜𝑓 𝑐𝑎𝑡ℎ𝑜𝑑𝑖𝑐 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 [𝑚𝑜𝑙𝑒/𝑠]
               (2.19) 
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With the assumption in Table 2.1, the plug in a PFR, may be seen as a batch reactor moving 

through a tube. Therefore, Figures 2.3 and 2.4 also hold for PFR behaviour. More general, 

when the Faraday efficiency,  𝑡𝑖 and 
𝑓𝑖

𝑐

𝐼
⁄  are independent of concentration, then the overall 

balance is not influenced by mixing behaviour. In practical situations this could happen when 

the electrode reactions are highly selective and only one ionic species can be transported 

through the membrane, for example in the case of PEM water electrolysis. Examples where 

the transport of species through the membrane is a function of productivity are described in 

the supporting information of the paper corresponding to this chapter.28 In those cases, 𝑡𝑖 is 

dependent on concentration, hence on the degree of mixing. Any attempt of modelling this 

type of electrolyzer would require a mathematic model that describes 𝑡𝑖  as a function of 

concentration.  

For any production process, the concentration of products at the outlet of the reactor needs to 

be significant, to have meaningful production and allow for easy separation or storage. When 

the goal is to produce formate from bicarbonate, the reactor should be operated at the right-

hand side of domain I. The electrolyte then closely resembles a formate solution with some 

bicarbonate, in at least a part of the reactor. When the goal is to produce formic acid from 

CO2, the reactor must be operated in domain II. The catholyte must then be formate/formic 

acid solution, without bicarbonate. Both industrially relevant electrolyte compositions are 

vastly different from the almost pure (potassium) bicarbonate solutions currently used in 

literature. 5–7 Therefore, promising electro-catalysts should also be validated under 

industrially relevant conditions, which resemble the desired reactor output.  

What happens when HCO3
- is the reactive species? 

Since the reduction of CO2 at the cathode does not necessarily result in an overall mass 

balance wherein CO2 is consumed, the question arises what the overall balance would be if 

bicarbonate were the reactive species. Table 2.2 shows the relevant balances for the same 

electrolyzer as before, where the cathodic reaction is changed to electro-reduction of 

bicarbonate (2.20). Protons are still transported through the membrane (2.21) and also the 

anodic reaction remains unchanged (2.21). In the catholyte, hydroxide is generated via 

reaction 2.20, whilst protons are transported to the catholyte (2.21). Therefore, those will 

react to form water via reaction 2.23. No acid-base reactions occur in the anolyte (2.24). The 

resulting catholyte, anolyte and overall balances (2.25, 2.26 and 2.27) are identical to those 

of the CO2 electrolyzer (2.6, 2.9 and 2.10). Another perspective is regarding HCO3
- as 

CO2+OH-. Therefore, due to the CO2 - HCO3
- - CO3

2- equilibrium, the overall conversion of 

an electrolyzer with CO2+KHCO3 as catholyte does not depend on CO2 or HCO3
- being the 

reactive species.  
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Table 2.2: Mass balance for a HCO3
- electrolyzer with cation exchange 

membrane and acidic anolyte. 

Cathode | KHCO3 | CEM | H2SO4 | Anode  

Cathodic reaction 𝐻𝐶𝑂3
− + 𝐻2𝑂 + 2 𝑒− → 𝐻𝐶𝑂𝑂− + 2 𝑂𝐻−  (2.20) 

Transport 2 𝐻𝑎𝑛𝑜𝑙𝑦𝑡𝑒
+ → 2 𝐻𝑐𝑎𝑡ℎ𝑜𝑙𝑦𝑡𝑒

+   (2.21) 

Anodic reaction 𝐻2𝑂 →  
1

2
𝑂2 + 2𝐻+ + 2𝑒−  (2.22) 

Catholyte acid-base reaction 2 𝑂𝐻− + 2 𝐻+ → 2 𝐻2𝑂  (2.23) 

Anolyte acid-base reaction - (2.24) 

Catholyte balance 𝐻𝐶𝑂3
−  [+2𝐻+ + 2𝑒−] → 𝐻𝐶𝑂𝑂− + 𝐻2𝑂  (2.25) 

Anolyte balance 𝐻2𝑂 →
1

2
 𝑂2  [+2𝐻+ + 2𝑒−]  (2.26) 

Overall balance 𝐻𝐶𝑂3
− → 𝐻𝐶𝑂𝑂− +

1

2
𝑂2  (2.27) 

 

2.5. Application to: Cathode | CO2 + KHCO3 | CEM | KOH | Anode 

A factor that does influence the overall balance is the anolyte. To illustrate the importance of 

anolyte choice, again consider a CO2 electrolyzer, but with alkaline (KOH) anolyte instead 

of acidic 15–18, shown in Table 2.3. As a result, the ionic species that is transported through 

the membrane changes from H+ to K+. The protons required in the cathodic reaction (2.1) are 

now not supplied via transfer across the membrane, but must be supplied from the catholyte. 

Half of the required protons are supplied via deprotonation of the produced formic acid and 

the other half via water dissociation to H+ and OH-. All hydroxide ions are consumed by a 

reaction with dissolved CO2, to produce HCO3
-. Resulting balances are shown as equation 

2.28, 2.29 and 2.30. The use of an alkaline anolyte results in double the stoichiometric CO2 

consumption and two to one consumption of OH-. Hence, a simple change in anolyte can 

drastically alter the overall mass balance of an electrochemical system. Moreover, this system 

is not advised for the conversion of CO2 to products, due to the inherent amount of side-

products and excessive KOH consumption.  
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Table 2.3: Mass balance for a CO2 electrolyzer with cation exchange membrane 

and alkaline anolyte. 

Cathode | CO2 + KHCO3 | CEM | KOH | Anode  

Catholyte balance 2 𝐶𝑂2 + 𝐻2𝑂  [+2𝐾+ + 2𝑒−] ⇒ 𝐻𝐶𝑂𝑂− + 𝐻𝐶𝑂3
− + 2𝐾+  (2.28) 

Anolyte balance 2 𝐾𝑂𝐻 ⇒
1

2
 𝑂2 + 𝐻2𝑂  [+2𝐾+ + 2𝑒−]   (2.29) 

Overall balance 2 𝐶𝑂2 + 2 𝐾𝑂𝐻 → 𝐻𝐶𝑂𝑂𝐾 + 𝐾𝐻𝐶𝑂3 +
1

2
𝑂2  (2.30) 

 

The concentration vs electrochemical productivity profiles for a reactor design with alkaline 

anolyte are shown in Figure 2.5. Results are for 1M KHCO3 + CO2 (g) catholyte and assuming 

KOH supply is not limiting at the anode. The K+ concentration rises in a two to one molar 

ratio compared to formate, due to the transfer across the membrane. The unwanted production 

of HCO3
- is observed as a rise in concentration with electrochemical productivity. Because 

no reactant reaches 100% conversion, there is no separation of domains. A realistic operating 

point in this set-up would be at significant K+ and HCO3
- concentrations, approaching the 

solubility limit of KHCO3. Formate concentration can therefore not exceed 0.96 mole/L for 

the feed considered. Concluding, changing something as seemingly meaningless as the 

anolyte in a CO2 electro-conversion system, can result in a drastic change in overall balances, 

electrolyte compositions, possible operating points and ultimately, reactor design feasibility. 

 

Figure 2.5: Concentration of selected species in the catholyte as function of 

electrochemical productivity for the system: [Cathode | CO2 + KHCO3 | CEM | 

KOH | Anode]. 

2.6. Application to: Cathode | CO2 + KHCO3 | BPM | KOH | Anode 

In the previous analysis it was observed that an alkaline anolyte in combination with a cation 

exchange membrane does not yield a favourable overall mass balance. Moreover, an anion 

exchange membrane (in combination with any anolyte) never results in a favourable mass 
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balance, as it does not block HCOO- transport, hence cannot prevent HCOO- oxidation at the 

anode. However, from a construction viewpoint, it would be beneficial to have alkaline 

conditions at the anode, as acidic conditions require titanium (coated) cell components, 

whereas cheeper stainless steel or nickel suffices in alkaline conditions.29–31 Moreover, the 

oxygen evolution reaction proceeds at less overpotential in alkaline conditions and non-

noble-metal catalysts are, to-date, only stable in alkaline conditions.32,33 These conditions 

could be realized by utilizing a bipolar membrane (BPM).34 Therefore, the balance over an 

electrolyzer with BPM and alkaline anolyte is constructed. 

In a bipolar membrane, a cation exchange membrane and anion exchange membrane are 

sandwiched together. When exposed to a sufficiently strong electric field, water at the 

interface between the cation and anion exchange layers (CEL and AEL) can form protons 

and hydroxide ions, which are transported through the CEL and AEL respectively. Protons 

could then be consumed at the cathodic reaction and anions at the anodic reaction.35 Bipolar 

membranes are more suitable to maintain pH gradients over the membrane than regular 

membranes.34,36 E.g. through a CEM, H+ from the anolyte may exchange for K+ from the 

catholyte, resulting in undesired transports. However, in a BPM that exchange path is blocked 

by the anion exchange layer.  

 

Figure 2.6: Schematic representation of an electrochemical reactor for the case: 

[Cathode | CO2 + KHCO3 | BPM | KOH | Anode]. 

Figure 2.6 shows a schematic representation of an electrolyzer with bipolar membrane. The 

mass balance is evaluated in Table 2.4, under the assumption that water transport to the 

membrane occurs in equal amounts from anolyte and catholyte. The overall balance (2.40) 

yields a favourable conversion, namely from bicarbonate to formate and oxygen. By utilising 

a bipolar membrane, favourable conversion can be realised under optimal catholyte and 

anolyte conditions. Therefore, bipolar membranes should be considered for electrochemical 

bicarbonate to formate conversion systems. Cation exchange membranes should not yet be 

discarded, but the potential advantages of bipolar membranes appear significant. 
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Table 2.4: Short-cut mass balance results for a CO2 electrolyzer with bipolar 

membrane and alkaline anolyte. 

Cathode | KHCO3 + CO2 | CEM | interface layer | AEM | KOH | Anode  

Cathodic reaction 𝐶𝑂2 + 2 𝐻+ + 2 𝑒− →  𝐻𝐶𝑂𝑂𝐻  (2.31) 

Transport CEM 
2 𝐻𝑖𝑛𝑡𝑒𝑟

+ → 2 𝐻𝑐𝑎𝑡ℎ𝑜𝑙𝑦𝑡𝑒
+   

𝐻2𝑂𝑐𝑎𝑡ℎ𝑜𝑙𝑦𝑡𝑒 → 𝐻2𝑂𝑖𝑛𝑡𝑒𝑟  
(2.32) 

Membrane interface reaction 2 𝐻2𝑂 → 2 𝐻+ + 2 𝑂𝐻−  (2.33) 

Transport AEM 
2 𝑂𝐻𝑖𝑛𝑡𝑒𝑟

− → 2 𝑂𝐻𝑎𝑛𝑜𝑙𝑦𝑡𝑒
−   

𝐻2𝑂𝑎𝑛𝑜𝑙𝑦𝑡𝑒 → 𝐻2𝑂𝑖𝑛𝑡𝑒𝑟  
(2.34) 

Anodic reaction 2 𝑂𝐻− →  
1

2
𝑂2 + 𝐻2𝑂 + 2 𝑒−  (2.35) 

Catholyte acid-base reaction 𝐻𝐶𝑂3
− + 𝐻𝐶𝑂𝑂𝐻 → 𝐻𝐶𝑂𝑂− + 𝐻2𝑂 + 𝐶𝑂2  (2.36) 

Anolyte acid-base reaction - (2.37) 

Catholyte balance 𝐻𝐶𝑂3
−  [+2𝐻+ + 2𝑒−] → 𝐻𝐶𝑂𝑂− [+ 𝐻2𝑂]  (2.38) 

Anolyte balance [ 2𝑂𝐻−] →
1

2
 𝑂2 [+ 𝐻2𝑂 + 2𝑒−]  (2.39) 

Overall balance 𝐻𝐶𝑂3
− → 𝐻𝐶𝑂𝑂− +

1

2
𝑂2  (2.40) 

 

2.7. Discussion 

Out of many possible options for reactor operation regarding electrochemical reduction of 

CO2/HCO3
- to formic acid/formate, the most common examples were analysed. Many others 

are analysed in the supporting information of the publication corresponding to this chapter.28 

All operation methods with a bicarbonate-based catholyte produce formate in the catholyte, 

due to an acid base reaction with formic acid. Reactor operation employing an AEM allows 

crossover of the negatively charged formate, which subsequently oxidises at the anode. The 

use of a CEM with acidic anolyte results in the conversion of bicarbonate to formate and 

oxygen, regardless whether CO2 or HCO3
- is the electrochemically active species. The same 

reactor with alkaline anolyte, results in to conversion of CO2 and OH- to bicarbonate, formate 

and oxygen. The latter operation method is the only one that allows CO2 consumption in the 

presence of HCO3
- whilst preventing product crossover. However, the consumption of 2:1 

hydroxide to formate diminishes the economic potential of such CO2 conversion processes 
20. Therefore, scale-up attempts using these reactor operation methods 13,15–18 have a low 

likelihood of commercial development.  

Commercially attractive electrochemical reduction of CO2 to formate requires different 

catholyte from that described in the examples, to which the simplified method provides 

guidance. As shown with equations 2.11 and 2.12, the acid-base reaction between HCOOH 

and HCO3
- prevents the desired conversion. Therefore, a reactor with: 1) catholyte that does 

not participate in acid-base reactions with formic acid; 2) a cation exchange membrane and 
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3) acidic anolyte, results in overall CO2 conversion to formic acid. E.g. Aqueous KCl or 

K2SO4 electrolyte as described by Wu et al. 2 would result in overall conversion of CO2 and 

water to formic acid and oxygen. The same conversion may also be achieved by e.g. using 

two membranes, as demonstrated by Hongzhou et al. 37, using solid polymer electrolytes as 

demonstrated by Aeshala et al. 38 or using a bipolar membrane. In all cases, the catholyte 

differs significantly from the potassium bicarbonate electrolyte used in most electro-catalysis 

studies 5,6. Therefore, promising electrocatalysts should also be studied at industrially 

representative operating conditions and the simplified method is useful to identify those 

conditions.  

Conclusions drawn in sound electrocatalysis studies, using bicarbonate-based catholyte 

remain valid. However, when interpreting these results for further process development, it is 

important to consider the electrolyte condition under which these results were obtained. At 

high electrochemical productivity, the composition and pH of the electrolyte change, 

depending on reactor operation, as shown in Figures 2.3, 2.4 and 2.5. That likely influences 

the performance of the electrocatalysts, which is highly dependent on the composition and 

pH of the catholyte.39  Moreover, the reversible cell potential, calculated via the Gibbs free 

energy of reaction is dependent on the overall cell balance. Therefore, the overall cell balance 

should be known, before energy efficiency can be calculated. 

2.8. Conclusion 

This chapter posed the question what the overall mass balance is for proposed 

electrochemical CO2/HCO3
-
 to formic acid/formate conversion systems using aqueous 

bicarbonate-based catholyte. To that end a simplified method for structured mass balance 

analyses was developed. The analysis shows that the overall balance this is not a simple 

addition of the relevant half-reactions. Transport of species through ion-selective membranes 

and (homogenous) acid-base reactions, make the overall balance dependent on the 

combination of electrolytes and membrane. In all cases employing a bicarbonate-based 

catholyte and a cation exchange membrane, the overall balance is not the conversion of CO2 

and water to formic acid and oxygen. With acidic anolyte, bicarbonate is converted to formate 

and oxygen. With alkaline anolyte, CO2 and OH- are converted to HCOO-, HCO3
- and O2. 

Neither case has favourable economics for electrochemical CO2 reduction. Several examples 

of reactor operation do result in the conversion of CO2 to HCOOH and O2. The main 

requirements are that the catholyte may not participate in acid-base reactions with formic 

acid and that protons must be transferred via the membrane to the catholyte.  In all cases, the 

reaction conditions differ vastly from the almost pure potassium bicarbonate electrolyte that 

is used in many catalysis-oriented studies. Therefore, evaluation of those catalysts at 

industrially relevant conditions, identified with the method presented in this chapter, is 

necessary. 

Considering the aim of this thesis, converting bicarbonate to formate, the results paint an 

optimistic picture. Mass balance analyses yielded a set of conditions that result in overall 

conversion of bicarbonate to formate, even when bicarbonate is not necessarily the 

electrochemically active species. Namely, when the catholyte contains bicarbonate and the 
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membrane transfers only protons to the catholyte. In that case, the overall balance is 

conversion of bicarbonate to formate and oxygen. The most promising setup for this 

incorporates a KHCO3 catholyte, a bipolar membrane and KOH anolyte. Those conditions 

are favourable for both overall bicarbonate conversion and efficient oxygen evolution. Under 

overall bicarbonate conversion conditions, as a result of the carbonaceous equilibrium 

reactions, the mass balance is independent of HCO3
- or CO2 being the electrochemically 

active species. Therefore, all literature concerning electrochemical conversion of CO2 to 

formate in KHCO3 electrolyte is relevant to this thesis and this thesis itself concerns electro-

reduction of CO2. 
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Appendix 

A2.1 Algebraic equations for shortcut method 

R = Electrochemical productivity in coulomb per liter of catholyte. 

[𝐻𝐶𝑂3
−]    = {

[𝐻𝐶𝑂3
−]0 −

𝑅

𝑛𝐹
,

𝑅

𝑛𝐹
< [𝐻𝐶𝑂3

−]0

0,
𝑅

𝑛𝐹
≥ [𝐻𝐶𝑂3

−]0

              (A2.1) 

[𝐻𝐶𝑂𝑂−] = {

𝑅

𝑛𝐹
,

𝑅

𝑛𝐹
< [𝐻𝐶𝑂3

−]0

[𝐻𝐶𝑂3
−]0,

𝑅

𝑛𝐹
≥ [𝐻𝐶𝑂3

−]0

               (A2.2) 

[𝐻𝐶𝑂𝑂𝐻] = {
0,

𝑅

𝑛𝐹
< [𝐻𝐶𝑂3

−]0

𝑅

𝑛𝐹
− [𝐻𝐶𝑂3

−]0,
𝑅

𝑛𝐹
≥ [𝐻𝐶𝑂3

−]0

              (A2.3) 

A2.2 Extended catholyte acid-base equilibrium model 

Extended acid-base equilibrium calculations are performed using the equilibrium equations 

shown in Table A2.1 and equilibrium constants shown in Table A2.2. Details regarding the 

method are presented below. 

Table A2.1: Catholyte equilibrium equations for electrochemical conversion 

reactor in main article 

[𝐶𝑂2] = 𝐻 ⋅ 𝑝𝐶𝑂2
  (A2.4) 

[𝐻𝐶𝑂3
−]

[𝐶𝑂2][𝑂𝐻−]
= 𝐾1  (A2.5) 

[𝐶𝑂3
2−]

[𝐻𝐶𝑂3
−][𝑂𝐻−]

= 𝐾2  (A2.6) 

[𝑂𝐻−][𝐻+] = 𝐾𝑤  (A2.7) 

[𝐻+][𝐻𝐶𝑂𝑂−]

[𝐻𝐶𝑂𝑂𝐻]
= 𝐾3  (A2.8a) 

[𝐾+] + [𝐻+ ] = 2[𝐶𝑂3
2−] + [𝐻𝐶𝑂3

−] + [𝐻𝐶𝑂𝑂−] + [𝑂𝐻−]  (A2.9) 

[𝐻𝐶𝑂𝑂−] + [𝐻𝐶𝑂𝑂𝐻] = 𝑐𝑓  (A2.10) 

The system is modelled in MATLAB, hence, most equations are rewritten slightly to make 

everything a direct function of [OH-] and solve the system for the charge balance. For 

equations A8a this is not too obvious, hence calculation is shown below: 

Step 1: substitute equation A2.10 into equation A2.8a and rewrite. 
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[𝐻𝐶𝑂𝑂−]

𝑐𝑓−[𝐻𝐶𝑂𝑂−]
=

𝐾3

[𝐻+]
  (A2.11) 

Step 2: Rewrite 

[𝐻𝐶𝑂𝑂−] =
𝐾3

[𝐻+]
⋅ (𝑐𝑓 − [𝐻𝐶𝑂𝑂−]) =

𝐾3⋅𝑐𝑓

[𝐻+]
−

𝐾3

[𝐻+]
⋅ [𝐻𝐶𝑂𝑂−]  (A2.12) 

Step 3: rewrite all [HCOO-] to one side 

(1 +
𝐾3

[𝐻+]
) ⋅ [𝐻𝐶𝑂𝑂−] =

𝐾3⋅𝑐𝑓

[𝐻+]
  (A2.13) 

Step 4: Result. 

[𝐻𝐶𝑂𝑂−] =
𝐾3⋅𝑐𝑓

[𝐻+]⋅(1+
𝐾3

[𝐻+]
)

=
𝐾3⋅𝑐𝑓

[𝐻++𝑘3]
  (A2.8b) 

Table A2.2: Values of equilibrium constants 

H 0.034 mol / (L · bar) 

K1 4.44 · 107 L/mol 

K2 4.66 · 103 L/mol 

K3 1.78 · 10-4 mol/L 

Kw 1 · 10-14 mol2/L2 

cf Constant, equal to productivity 

 

  

Figure A2.1: A) Concentration of selected species in catholyte and B) CO2 

consumption as function productivity, both using extended acid-base 

equilibrium model) [Cathode | CO2 + KHCO3 | CEM | H2SO4 | Anode] 

 

To calculate the equilibrium composition at various values for the productivity, cf was set 

equal to the productivity (mole/L). Since the transport of protons cancels out the consumption 
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of protons, the net combined Cathodic reaction + transport flux equals 0. Therefore all 

variables are known and acid-base equilibria are calculated at 298K and 1 bar. The results 

are shown in Figure A2.1 and closely resemble that of Figure 2.3 and 2.4A in the main text. 

A2.3 CSTR analytic equations 

Extra nomenclature appendix 

Variable Description unit 

𝑏𝑖
𝑗
  Molal concentration of species i in electrolyte j mole/kg 

𝑏𝑖,𝑖𝑛
𝑗

  Molal concentration of species i in inflow to electrolyte j mole/kg 

𝑀𝑖  Molecular weight of species i kg/mole 

𝜌𝑗  Density of electrolyte j kg/L 

𝜙𝑚,𝑖𝑛
𝑗

  Mass flow into electrolyte j kg/s 

𝜙𝑚,𝑜𝑢𝑡
𝑗

  Mass flow out of electrolyte j kg/s 

 

The steady state mass balance over a continuous ideally stirred tank rea ctor (CSTR) is 

considered. The balance is constructed per liquid phase electrolyte j in mole/s, based on mass 

flow and molality.  For a steady state balance, the sum of inflow, outflow, transports and 

reactions should be zero (equation A2.14). Transports include transport through the 

membrane and transport between the gas and liquid phase. Reactions are the sum of electrode 

reactions occurring at the electrode surface and bulk reactions, e.g. acid-base reactions or 

homogeneous catalytic reactions. Reaction are defined based on stoichiometry and the 

Faradaic current through the reactor. 

The steady state mass balance is shown in algebraic form for the catholyte as equations A2.15 

and the anolyte as equation A2.16. The transport number for transfer of species i across the 

membrane is defined in equation A2.17. And the relation between current and ion transfer 

across the membrane as equation A2.18. From here on, only the catholyte balance shall be 

considered. Mass conservation dictates that the outgoing mass equals the ingoing mass plus 

the mass added by transports (equation A2.19). Substitution of A2.19 into A2.15 yields 

equation A2.20, which rearranges to equation A2.21 and is the formal mass balance over the 

catholyte. 

𝐹𝑒𝑒𝑑 𝑖𝑛𝑓𝑙𝑜𝑤 − 𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝑜𝑢𝑡𝑓𝑙𝑜𝑤 + 𝑇𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 + 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 = 0         (A2.14) 

𝜙𝑚,𝑖𝑛
𝑐 𝑏𝑖,𝑖𝑛

𝑐 − 𝜙𝑚,𝑜𝑢𝑡
𝑐 𝑏𝑖

𝑐 + 𝑓𝑖
𝑐 +

𝐼

𝑧𝑖
𝑡𝑖 + 𝜈𝑖

𝑐 𝐼

𝑛𝐹
= 0           (A2.15) 

𝜙𝑚,𝑖𝑛
𝑎 𝑏𝑖,𝑖𝑛

𝑎 − 𝜙𝑚,𝑜𝑢𝑡
𝑎 𝑏𝑖

𝑎 + 𝑓𝑖
𝑎 −

𝐼

𝐹𝑧𝑖
𝑡𝑖 + 𝜈𝑖

𝑎 𝐼

𝑛𝐹
= 0           (A2.16) 

𝑡𝑖 =
𝑧𝑖𝐽𝑖

∑ 𝑧𝑖𝐽𝑖𝑖
                      (A2.17) 

𝐼 = 𝐹 ∑ 𝑧𝑖𝐽𝑖𝑖                 (A2.18) 
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𝜙𝑚,𝑜𝑢𝑡
𝑎 = 𝜙𝑚,𝑖𝑛

𝑎 + ∑ (𝑓𝑖
𝑗
𝑀𝑖 +

𝐼

𝐹𝑧𝑖
𝑡𝑖𝑀𝑖)𝑖        (A2.19) 

(𝜙𝑚,𝑜𝑢𝑡
𝑎 − ∑ (𝑓𝑖

𝑐𝑀𝑖 +
𝐼

𝐹𝑧𝑖
𝑡𝑖𝑀𝑖)𝑖  ) 𝑏𝑖,𝑖𝑛

𝑐 − 𝜙𝑚,𝑜𝑢𝑡
𝑐 𝑏𝑖

𝑐 + 𝑓𝑖
𝑐 +

𝐼

𝐹𝑧𝑖
𝑡𝑖 + 𝜈𝑖

𝑐 𝐼

𝑛𝐹
= 0               (A2.20) 

(1 −
∑ (𝑓𝑖

𝑐𝑀𝑖+
𝐼

𝐹𝑧𝑖
𝑡𝑖𝑀𝑖)𝑖

𝜙𝑚,𝑜𝑢𝑡
𝑐 ) 𝑏𝑖,𝑖𝑛

𝑐 − 𝑏𝑖
𝑐 +

𝑓𝑖
𝑐

𝜙𝑚,𝑜𝑢𝑡
𝑗 +

𝑡𝑖

𝐹𝑧𝑖

𝐼

𝜙𝑚,𝑜𝑢𝑡
𝑐 +

𝜈𝑖
𝑐

𝑛𝐹

𝐼

𝜙𝑚,𝑜𝑢𝑡
𝑐 = 0        (A2.21) 

In specific cases, this mass balance may be simplified. When the molar mass of species 

transported through the membrane is low (e.g. protons) and transport between gas and liquid 

phase is negligible, the mass inflow and outflow are approximately equal, which simplifies 

A2.21 to A2.22. Moreover, when reactions and transport have a negligible effect on 

electrolyte density, A2.22 may be written in terms of molar concentrations (A2.23). The 

electrochemical productivity is defined in equation A2.24. When this is substituted into 

equation A2.23, it yields the final simplified balance, equation A2.25. The results from 

equation A2.25 are identical to those presented as Figure 2.3 in the main article, when the 

same reactions and transports are considered. This shows that mixing does not affect the 

results, as long as electrode reactions and transport are not a function of concentration. 

𝑏𝑖,𝑖𝑛
𝑐 − 𝑏𝑖

𝑐 +
𝑓𝑖

𝑐

𝜙𝑚,𝑜𝑢𝑡
𝑗 +

𝑡𝑖

𝐹𝑧𝑖

𝐼

𝜙𝑚,𝑜𝑢𝑡
𝑐 +

𝜈𝑖
𝑐

𝑛𝐹

𝐼

𝜙𝑚,𝑜𝑢𝑡
𝑐 = 0        (A2.22) 

Assume constant density 
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Abstract 
Lead cathodes show decreasing Faradaic Efficiency (FE) in electrochemical conversion of 

CO2 to formate, favoring hydrogen within minutes of operation in bicarbonate electrolyte at 

-1 to -1.3 V vs RHE. Periodic anodic polarization (pulsed electrochemistry) is used to obtain

a high time-averaged FE towards formate. An anodic polarization time of 0.1 - 1 s, in

combination with cathodic polarization of 0.1 s, appears optimal to maintain a Pb-surface

providing a continuously high averaged formate FE of ~50%. Raman spectroscopy shows

that PbCO3 is initially present on the surface of the cathode, inducing a high FE, while this

is reductively converted to metallic Pb at -1 to-1.3 V vs RHE. This species is easily

regenerated by anodic polarization at 0.05V vs RHE, thus restoring activity. *

This chapter has been published as : 

Blom, M. J. W., Smulders, V., van Swaaij, W. P. M., Kersten, S. R. A., & Mul, G. Pulsed 

electrochemical synthesis of formate using Pb electrodes. Applied Catalysis B: 

Environmental 268, (2020) 118420. 
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3.1 Introduction 

Most heterogeneous electrocatalysts that can reduce CO2 to formate are based on Pb, Pd, Sn, 

In, Hg, Zn and Bi.1–4 Of those metals, only Pb and Sn based electrocatalysts are oftentimes 

reported to have high selectivity for reduction of CO2 to formate (3.1), whereas other metals 

are more selective towards H2, CO or other CO2 reduction products.1–4 From a technology 

readiness viewpoint, processes for the production of Pb electrodes have long existed for 

manufacturing lead-acid batteries.5 Therefore, this chapter focusses on Pb electrodes as a 

potential easy-to-implement CO2 reduction catalyst. 

𝐶𝑂2 + 𝐻𝐴𝑧+1 + 2𝑒− ⇄ 𝐻𝐶𝑂𝑂− + 𝐴𝑧 (3.1) † 

One of the major challenges identified for the scale-up of CO2 electro-reduction is activity 

degradation of non-noble metal catalysts.6 Pb cathodes have been reported to show an initial 

FE as high as 97%.7 However, the maximum Faraday efficiency (FE) and corresponding 

partial current density to formate (iformate) for Pb cathodes is largely dependent on the nature 

of the electrolyte used, the applied electrochemical reactor, but also reaction time after which 

product concentrations were determined1, as illustrated in Table 3.1. Therefore, 

understanding and increasing the temporal stability of Pb electrocatalysts is needed. 

Table 3.1: Selection of literature results on maximum reported FE, and 

corresponding cell parameters for electrochemical reduction of CO2 on Pb 

cathodes at 18°C-25°C and 1 bar CO2 pressure.‡ 

Potential Electrolyte iformate FE Reactor Time Ref 

V vs 

Ag/AgCl 

V vs 

RHE 
mA/cm2 % min 

-1.46 -0.81 0.5M KHCO3 -0.71 90 Fixed bed 30 8

-1.46 -0.81 0.5M KHCO3 -0.24 30 Fixed bed 120 8

-1.56 -0.91 0.5M NaHCO3 62 Filter-press 120-240 9

-1.61 -0.96 0.5M NaHCO3 -0.06 55 H-cell 10

-1.84 -1.22 0.1M KHCO3 -4.87 97 H-cell 7

-2.00 -30 65 zero gap 11

-2.16 -1.56 0.05M KHCO3 10 H-cell 12

† Where A can be H2O, OH-, HCO3
-, CO3

2- or HCOO- and z denotes charge 

‡ The reversible half-reaction potential for reduction of CO2 to formate under 1 atm. CO2 in 1M KHCO3 is -0.72 V 

vs Ag/AgCl. The pH for calculating potential versus RHE was estimated based on pCO2, the electrolyte and 

carbonaceous equilibrium description (Appendix Chapter 2). 
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In a recent publication by Lee and Kanan, the preparation method of Pb cathodes is shown 

to have a drastic effect on electrode activity.10 They showed that lead cathodes made by 

reduction of PbO2 provide an initial FE to formate of 95% in N2 saturated 1M KHCO3, 

whereas regular Pb foil only showed a FE of 5% under similar conditions. They hypothesize 

that the difference is due to a thin lead oxide (hydroxide) layer, passivating the electrode for 

H2 evolution, but allowing reactivity for formate production. Pb0 sites thus likely induce 

hydrogen evolution.10 Lee and Kanan show a decline in iformate over 4 hours experimental 

time, possibly explained by the metastable nature of the active Pb(oxide) species.10 In situ 

(re)generation of the active species should prevent the iformate decline. 

Changes in oxidation state of as-prepared electrodes in electrochemical reduction of CO2 

have also been previously reported for Cu-oxide-derived electrodes, which is thought by 

some researchers to induce electrode deactivation13,14. Interestingly, periodic anodic 

polarization of Cu diminished such deactivation, extending the lifetime of copper electrodes 

for high Faraday Efficiency.13,14 The effect of periodic anodic polarization on the 

performance of Pb-electrodes was not previously studied and is the subject of this chapter.  

3.2 Materials and methods 

All electrochemical experiments were conducted in a three-electrode, divided 

electrochemical cell at ambient temperature. Both the anolyte and catholyte were 1 M 

KHCO3 (99.7%, Sigma Aldrich) in Milli-Q water. Prior to experiments, the electrolyte was 

sparged with 0.3 bar partial CO2 pressure in Ar for 30 minutes. During experiments, 0.3 bar 

partial CO2 pressure in Ar was supplied as a gas cap above the solution at atmospheric 

pressure, resulting in a constant pH of the solution of 8.4. This mimics a situation where all 

CO2 is supplied from bicarbonate via the carbonaceous equilibrium reactions, as the 

equilibrium pressure of CO2 in contact with KHCO3 is 0.3 bar at pH 8.35. The constant pH 

before and after the experiment indicates that CO2 saturation was sufficient. The catholyte 

and anolyte volumes were 30 ml and approximately 3 ml respectively. The catholyte was 

stirred continuously. The short time experiments in Figure 3.2 are conducted in a different 

but similar cell that has higher electrode area to volume ratio. That is needed to build up a 

high enough formate concentration for accurate detection within the short experimental time. 

The cell and method are described in appendix A3.1. 

A fresh Pb foil working electrode of 0.81 cm2 (99.8%, Alfa Aesar), was consecutively rinsed 

in 70% HNO3 (Sigma Aldrich), Milli-Q water and wiped with paper, prior to each 

experiment. The counter electrode was a Pt mesh (Alfa Aesar) and the membrane, that 

separates the catholyte and anolyte, was an AMI-7001S anion exchange membrane 

(Membranes International Inc.). The authors are aware of recent concerns regarding Pt 

dissolution from the anode.15 Additional test with a graphite counter electrode showed no 

significant effect of Pt dissolution. A Ag/AgCl reference electrode (3M NaCl, ProSense) was 

used and potentials are reported relative to the reversible hydrogen electrode (RHE). 
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Electrochemical experiments were controlled using a Versastat 3 potentioSTAT (Princeton 

Applied Research).  

Electrochemical reduction of CO2 was performed for 16 hours, to obtain sufficiently high 

formic acid concentration in solution to be detected by HPLC after the experiment. The 

pulsed experiments (periodic anodic polarization) were conducted using repeated square 

wave potential pulses, as defined in Figure 3.1. Per wave, the anodic and cathodic 

polarization time are defined as tanodic and tcathodic respectively. The period of the wave is 

denoted as λ and is reported in seconds. The total number of waves (cycles) per experiment 

(N) is equal to 
16 ℎ𝑜𝑢𝑟𝑠⋅3600

𝜆
. 

Figure 3.1: Definition of applied potential waveform in pulsed experiments; these 

were repeated to a total electrochemical experiment of 16 hours. 

During the pulsed experiments, especially at high frequency, (reversible) transient processes 

occurring at the switching of potential can attribute significantly to the total current. 

Therefore, the FE is defined based on the net charge flow Qnet (the sum of oxidative and 

reductive charge flow), equation 3.2. In equation 3.2, n denotes the molar amount of formate 

formed (HPLC with RID, Agilent Technologies. Hi-Plex H column at 65°C, using 5 mM 

H2SO4 eluent at 0.6 mL/min.), S the exposed working electrode area and F the Faraday 

constant. Formate can only be formed electrochemically during cathodic polarization, hence 

iformate is calculated based on the total cathodic polarization time, via equation 3.3.  

𝐹𝐸 =
−2⋅𝑛⋅𝐹

𝑄𝑛𝑒𝑡
⋅ 100% (3.2) 

𝑖𝑓𝑜𝑟𝑚𝑎𝑡𝑒 =
−2⋅𝑛⋅𝐹

𝑆⋅𝑁⋅𝑡𝑐𝑎𝑡ℎ𝑜𝑑𝑖𝑐
(3.3) 

To determine proper operation of the membrane, in several experiments a small initial 

amount of formate was added to the cathodic electrolyte (1mM KHCOO, Potassium Formate, 

Sigma Aldrich). If formate would transfer across the membrane, this would then be evident 

as loss of formate. Fortunately, ‘leaking’ membranes have not been observed in the present 

study. Error bars presented show the measurement error introduced by the uncertainty in 

HPLC analysis, electrolyte volume (evaporation) and charge flow, which is further described 

in appendix A3.2. 
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Raman spectroscopy was conducted in a homemade electrochemical flow-cell that allowed 

a Raman probe to be inserted. The Raman spectroscope was an Avantes Sensline AvaSpec-

HSC-TEC using a laser wavelength of 785 nm at a laser power of 1A. A Pb working electrode 

was used in combination with a Pt counter electrode and Pt wire as pseudo-reference 

electrode. Prior to experiments, the Pt wire was calibrated versus the Ag/AgCl reference 

electrode. The electrolyte used was 0.1M KHCO3, as in 1M KHCO3 the HCO3
-
(aq) peak 

overlapped with some of the other features. 

3.3 Results and discussion 

Figure 3.2: The performance of a Pb cathode in CO2 reduction in 1M KHCO3 

catholyte. A) Partial current density to formate (30 minutes experimental time). 

B) Faraday efficiency to formate (30 minutes experimental time). C) Faraday

efficiency to formate at -1.1V vs RHE

First, Pb electrodes were studied under continuous cathodic polarization at various potentials, 

to compare performance versus literature benchmarks. The formate specific current density 

(Figure 3.2A) increases monotonically with increasingly negative potential and FE shows a 

maximum of 26% at -1.2 V vs RHE (Figure 3.2B). Those results do not stand out from data 

obtained by others, as reported in Table 3.1. Then, at constant potential, the runtime of an 

experiment was varied (Figure 3.2C), which clearly shows decreasing activity over time. The 

FE to formate decreases from 50% after 150 s to 14% after 1800 s. This trend is in agreement 

with the results of Köleli et al. who observed a decline in average activity from -0.71 mA/cm2 

and 90% FE to -0.24 mA/cm2 and 30% FE, respectively, when experimental times of 0.5 h 

and 2 h were compared.8 The 16 hour experimental time employed in the remainder of this 

study results in less than 3% Faraday efficiency for all potentials measured (-0.8 to -1.3 V vs 

RHE) in continuous cathodic polarization experiments (Figure A3.1).  Evidently, under 

operating conditions, Pb cathodes lose a significant part of their activity within 30 minutes. 

To survey the effects of periodic anodic polarization, symmetric square waves were applied 

to the cathode, over a wide frequency range. The experiments were performed in duplo, 

showing good reproducibility.  Figure 3.3 shows iformate and FE for cycles of cathodic and 

anodic potentials of -1.1 V and +0.05 V (slightly anodic of the open circuit voltage) vs RHE, 

respectively. For very high frequency waves (λ=0.002s), there is no significant positive 

effect, and formate production is low. It is reasonable to assume that non-faradaic startup 
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processes e.g. double layer formation, dominate in the high frequency regime. Formate 

production could be inhibited by fast re-oxidation of intermediates. At lower frequency, there 

is a significant increase in iformate and FE using periodic anodic polarization, as compared to 

chrono-amperometry measurements  at constant potential. A time-averaged FE of ~50% was 

obtained with λ = 0.02s and 0.2s, while increasing λ to 10s, results in a lower FE of 

approximately 30%. Periodic anodic polarization at λ ≥ 0.02s maintains average electrode 

activity for at least 16 hours, by regenerating the electrode activity during the anodic 

polarization. 

Figure 3.3: Effect of symmetric waves (tanodic = tcathodic) on partial current density 

to formate (left-axis) and Faraday efficiency to formate (right-axis), determined 

after 16 hours in an electrolyte containing 1M KHCO3 + 1mM KHCOO. 

To investigate the effect of the anodic polarization time (tanodic) on the FE to formate, tanodic 

was varied between 0 and 5s, adjusting tcathodic between 95 and 100s, to maintain a total cycle 

time of 100s. Cathodic and anodic potentials of -1.1 V and +0.1 V vs RHE, respectively, 

were again applied. Figure 3.4A shows a clear increase of iformate with increasing anodic 

polarization time. However, a clear trend in FE is not observed (Figure 3.4B), suggesting the 

anodic treatment of the electrode might also favor hydrogen evolution rates, for example due 

to roughening of the electrode surface during an experiment. Although not as high as 

observed for combination of short anodic and cathodic pulses, the FE is significantly 

improved as compared to chrono-amperometry measurements of 16 hours.  

With increasing tanodic, anodic processes become more pronounced, as observed from the 

anodic to cathodic charge ratio in Figure 3.4C. For the applied conditions, the anodic charge 

does not constitute more than 5% of the total charge. Figure 3.4D shows that for very low 
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anodic charge (Qanodic = 0.09C at tanodic = 0.1s) there is significant charge to formate (Qformate 

= 5.2 C). The relatively small anodic charge compared to the cathodic charge to formate, 

indicates that a catalyst activation/regeneration process occurs rather than a stoichiometric 

process. The process does not reach completion within the 5 seconds of anodic polarization, 

as the activity does not reach a plateau value, but keeps increasing (Figure 3.4A). However, 

as little as 0.1 s anodic polarization every 100s is sufficient to significantly enhance to 

average activity of the Pb electrode. 

Figure 3.4: Effect of varying tanodic at a total cycle time of 100 s, for 16 hour 

experiments in 1M KHCO3 + 1mM KHCOO. A) Partial current density to 

formate. B) Faraday efficiency to formate. C) Ratio between anodic and cathodic 

charge. D) Charge to formate versus anodic charge 

The cathodic polarization time was varied at constant anodic polarization time of 5 s, to study 

how long the regenerative effect of anodic polarization lasts. Figures 3.5A and B show that 

iformate and the FE rapidly fall-off from values of -0.37 mA/cm2 and 35% at tcathodic of 5-10 s, 

to values of -0.09 mA/cm2 and 2-3% at tcathodic >200 s. The quantity 1/λ, as shown in Figure 

3.5C, scales with the total number of cycles per experiment, as each experiment lasted 16 

hours. The figure shows that Qanodic scales linearly with 1/λ, indicating that the average anodic 

charge flow per cycle is constant. The anodic over cathodic charge ratio increases with 1/λ, 
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which shows that at smaller values of tcathodic (hence large 1/λ), a comparatively larger amount 

of anodic charge flows. However, at those conditions the FE is also highest (Figure 3.5B), 

indicating a trade-off between high FE during cathodic polarization and production time lost 

due to anodic regeneration.  The latter if further illustrated by Figure 3.5D which shows an 

optimum in Qformate vs Qanodic. Concluding the results of Figures 3.3, 3.4 and 3.5, an anodic 

polarization time of 0.2-1 s appears sufficient to obtain a Pb-surface with high FE towards 

formate, while the cathodic polarization time should be maintained small, and can be 

optimized for highest time-averaged iformate. 

Figure 3.5: Effect of varying tcathodic at constant tanodic (5 s). Concentrations were 

determined after 16 hours in 1M KHCO3 + 1mM KHCOO. A) Partial current 

density to formate. B) Faraday efficiency to formate. C) Ratio between anodic 

and cathodic current. D) Charge to formate versus anodic charge. 

During the anodic polarization of the Pb electrode, a relatively small positive current was 

observed, resulting from an oxidation process. The applied anodic potential is insufficient for 

oxygen evolution, hence the current can either be attributed to formate/hydrogen oxidation 

and/or Pb oxidation. A CV study (appendix A3.3) showed no significant HCOO- oxidation 

peaks. Lee and Kanan attributed the improved activity of oxide derived Pb to the presence of 

PbOX species.10 Following the same train of thought, we propose that during periodic anodic 

polarization, a layer containing oxidized Pb species rapidly forms at the surface of the Pb 
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electrode, increasing activity. During the applied cathodic polarization, the oxidized Pb 

surface layer decomposes, presumably at a slower rate than the formation, which is supported 

by the fast increase of iformate with tanodic as shown in Figure 3.4, and the slower decrease in 

iformate with tcathodic, shown in Figure 3.5. The metastable nature of the oxidized Pb surface is 

only observed in the presence of HCO3
-
 as indicated by a CV study in appendix A3.3. Based 

on Figure 3.5, the oxidized Pb surface created in 5 s, takes approximately 100 s to be fully 

converted. The actual iformate at time t, would therefore respond to the applied potential as 

shown schematically in Figure 3.6. 

Figure 3.6: Simplified representations of A) iformate over time.  B) Potential over 

time. During pulsed electrochemistry. 

To identify the relevant oxidized phase of Pb, a Pourbaix diagram, Figure 3.7, was 

constructed for Pb, using conditions equivalent to the experimental conditions. The Pourbaix 

calculations incorporate the bicarbonate/carbonate acid-base equilibrium in 1M KHCO3 and 

relevant Pb-species (Appendix A3.4). It can be seen that the anodic polarization of the 

electrode is thermodynamically sufficient to produce oxidized Pb-species in the form of 

PbCO3.  
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Figure 3.7: Pourbaix diagram, incorporating carbonate equilibrium (1M total 

carbonate concentration), showing thermodynamically stable Pb-compounds. 

Dashed lines denote hydrogen and oxygen evolution, respectively. Blue dots 

denote cathodic and anodic potential at -1.1 and 0.1 V vs RHE in 1M KHCO3 

respectively. 

To verify the thermodynamic results, in-situ Raman spectrometry was performed in 1M 

KHCO3 solution on a Pb electrode under anodic and cathodic polarization. Figure 3.8 shows 

the difference between the respective spectra. The observed Raman (difference) peak at 1055 

cm-1 can be assigned to CO3
- vibrations of PbCO3 or 2PbCO3·Pb(OH)2.16,17 This observation,

combined with the thermodynamic results in Figure 3.7, suggests PbCO3 is formed during

the anodic polarization of the electrode, and that PbCO3 is converted to Pb during cathodic

polarization. The observed increased activity for formate production when PbCO3 is present,

strongly suggest that PbCO3 acts as an active surface for formate production, different, but

similar in oxidation state to the previously suggested PbO-species by Lee and Kanan. 10

During reduction of CO2 (cathodic polarization), the PbCO3 layer is converted: consequently, 

the CO2 reduction activity drops and the H2 formation rate rises. The longer the cathodic 

polarization time, the lower the average formate production activity and the higher the 

average rate of hydrogen evolution. Therefore, both iformate and FE drop with increasing 

tcathodic, as shown in Figure 3.5. For very long tcathodic the operation method approaches that of 

continuous operation; indeed FE approaches the continuous operation value of only a few %. 

In-situ spectroscopy is a necessity, as the PbCO3 layer is not fully stable when removed from 

solution and discoloration of the layer was observed after rinsing and drying. By taking the 

difference between two Raman spectra under anodic and cathodic polarization, the effect of 

changing polarization is isolated and confirms the thermodynamic calculations. Thereby, this 
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work supports the theory that Pb2+ species are catalytically active for reduction of CO2 to 

formate 10 and identifies PbCO3 as the active material.  

Figure 3.8: In-situ Raman difference spectrum between anodically polarized Pb, 

minus cathodically polarized Pb at 0.1 and -1.1 V vs RHE, respectively, in 0.1M 

KHCO3. 

Anodic regeneration has also been studied for noble metal catalysts. There, deactivation 

occurs via CO poisoning and the regeneration mechanism is based on anodic CO stripping, 

a proven method, that is still used to date. 18–21 The regeneration of Pb electrodes cannot occur 

by a CO stripping mechanism as no CO formation is observed for Pb electrodes under CO2 

reduction conditions. 22 The PbCO3 formation mechanism is the most likely mechanism for 

anodic regeneration of Pb electrodes. 

The importance of the surface oxidation state of Pb cathodes shown in this work agrees with 

other literature and may explain some of the observed behavior. Oxygen derived Pb and Pb 

roughened by oxidation-reduction cycling both show increased FE compared to polished Pb. 
10,23 This is likely due to increased surface oxidation state, similar to our periodic anodic 

polarization effect. We observed PbCO3 formation in the presence of dissolved oxygen at 

open circuit potential, albeit at slow rate. This and the electrode deactivation over time 

(Figure 3.2C) may explain part of the large variation on FE reported in literature (Table 3.1). 

With the focus on scale-up to industrial size, the pulsed method results in a significant 

increase in activity and stability. The electrodes can be reactivated without removing them 

from the reactor and without changing the electrolyte, which is advantageous in terms of time 
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and effort needed for reactivation. Moreover, as only little anodic charge is associated with 

the reactivation, the energy costs for regeneration are low. Therefore, periodic anodic 

polarization, or pulsed electrochemistry, may be a viable operation method in industrial-size 

applications and could prove to be a significant process intensification.  

In that regard, the toxicity of Pb may be an issue if it would exit the reactor as a Pb2+ 

contamination in the electrolyte. Fortunately, based on Figure 3.7, Pb2+ is unstable during 

both anodic and cathodic polarization. Therefore, the Pb2+ concentration is limited by the 

PbCO3 solubility (Ksp = 1.5·10-13
 L2/mol2 24). Recycling of the electrolyte and wastewater 

treatment should be sufficient to keep Pb emissions within acceptable levels.25 

The reversible half-cell potential for reduction of CO2 to formate  is +0.01 V vs RHE§. 

However, in this chapter and throughout literature (Table 3.1), potentials much more cathodic 

were applied, generally between -0.8 and -1.2 V vs RHE. Consequently, cathodic 

overpotential alone is in the order of 1V. In comparison, many H2O electrolysis catalysts, at 

similar current density, exhibit cathodic overpotential less than 0.1 V.26 If the FE would be 

100%, 1 V overpotential for reduction of CO2 results in an electric energy loss of 192 KJ/mole 

formate. In the context of an aqueous energy storage system, that waste energy comes 

available as low temperature heat, with only domestic heating, in winter time, as potential 

use. Therefore, to increase energy efficiency, other catalysts with less overpotential should 

be considered for the bicarbonate-formate storage system. 

§ At standard conditions: 1M KHCO3 + 1M KHCOO in equilibrium with 1 atm. partial

pressure of CO2
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3.4 Conclusion 

Lead cathodes for electrochemical CO2 reduction show high initial Faraday Efficiency, but 

decreasing performance with time. In-situ periodic anodic polarization can significantly 

increase average current density to formate and Faraday efficiency. After 16 hours of 

experimental time at -1.1 V vs RHE a maximum increase from -0.03 mA/cm2 and 0.6 % FE 

to -0.73 mA/cm2 and 48 % FE was realized by using sub-second periodic anodic polarization. 

In-situ Raman spectroscopy combined with thermodynamic calculations shows that PbCO3 

is formed on the surface during the anodic polarization. The increased CO2 reduction activity 

is attributed to this PbCO3 layer, in particular the Pb2+ surface oxidation state, which is in 

agreement with literature. Anodic polarization time of only 0.1 s is sufficient to enhance the 

activity and further enhancement is achieved by increasing anodic polarization time. The 

activity is highest for short cathodic polarization time, as activity decreases during cathodic 

polarization. Formate is only produced during cathodic polarization, therefore an optimum 

exists between cathodic and anodic polarization. The operation method provides a means to 

regenerate Pb electrodes for electrochemical CO2 reduction without removing them from the 

reactor or changing electrolyte and at low energy costs, which is highly relevant to 

commercial implementation. Unfortunately, for the purpose of this thesis, the energy 

efficiency of Pb electrodes, requiring approximately 1V overpotential, is too low for 

application in the bicarbonate-formate system. Therefore, a more energy efficient catalyst 

will be considered in the next chapters. 
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Appendix 

A3.1 Short time continuous experiments materials and methods 

The short time experiments, other than the ones described in section 3.2, were conducted in 

an in-house developed membrane-divided electrochemical cell. The Pb working electrode 

area was 6 cm2 (2 by 3 cm) and for each experiment a new electrode was used. The counter 

electrode was platinum-coated titanium (Magneto) of the same size. Both electrolytes were 

separates from the membrane by 1 cm of solution. The working electrode was a Ag/AgCl 

3M KCl reference electrode that was built in-house. Prior to an experiment pure CO2 was 

sparged through solution for 15 minutes. During experiments, CO2 was also sparged through 

solution at 5 ml/min. Both the catholyte and anolyte were 6 ml 1M KHCO3. The 

compartments were separated by a cation exchange membrane (CMI-7000, Membranes 

international inc., 450μm thick.). 

A3.2 Calculation of error bars 

Equations A3.1 and A3.2 show the error in the specific formate current density and Faraday 

efficiency respectively, calculated by propagation of errors. There, 𝛿 denotes the error a 

certain quantity. The magnitude of which was estimated.  Especially at low concentrations, 

the errors are dominated by the uncertainty in the formate concentration, the value of which 

was estimated from HPLC calibration (6 concentrations, 3 repeats per concentration). At 

higher concentration, the errors are dominated by the uncertainty in electrolyte volume 

(evaporation) which results in an error of 1 ml in the electrolyte volume for the large cell, 

estimated by gas flow, experimental time and vapor pressure of water. The error in the 

measured charge flow is 0.2%, as described by the manufacturer. Typically, each experiment 

was performed once and selected duplo measurements are shown as separate data points in 

the graphs. 

𝛿𝑖𝑓𝑜𝑟𝑚𝑎𝑡𝑒 = (
𝛿𝑐𝑓𝑜𝑟𝑚𝑎𝑡𝑒

𝑐𝑓𝑜𝑟𝑚𝑎𝑡𝑒
+

𝛿𝑉

𝑉
) ⋅ 𝑖𝑓𝑜𝑟𝑚𝑎𝑡𝑒 (A3.1) 

𝛿𝐹𝐸 = (
𝛿𝑐𝑓𝑜𝑟𝑚𝑎𝑡𝑒

𝑐𝑓𝑜𝑟𝑚𝑎𝑡𝑒
+

𝛿𝑉

𝑉
+

𝛿𝑄𝑛𝑒𝑡

𝑄𝑛𝑒𝑡
) ⋅ 𝐹𝐸 (A3.2) 

A3.3 CV study formate oxidation 

Figure A3.1 compares CV’s in 1M KHCO3 with and without formate present in the bulk 

solution. There is no distinct difference in the oxidation peaks at 0.0 V vs RHE. Comparing 

the CV (Figure A3.1) to the Pourbaix diagram (Figure 3.7), it is likely that the oxidation and 

reduction peak at 0.0V vs RHE are due to the transition from Pb to PbCO3. The broad 

reduction peak of the PbCO3 is an indication that the formed PbCO3 is metastable. The lack 

of a formate oxidation peak can be attributed to the high overpotential for formate production 

(>0.8V from Figure A3.2), hence high overpotential for formate oxidation. In that case 

formate oxidation would not occur until a potential of 0.8 V vs RHE is reached. 
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Figure A3.1: CV of Pb electrode in 1M KHCO3 with and without added formate 

at 5 mV/s 

Figure A3.2 shows CV’s of Pb electrodes in a ‘blank’ electrolyte with added formate or 

bicarbonate to study their effect independently. It is shown that with only supporting 

electrolyte, oxidation peaks are still observed, which is likely PbO formation. The presence 

of HCOO- seems to hinder this oxidation. The presence of HCO3
- results in a distinct 

difference in the reduction peak at 0.0V vs RHE. In the presence of HCO3
-, the reduction 

peak becomes extremely broad, indicating a clear stabilisation of the oxidised surface, likely 

due to PbCO3 formation. 
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Figure A3.2: CV of Pb electrode in 1M NaClO4 with and without added formate 

or bicarbonate at 5 mV/s 

A3.4 Pourbaix diagram calculations 

For every Pb species that was identified as relevant, the standard equilibrium potential (E0) 

was calculated using equation A3.3 and the Gibbs free energy of formation shown in Table 

A3.1. In equation A3.3, n denotes the amount of electrons participating in the reaction and F 

is the Faraday constant. As a function of pH and carbonate concentration, E0 was converted 

to the actual equilibrium potential at the relevant pH, using the Nernst equation A3.4. There, 

R denotes the gas constant and T the temperature. Q is defined by A3.6 for reaction A3.5. 

For dissolved Pb species, the concentration was assumed to be 1·10-6 mol/L, due to the low 

solubility. As the carbonate concentration is dependent on pH, this was incorporated using 

equation A3.7. This is a function of the initially dissolved bicarbonate concentration (1 

mol/L) and the pH. K1 is the equilibrium constant and 𝐾1 = 4.66 ⋅ 103.27 Therefore, the

Pourbaix diagram describes a system of initially 1M KHCO3 to which lye is added, without 

contact/exchange with gaseous CO2. 
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E0 = −
ΔrG

nF
(A3.3) 

E = E0 −
RT

nF
ln(Q) (A3.4) 

Am+ + ne− → B(m−n)+ (A3.5) 

Q =
[B]

[A]
(A3.6) 

[CO3
 2−] = [HCO3

 −]0 ⋅
K1⋅10−(14−pH)

1+K1⋅10−(14−pH) (A3.7) 

Table A3.1: Standard Gibbs free energy of formation at 298.15K for selected 

species27,28 

Species ΔGf

(KJ/mole) 

Pb 0 

Pb2+ -24

Pb4+ 303 

PbO -188

PbO2 -217

2PbCO3·Pb(OH)2 -1699.8

H+ 0 

OH- -157

CO3
2- -528

H2O -237

PbCO3 -626







Chapter 4 

The effect of partial pressure of hydrogen 
and CO

2 
on rate and selectivity at Pd/C 

'A problem well stated is a problem half-solved' 

- Charles F Kettering -

63 
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Abstract 
Electrochemical reduction of CO2 on a Pd/C cathode produces formate and hydrogen at low 

overpotentials. An increase in the partial pressure of formate in the catholyte results in a 

reduction of the net hydrogen evolution rate, whilst the rate to formate remains unaffected. 

By applying 4 bar partial hydrogen pressure, hydrogen evolution can be fully avoided at -

0.05 V vs RHE and 1 bar partial CO2 pressure. The effect is observed during operation at 

various partial pressure of CO2 and applied potentials. Therefore, the partial pressure of 

hydrogen can be utilised to increase selectivity to formate, whilst other parameter are free to 

steer productivity and energy efficiency. A reactor concept that employs this principle is 

described and a set of potential steady state operating conditions is estimated.  

*

This chapter is published as Blom, M. J. W., van Swaaij, W. P. M., Mul, G. & Kersten, S. R. A. Increased hydrogen 

partial pressure suppresses and reverses hydrogen evolution during Pd catalyzed electrolysis of CO2. Sustainable 

Energy and Fuels 2020 (4) 4459-4463. 
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4.1 Introduction 

Electrocatalysts that reportedly show high intrinsic selectivity for CO2 reduction towards 

formate over hydrogen production and other CO2 reduction products (Pb, Sn, Bi, In), all 

require significant overpotential for CO2 reduction to occur. 1–4 The overpotential is 

associated with activation of CO2 on the catalysts surface.5,6 However, under CO2 reduction 

conditions, even more overpotential is associated with the activation of water, thus they are 

selective towards CO2 reduction.4,7 These metals are not good electrocatalysts for CO2 

reduction, but are even worse catalysts for hydrogen evolution. Energy efficient CO2 

reduction requires a good catalyst that exhibits low overpotential.   

Conversion of CO2 to formate at near zero overpotential (<0.05 V) is only observed on Pd 

based electrocatalysts and the enzyme formate dehydrogenase and its derivatives8–10, making 

Pd based catalysts especially relevant for heterogeneous, energy efficient electrocatalysis. 

Although CO2 reduction occurs close to the equilibrium potential, the catalyst is not 

intrinsically selective. When operated at less than 0.25 V overpotential, Pd based 

electrocatalysts produce HCOO- (reaction 4.1) with H2 as a byproduct (reaction 4.2).11 Since 

Pd is an excellent hydrogen evolution catalyst and H2 and HCOO- are both formed via 

palladium hydride as an intermediate, suppressing hydrogen evolution is challenging.9,12 

Many recent publications try to minimize hydrogen evolution by changing the nature of the 

catalyst via alloying (88% - 100% Faraday Efficiency (FE)) 13,14, doping (70% FE) 15 or 

(nano)structuring (50% - 97% FE) 16,17. This chapter described an alternative approach, which 

utilizes the reversible Pd-catalysed hydrogenation of CO2 18,19 (reaction 4.3). 

𝐶𝑂2 + 𝐻𝐴𝑧+1 + 2𝑒− ⇄ 𝐻𝐶𝑂𝑂− + 𝐴𝑧     (4.1) † 

2𝐻𝐴𝑧+1 + 2𝑒− ⇄ 𝐻2 + 2𝐴𝑧      (4.2) † 

𝐶𝑂2 + 𝐻2 + 𝐴𝑧 ⇄ 𝐻𝐶𝑂𝑂− + 𝐻𝐴𝑧+1      (4.3) † 

Generally, electrochemical setups for the electrochemical reduction of CO2 continuously 

sparge fresh CO2 through the catholyte, as is good practise, to avoid mass transfer limitations 

by undersaturation of the bulk electrolyte.20–22 However, CO2 sparging also strips any formed 

H2 from solution and pulls reaction 4.2 towards more hydrogen production. In contrast, in 

the absence of applied potential, Pd/C catalyses hydrogenation of CO2 dissolved in aqueous 

solution at elevated hydrogen partial pressure (pH2).19 Moreover, at electrochemical CO2 

reduction conditions, reactions 4.2 and 4.3 were observed to occur simultaneously on Pd/C. 
23,24 The rate of reaction 4.3 increases with pH2 

19, whereas the rate of reaction 4.2 decreases 

with pH2, but the latter is mostly governed by the applied potential 25. If, at a certain potential 

and pH2, the rates of reaction 4.2 and 4.3 are equal, net hydrogen production is zero. In a 

continuous reactor (without gaseous CO2 reduction products), that would correspond to an 

                                                           
† Where A can be H2O, OH-, HCO3

-, CO3
2- or HCOO- and z denotes charge 
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operating point where no external hydrogen supply is required and net no hydrogen is 

produced, hence formate would be the sole product. 

This chapter concerns the overall kinetics of combined chemical hydrogenation and 

electrochemical reduction of CO2 to formate with the aim to control the net production of 

hydrogen and thus selectivity to formate. (Selectivity is considered instead of Faraday 

Efficiency, as the latter only concerns electrochemical reactions and selectivity incorporates 

chemical reactions as well.) To that end, first a pressurizable electrochemical cell with 

incorporated membrane and reference electrode has to be developed.  

4.2 Design of reactor and setup 

The electrochemical cell should meet four main criteria to perform well in the envisioned 

experiments. First, the cell should obviously be pressurizable. Second, the cell should have a 

high electrode area relative to the electrolyte volume (S/V ratio), to build-up measurable 

product concentrations in the liquid phase within reasonable time. Third, the cell should 

incorporate a membrane to prevent product destruction at the opposite electrode. Last, the 

cell should have a reference electrode to study kinetics at constant potential. 

In literature, cells are described that meet three of the four criteria, but never all of them. For 

example, Cave et al. developed a cell with high S/V ratio, membrane and reference electrode, 

which cannot operate at elevated pressure.26 During previous research within the PCS group, 

a cell was developed that can operate at elevated pressure and incorporates a membrane and 

reference electrode, but that has low S/V ratio.27 Inspiration was obtained from both designs 

and two key lessons learned. First, the reference electrode should be kept at the same pressure 

as the electrolyte, to prevent convective transport between the reference and electrolyte. 

Second, a flat stacked geometry allows high S/V ratio and gas/liquid separation inside the 

cell. Both were incorporated in the present cell design.  

The newly developed cell features a PEEK flat stacked cell body with stainless steel endplates 

to provide added mechanical strength (Figure 4.1). Ag/AgCl reference electrodes are 

incorporated in the cell body and are connected to the electrolyte via a gas line. Therefore, 

no pressure difference exists between the reference and electrolyte. The cell is designed to 

operate as batch reactor for the liquid phases and continuous for the gas phases. 
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Figure 4.1: Schematic representation of electrochemical cell. A: Expanded view 

of electrochemical cell. B: Schematic of operating cell 

It is vital that pressure within the electrochemical cell is controlled accurately. The pressure 

in the catholyte and anolyte should be equal during the experiment, but also during 

pressurization and depressurization, as any difference leads to transmembrane pressure drop, 

potentially damaging the membrane. The setup, shown in Figure 4.2, minimizes 

transmembrane pressure drop.  

Feed gas to the catholyte is mixed before entering the reactor. The gas on the anolyte side is 

pure argon. The gas ratio and flow is controlled via mass flow controllers (MFCs a1 and c1-

c3). Pressure safety valves (PSVs) are in place to prevent over-pressurization. The pressure 

in the catholyte is controlled via MFC-c2, which is adjusted based on the set pressure. The 

pressure in the anolyte follows the pressure in the catholyte, via backpressure regulator a1 

(BPR-a1). The BPR senses the pressure in the catholyte compartment and uses this as a set-

point for the pressure in the anode compartment. By ensuring that the gas flow to the anolyte 

compartment is always larger than the gas flow to the catholyte compartment, equal pressure 

is maintained, also during (de)pressurization. 
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Figure 4.2: Flow diagram of electrochemical setup 

4.3 Experimental procedure 

Electrochemical reduction of CO2 was performed on Pd/C coated titanium plate electrodes. 

Each experiment took 60 minutes and formate was quantified by HPLC afterwards. 

Consequently, the hydrogen production was calculated by the difference from the 

accumulative charge and production of formate.  

The electrochemical cell was assembled with the Pd/C electrode as working electrode (WE) 

and dimensionally stable anode as counter electrode (CE), both 2 by 3 cm in size. Bot 

electrodes were spaced 1 cm from the membrane. A cation exchange membrane (CEM) 

(CMI-7000, membranes international inc.) was used in all experiments. Both anolyte and 

catholyte were 6 ml 1M KHCO3 solution. Total gas flow to the catholyte was kept constant 

at 5 mln/min, gas flow to the anolyte was 10 mln/min and total pressure during electrolysis 

was kept at 7 bara. 

Pressurization of the reactor takes approximately 20 min, which is enough time to equilibrate 

the gas and liquid phase. Depressurization takes about 1 minute. During (de)pressurization, 

no potential is applied, but hydrogenation does occur to some extent (reaction 4.3). The 

amount of formate produced during this period was quantified by only performing 

pressurization and depressurization. In data analysis that amount of formate was subtracted 

from the total amount of formate produced, therefore the data in this chapter accurately 

represents the processes that occur during pressurized electrochemistry. 
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All potentials were measured versus an Ag/AgCl (3M KCl) reference electrode and were 

converted to the Reversible Hydrogen Electrode (RHE) scale. Equilibrium pH is dependent 

on the CO2 pressure in the cell, hence was calculate based on this equilibrium, as described 

in the appendix of chapter 2. 

The RHE is defined as the thermodynamic equilibrium potential of the hydrogen evolution 

reaction at 1 bar H2 partial pressure under experimental (electrolyte) conditions. On the RHE 

scale, the thermodynamic electrochemical driving force for formate production is unaffected 

by pH. The thermodynamic driving force for hydrogen evolution is affected by pH2 as per 

Nernst’s law. Since H2 participates in the hydrogen evolution reaction, but not in the formate 

formation reaction, it is impossible to maintain the same thermodynamic driving force to both 

reactions when varying pH2. In experiments, the driving force for formate production was 

kept constant when constant potential versus RHE is indicated.  

 

Preparation of Pd/C electrode 

Ti foil was cut into pieced of 30 mm by 40 mm and cleaned by boiling in 1M oxalic acid 

solution for 2 hours and consecutive rinsing with water. Carbon paper was cut into 20 mm 

by 30 mm pieces and attached to the Ti foil with graphite based conductive adhesive. The 

adhesive was cured at 60°C for 1 hour. This formed the electrode backbone.  

Catalyst ink was prepared by mixing 50 mg Pd/C (5 wt.% Pd) with 2 ml isopropanol and 0.5 

ml Fumion solution. The mixture was sonicated for 30 min. 200 μL of catalyst ink was 

adsorbed into the carbon paper of the electrode backbone. The loaded electrode was then 

dried in an oven at 60°C for 1 hour. This resulted in a catalyst loading of 0.67 mg/cm2 Pd/C 

or 0.033 mg/cm2
 Pd.  

KHCO3 (99.7%) and 5 wt.% Pd/C were purchased from Merck. Fumion FAA-SOLUT-10 

ionomer solution (10 wt.% in NPM) was purchased from Fumatech GmbH. Titanium foil 

0.89 mm (99.7%) and graphite conductive adhesive were purchased from Alfa Aesar. CeTech 

GDS810 carbon paper was purchased from fuel cell store. CMI-7000 cation exchange 

membrane (CEM) was purchased from Membranes International inc. A dimensionally stable 

anode (DSA) was acquired from Magneto Special Anodes B.V. Milli-Q water was used for 

all solutions and water based cleaning procedures. All chemicals were used as received 

without further purification. 

 

HPLC analysis and gas chromatography 

After an experiment, the formate concentration in the catholyte was determined with HPLC. 

A Hiplex-H column was used in an Agilent Technologies 1200 series HPLC, with 5 mM 

H2SO4 in milli-Q as eluent. The column was at 65°C and eluent flow was 0.6 ml/min. Formate 

was detected with a Refractive index detector (RID) and retention time was 14.8 minutes.  
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Occasionally, the gas catholyte off-gas was analyzed with on-line GC analysis. The GC was 

an Interscience compact GC equipped with thermal conductivity detector (TCD) and flame 

ionization detector (FID). The TCD was used for CO detection and no significant amounts 

(<0.2% FE) were formed during experiments. The FID was used for methane and higher 

hydrocarbon detection; no significant amounts of hydrocarbons were detected. 

When no hydrogen pressure was applied to the system, the produced hydrogen could be 

measured by GC and an overall charge balance checked. Although the GC is not optimal for 

measuring H2 in the experimental concentration range, the charge balance closure never fell 

outside the 93%-103% range. Analysis of the gas phase is the largest contributor to the error 

in charge balance closure, due to errors in the GC measurements and relatively large amount 

of volume in piping, control features and safety features compared to the reactor volume. 

Note that reported H2 evolution rates are calculated by difference from charge flow and 

formate production (measured by HPLC).  

 

Operating regime 

To measure catalyst behaviour accurately, the applied conditions are such that mass transport 

effects in the catholyte are minimized. The mass transfer properties of the cell were 

characterized using potassium ferricyanide (K3Fe(CN)6) and potassium ferrocyanide 

(K4Fe(CN)6). Via linear scan voltammetry at various concentrations, under stagnant 

conditions a mass transfer coefficient (Km) of 1.5·10-6 m/s was obtained which could be 

increased to 1.2·10-5 m/s by a stirrer bar. Compensating for the difference in diffusion 

coefficient (DCO2 = 1.9·10-9 m2/s and Dferricyanide = 0.75·10-9 m2/s), the Km values correspond 

to mass transfer limited CO2 reduction currents of 2.2 mA/cm2 in the absence of mixing and 

18 mA/cm2 with stirring at 1 bar partial CO2 pressure. The latter is a typical value for liquid 

phase systems without gas diffusion electrodes, regarding CO2 reduction to 2 electron 

products. 28,29 

Mass transfer limitations can occur between the electrode surface and bulk solution (external 

limitations) or inside the porous electrode (internal limitations). External CO2 mass transfer 

effects were evaluated, by changing the flow rate of pure CO2 and assessing the average rate 

to formate. Only when the CO2 flow was zero, there was a significant effect, as shown in 

Figure A4.3. Therefore, external CO2 mass transfer effects play no significant role in the 

experiments. To prevent significant internal mass transfer limitations, the CO2 reduction rate 

as function of potential was determined. Then, all measurements were performed at potential 

less cathodic, resulting in a rate below the maximum observed rate. Therefore, although the 

maximum observed rate may or may not be mass transfer limited, experiments at less 

cathodic potential are definitely below the absolute mass transfer limit. 

The gas supplied to the catholyte is sparged though a fine, small glass fritte, which assures 

abundant small bubbles. The small bubbles facilitate mass exchange of CO2 and H2 between 

the gas phase and electrolyte and they facilitate mixing. The maximum transfer of hydrogen 

to the electrode surface was quantified, by anodically polarizing a Pt electrode and measuring 
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the current, whilst varying the hydrogen partial pressure. Mass transfer of hydrogen was 

found to be not rate determining for the CO2 hydrogenation reaction (Figure A4.2). During 

electrochemistry, under net hydrogen production conditions, hydrogen mass transfer can 

never be rate limiting as it is then generated at the active sites. Given these conditions, data 

in this chapter is representative for true catalyst behaviour. Overall, the reactor facilitates 

measurements in the kinetically limited regime over a wide (partial) pressure range, whilst 

maintaining accurate potential control. 

 

Repeatability of electrode performance 

Pd/C electrodes are known to deactivate under electrochemical CO2 reduction conditions. 

This deactivation is mostly reversible, with the exception of a small initial deactivation.9 

Therefore, the electrode was first used in a standard experiment and the accompanying data 

was omitted. Between experiments, the electrode was regenerated by 30s anodic polarization 

at 1.3V vs RHE. That resulted in reproducible results, as shown in Figure A4.3. The standard 

deviation over the faraday efficiency is 2.7 percent point. 

4.4 Results 

The effect of hydrogen partial pressure on the net production of hydrogen was studied under 

three different conditions: at -0.05 V vs RHE and pCO2=1 bar, at -0.10 V vs RHE and pCO2=1 

bar, and at -0.05 V vs RHE and pCO2=3 bar, respectively. Under all conditions, the total 

pressure was maintained at 7 bar and H2/Ar partial pressures were varied. Thereby, the effect 

of pH2 is studied, with minimal bias from changes in flow, mixing (induced by gas bubbles) 

and CO2 concentration. 

The results, presented in Figure 4.3, show that under all conditions the average overall 

hydrogen production rate is significantly decreased by increasing the partial pressure of 

hydrogen. The effect is most pronounced at -0.05 V vs RHE and partial CO2 pressure (pCO2) 

of 1 bar. At high enough pH2, overall hydrogen production can be prevented and can even 

become negative, implying hydrogen consumption, which must be via reaction 4.3.  A higher 

cathodic potential (-0.10 V vs RHE) results in a higher average rate to H2. This is a result of 

the increased electrochemical driving force for hydrogen evolution. At higher CO2 partial 

pressure the rate to H2 also increases, presumably due to kinetic effects induced by an 

increased acidity of the electrolyte.25 When pCO2 is increased from 1 to 3 bar, the proton 

concentration also increases threefold (Table A4.1) and a first order dependence of hydrogen 

evolution rate on the concentration of protons 25 agrees with the threefold increase of 

hydrogen production at pH2=0 bar (Figure 4.3). Extrapolation of the data indicates that also 

at more cathodic potential and at higher CO2 partial pressure, an operating point exists where 

overall hydrogen production equals zero. 
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Figure 4.3: Hydrogen production during electrochemical reduction of CO2 in 1M 

KHCO3 sparged with a mixture of CO2, Ar and H2 at ptotal = 7 bar. 

 

The hydrogen partial pressure does not significantly influence the average rate to formate 

(Figure 4.3 and appendix A4.1). This was observed for applied potentials of -0.05 V and -

0.10 V vs RHE, and at higher CO2 partial pressure of 3 bar. The average rate to formate 

increases at more negative cathodic potential and is similar to values reported in literature 

(6–52 μmole/s/g Pd) at comparable conditions 9,15. Furthermore, the rate to formate increases 

with increased partial pressure of CO2, which is a continuation of the trend observed by others 

at partial pressures of CO2 below 1 bar. 9 Both effects are studies further in the absence of 

exogenous hydrogen. 

 

Figure 4.4: Formate production during electrochemical reduction of CO2 in 1M 

KHCO3 sparged with a mixture of CO2, Ar and H2 at ptotal = 7 bar. Average of 

data sets plotted as guide to the eye. 
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First the effect of CO2 partial pressure is studied. Literature reports a first order dependence 

of the rate to formate on the partial pressure of CO2 between 0-1 bar, as a result of rate limiting 

CO2 adsorption.9 In this chapter the range between 1-7 bar was explored (Figure 4.5). Clearly, 

the CO2 pressure has a positive effect on the production rate of formate, but the effect 

decreases at higher pCO2, indicating CO2 adsorption is not (fully) rate limiting at higher pCO2. 

Furthermore, Figure 4.4 displays a monotonic increase in the rate towards hydrogen evolution 

with pCO2, which is an effect of increasing acidity of the electrolyte improving hydrogen 

evolution kinetics.25 The mechanistic origin of these effects is studied in chapter 5. 

 

 

Figure 4.5: Formate and hydrogen production during electrochemical reduction 

of CO2 at -0.10V vs RHE in 1M KHCO3 sparged with CO2. 

 

When the electrochemical driving force is increased by applying more cathodic potential, the 

rates to formate and hydrogen both increase initially (Figure 4.6A). At potentials more 

cathodic than -0.15V, a decrease in both rates is observed. This observation is in agreement 

with literature and attributed to minor amounts of electrochemically produced CO, which 

poison the electrode.9,15 The deactivation is clearly visible in a plot of current over time 

(Figure 4.6B). Experiments at mild overpotential reach a quasi steady state, whereas current 

decrease throughout experiments at more cathodic potential. Although initial currents 

increase with more cathodic potential, the deactivation results in a lower average range over 

the full course of the experiment. During all other experiments in this chapter, potentials of -

0.10V and less cathodic were used and deactivation was monitored, the limit its effect.  
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Figure 4.6: A) Formate and hydrogen production during electrochemical 

reduction of CO2 in 1M KHCO3 sparged with CO2 at 1 bar. B) Current over time 

for data in A 

4.5 Discussion 

This chapter focusses on the design of the electrochemical cell, experiments therein and 

implication for the bicarbonate-formate energy storage system. A detailed analysis regarding 

the reaction kinetics and mechanism follows in Chapter 5. Summarizing the experimental 

results of this chapter, three parameters were studied. With increasing pH2, rH2 decreases and 

the rHCOO- is unaffected. By increasing pCO2, rH2 increases and also rHCOO- increases, but up to 

a maximum. Lastly, both rates increase with more cathodic potential, but too cathodic 

potential (<-0.15 V vs RHE) leads to fast catalyst deactivation.  

During the charge step of the bicarbonate-formate system, a high reaction rate towards 

HCOO- is favoured and H2 production should be avoided. Moreover, chapter 2 shows that, 

although CO2 could be the electrochemically active species, no net conversion of (the cathode 

side) gas phase is required. Therefore, CO2 is not consumed, but its presence can be used to 

optimize the reaction rate. As the goal is zero net hydrogen production, in the optimal case, 

hydrogen is neither produced nor consumed. Then, the gas phase is useful to influence 

reaction rates, but is not (net) converted in a continuous reactor at steady state.  

An example of a reactor concept that utilizes pCO2 and pH2 to optimize rate is shown in Figure 

4.7. At the cathode/catholyte side of the reactor, the gas phase is continuously recycled. 

(Alternatively, only a gas cap is also an option.) Consider the start-up of such a reactor, where 

the total pressure is allowed to increase freely. Initially only CO2 is present in the gas phase 

and the feed is pure KHCO3 solution. When a constant potential is applied, formate and 

hydrogen will form (reactions 4.1 and 4.2). As CO2 is not net consumed (Chapter 2), the CO2 

partial pressure remains constant, but the hydrogen partial pressure will increase, thus 

increasing the total pressure. With increasing pH2, the rate of formate production remains 

constant (as observed in Figure 4.4), but hydrogen production decreases (as observed in 

Figure 4.3), thereby slowing a further increase in pH2. In the end, a steady state partial pressure 

of hydrogen is reached, where net hydrogen production is zero, thus selectivity towards 

A) 
B) 
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formate 100%. Depending on the absolute conditions, such a partial pressure of hydrogen 

can be as low as 4 bar (Figure 4.3). Therefore, a reactor concept, which recycles all produced 

hydrogen, may result in exclusive formate production, whilst the intrinsic selectivity of the 

catalyst is not 100%. This is the electrochemical analogue of recycling the side product in an 

equilibrium reaction.  

 

Figure 4.6: Reactor concept for increasing selectivity to formate by recycling 

gaseous hydrogen and CO2 

For any given potential (the optimum being dependent on deactivation, regeneration, energy 

consumptions, etc) pCO2 can be optimised for maximum productivity and the pH2 

corresponding to no net hydrogen evolution can be estimated or measured. For -0.10V vs 

RHE, a multitude of experimental data is available, hence that potential is considered 

(Figures 4.3-4.5). At -0.10V vs RHE, five bar of partial CO2 pressure is optimal for the rate 

to formate, but also causes significant hydrogen evolution (Figure 4.5), namely ~120 

μmol/mgPd/s formate and ~80 μmol/mgPd/s hydrogen. Extrapolation based on Figure 4.3, by 

taking an average slope of 5 μmol/mgPd/s/barH2 and assuming the linear trends continues, 16 

bars of hydrogen pressure would be sufficient to eliminate net hydrogen evolution. Therefore, 

the system would reach an estimated steady state at a total pressure of 21 bar, where the 

cathodic gas phase composition is 25% CO2 and 75% hydrogen. Modern electrolysers can 

operate at these pressures, making this a potentially viable concept. 30 

In a real application, some makeup of gas losses will always be necessary as dissolved gasses 

may migrate through the membrane or are evacuated with the liquid phase as dissolved 

gasses. The outgoing liquid phase should be degassed and any CO2 loss compensated. 

Hydrogen loss will be evident as Faraday Efficiency loss, but this will be very small due to 

the low solubility of hydrogen in water. Moreover, at higher formate concentrations (higher 

conversion of KHCO3), it is expected that the required hydrogen pressure increases due to 

equilibrium reaction 4.3. However, literature regarding only the chemical equilibrium shows 

that, at 10 bar H2 pressure, >90% bicarbonate conversion can be reached, hence the effect is 

likely manageable.31 
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4.6 Conclusion 

An electrochemical CO2 reduction cell that operates at elevated pressure and can still employ 

a cation exchange membrane and reference electrode was developed. Using this cell, it was 

shown that a presence of H2 in the gas phase suppresses hydrogen evolution on a Pd/C 

catalyst. This novel approach provides an alternative to the common practice of increasing 

the selectivity by changing the catalyst structure or composition. Under electrochemical CO2 

reduction conditions of 1 bar CO2 partial pressure and -0.05V vs RHE, 4 bar H2 pressure is 

sufficient to completely eliminate net H2 evolution, and a further increase to 6 bar results in 

net H2 consumption. Therefore, by allowing a natural accumulation of electrochemically 

produced hydrogen, either via gas cap or recycle, the selectivity to formate can be controlled. 

This opens the possibility to use other parameters (pCO2, potential, temperature, etc.) to 

optimize the reaction rate, possibly creating the conditions for simultaneous high selectivity 

and conversion, as required for commercial implementation.  
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Appendix 

A4.1 Error analysis and statistics 

Pd/C electrodes are known to deactivate under electrochemical CO2 reduction conditions. 

This deactivation is mostly reversible, with the exception of a small initial deactivation. 

Therefore, the electrode was first used in a standard experiment and the accompanying data 

was omitted. Between experiments, the electrode was regenerated by 30s anodic polarization 

at 1.3V vs RHE. That resulted in reproducible results, as shown in Figure A4.1. The standard 

deviation over the faraday efficiency is 2.7 percent point. 

 

Figure A4.1: Repeatability assessment of Pd/C electrode for CO2 reduction in 

1M KHCO3 at 1 bar. 

 

Based on the repeatability experiments a 95% confidence interval was calculated. For other 

measurements, an estimate of the error was made based on that value. The 95% confidence 

interval values for the rate to H2 and rate to HCOO- in the repeatability experiment were 

scaled linearly to the measured value in other experiments. Regular data points are thus 

measured only once, and the error in their value is estimated based on the outcome of the 

repeatability experiments. This method is chosen as differences between electrodes are large 

and electrodes can break after several experiments. In this way, one electrode can be used 

per trend and an estimate of the error is provided. 

An F-test analysis was performed to determine whether the trends in Figure 4.3 and Figure 

4.4 are best described based on the sample mean, a linear equation (ax+b) or a second order 

polynomial (ax2+bx+c). For Figure 4.3 (rate to H2 as function of pH2) it was found that a 

linear two-parameter description gave a significantly better fit than the sample mean (99.5 % 

confidence), but that a second order polynomial did not significantly improve the fit. For 

Figure 4.4 (rate to HCOO- as function of pH2) a linear equation did not give a significantly 

better fit than the sample mean. 



80 

 

 

 

 

 

Figure A4.2: Measurement of hydrogenation rate to formate in 1M KHCO3 in 

the absence of potential. Mass transfer limit measured by electrochemical 

oxidation of H2. 

 

 

 

 

Figure A4.3: Variation of CO2 flow at 1 bar to asses effects of mass transfer 
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Table A4.1: Calculated equilibrium composition of catholyte, for pCO2 = 1 bar 

and pCO2 = 3 bar via calculations described in appendix A2.2. 

PCO2 (bar) 1 3 

pH (-) 7.82 7.34 

[H+] (mole/L) 1.52·10-8 4.54·10-8 

[CO2] (mole/L) 0.034 0.102 

[HCO3
-] (mole/L) 0.99 1.00 

[CO3
2-] (mole/L) 0.00 0.00 
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Abstract 
In this chapter, the mechanism for electrochemical reduction of CO2 to formate on Pd/C is 

researched. From the kinetic data in Chapter 4, trends in rates of formation of HCOO- and H2 

as function of several parameters (pH2, pCO2 and potential) are isolated and compared to model 

descriptions based on several proposed mechanisms. Proposed mechanisms that under no 

circumstance can describe the observed trends are dismissed. An α/β-hydride mechanism, 

based on an α-hydride phase active for CO2 reduction and β-hydride Pd-phase active for 

hydrogen evolution, described experimental data of our and other laboratories reported in the 

literature satisfactorily. After parametrization, using a data set including only H2, this 

mechanism also predicted the outcome of D2 isotope labelling experiments correctly. 

Analyses of the results indicates the α/β-hydride ratio and hydride formation rate are key 

factors affecting the formate production rate and the selectivity, thereby identifying areas for 

further (spectroscopic) studies and mechanism validation. * 

 

  

                                                           
This chapter is published as Blom, M.J.W., van Swaaij, W.P.M., Mul, G. & Kersten, S.R.A Mechanism and Micro 

Kinetic Model for Electroreduction of CO2 on Pd/C: The Role of Different Palladium Hydride Phases ACS Catalysis 

2021, 11, 12, 6883–6891 
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Nomenclature 

Symbol Description [unit] 

Az Anion with charge z 

𝑐𝑖  Concentration of species i [mole/L] 

𝑐𝑖
𝑠  Surface concentration of species i [mole/dm2] 

𝐸  Applied potential [V vs RHE] 

𝐸𝑛
𝑒𝑞

  Equilibrium potential for reaction n [V vs RHE] 

𝐹  Faraday constant [s A/mole] 

𝑘𝑛  Rate constant for reaction n 

KIE Kinetic isotope effect rate factor [-] 

𝑝𝑖   Partial pressure of species i [bar] 

𝑟𝑛   Rate of reaction n [μmol/s/g Pd] 

𝑅  Gas constant [J/K/mole] 

𝑇  Temperature [K] 

z Charge number [-] 

𝛼𝑛  Charge transfer coefficient for reaction n [-] 

𝜃𝑖  Fractional occupancy of sites with species i [-] 

 

5.1 Introduction 

A multitude of studies regarding electrochemical CO2 reduction on various catalysts has 

yielded, amongst others, the discovery of novel catalytic materials, increasing current 

densities and identification of tens of parameters that influence reaction rates.1–3 Despite 

significant efforts and some advances, the reaction mechanisms at play for various 

electrocatalysts are still uncertain.4,5 More insights into these reaction mechanisms is highly 

desired as this insight can guide catalyst development and allow rational kinetic modelling 

and therewith reactor design. 3,5,6 

Palladium based electrocatalysts have received relatively little attention, even though Pd 

requires exceptionally low overpotentials towards electrochemical reduction of CO2.7 Even 

at 0.00 V vs RHE, Pd/C produces formate with hydrogen as only side product (0 to -0.20 V 

vs RHE). 7,8 Furthermore, the mechanism of Pd (supported on C) electrodes in converting 

CO2 to formate is particularly intriguing, since electrocatalytic reduction (reaction 5.1), and 

catalytic hydrogenation of CO2 to formate (reaction 5.3) occur simultaneously, while also the 

undesired hydrogen evolution (reaction 5.2) takes place.9 When a potential between 0.0 and 

-0.20 V vs RHE is applied, reactions 1 and 2 both occur.7,8 In a pressure range of 0-10 bar of 

hydrogen, the equilibrium composition of catalytic reaction 3 is dependent on the hydrogen 

pressure.10 
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Interestingly, in chapter 4, it was found experimentally that hydrogen formation could be 

prevented by increasing the partial hydrogen pressure,11 an effect that occurred well below 

the equilibrium pressure of H2 (reaction 5.2) as calculated via Nernst’s Law. No significant 

changes in the rate to formate were observed and consequently current decreased as function 

of the partial pressure of hydrogen. Simultaneously, others reported data that showed 

different trends: an increased formate production rate and increased current as a function of 

increasing partial pressure of hydrogen. 12,13  

Reported values for rate and selectivity on Pd/C catalysed reduction of CO2 can vary 

significantly between sources. E.g. on Pd/C catalysts, reported Faradaic efficiencies towards 

formate at -0.20 vs RHE vary from 10% to 98% 7,14,15. This issue is not limited to Pd/C but 

is a common problem in electrochemical processes, due to multistep procedures for catalyst 

and electrode preparation and the high sensitivity of electrochemistry towards minor 

impurities.16 Preparing Pd/C electrodes introduces a multitude of variables including: (i) The 

type of Pd/C catalyst used, (ii) composition of the catalyst ink, (iii) application procedure of 

the catalyst ink, (iv) drying procedure of the catalyst ink, and so on and so forth.17–21 With 

strict preparation procedures, we were able to minimise the effect of these variables (Chapter 

4 and Figure A5.1). Trends in reaction rates were consistent between electrodes, while 

variations in absolute values of reaction rates between electrodes were still observed. 

Through data normalization per electrode, trends were isolated, which provided the handle 

for evaluating the reaction mechanism. 

The majority of mechanistic insight regarding electrochemical reduction of carbon dioxide 

is obtained through density functional theory (DFT) simulations and/or measurements of the 

Tafel slope.4,5 Those valuable results have led to significant advances, but they oftentimes 

require additional experimental proof to be fully validated.5,22 Operando spectroscopic 

observations of reaction intermediates and concentration transients at interfaces have 

contributed to understanding the effect of surface modifications of electrodes on 

performance, but conclusions regarding mechanisms on the bases of these methodologies 

need to be drawn with caution.23–25 

Here the mechanism of electrochemical conversion of CO2 over Pd/C electrodes is studies 

by comparing  trends in observed reaction rates with postulated meachnisms, a method 

widely practised in reaction engineering (of catalytic reactions) and applicable without 

specialised equipment.26 This method comprises of: i) postulating plausible reaction 

mechanisms based on (literature) observations and theory, ii) kinetic modelling of those 

mechanisms including parameterization iii) comparison of experimentally observed trends 

with description of these trends by the parameterized models. The latter step identifies invalid 

mechanisms as those that cannot describe (all) the measured trends.  

𝐶𝑂2 + 𝐻𝐴𝑧+1 + 2𝑒− ⇄ 𝐻𝐶𝑂𝑂− + 𝐴𝑧  (5.1) 

2𝐻𝐴𝑧+1 + 2𝑒− ⇄ 𝐻2 + 2𝐴𝑧  (5.2) 

𝐶𝑂2 + 𝐻2 + 𝐴𝑧 ⇄ 𝐻𝐶𝑂𝑂− + 𝐻𝐴𝑧+1  (5.3) 
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Intrinsic to the method, parameterization of the models yields a set of many cross-correlated 

parameters. This a consequence of the fact that intermediate species are not experimentally 

quantified. However, the exact set of parameter values is irrelevant, as the criterion for 

dismissal of a mechanism is an inability to describe the trends. Moreover, with adequate 

measurements of intermediate species and products, cross-correlations can be resolved. The 

method can dismiss incorrect mechanisms in an early stage. Therefore, research efforts can 

be efficiently focused, streamlining the research process.  

5.3 Experimental 

Measurement procedures and results are detailed in chapter 4. During isotopically labelled 

experiments, the gas outlet of the catholyte was connected to a mass spectrometer (MS) for 

analysis of the gas phase. To measure trends in the most consistent manner, all data points 

that describe a trend (a single line in a graph) were evaluated with the same electrode, in 

random order. All graphs have been normalised. The rates were measured experimentally 

and normalised against a data point for the rate to formate. Model results were normalised 

against the modelled rate to formate at corresponding conditions. The specific conditions for 

normalisation are described in the figure captions, but these do not affect results. By 

normalising, the effect of variations between electrodes is minimised, but remains significant. 

Isotopic labelling of gas phase 

Gas phase hydrogen was labelled with deuterium (D2), whereas the liquid phase (water) was 

not. Therefore, in the presence of exogenous D2, the production rates of H2 and HD can be 

monitored by mass spectroscopy (MS). All protium atoms (H) then originate from the liquid 

phase, either via electro-reduction or isotope exchange39 (Reaction 5.4). Regardless of the 

origin of H, the rates of H2 and HD can be used to estimate the relative abundance of H and 

D at the Pd surface, which is active for hydrogen evolution (equation 5.5) and the magnitude 

of r3 (equation 5.6). See appendix section A5.1 for a full derivation.  

𝐻2𝑂 + 𝑃𝑑𝐷 → 𝑃𝑑𝐻 + 𝐻𝐷𝑂 (5.4) 

𝐶𝐻
𝑠

𝐶𝐷
𝑠 =

2𝑟𝐻2

𝑟𝐻𝐷

1

𝐾𝐼𝐸
(5.5) 

𝑟3 = 𝑟𝐻2 + 𝑟𝐻𝐷 +
(𝑟𝐻𝐷)2

4𝑟𝐻2
(5.6) 

The cell and solution were prepared as normal. After connecting the cell, the gas phase was 

continuously analysed by MS. First the outlet gas phase was analysed without applied 

potential. When the MS signals had stabilised, potential was applied. The experiment was 

continued until MS signals had stabilised again. The stabilised signals were a semi-steady 

state and used in further calculations. 

Error analysis 

The error bars that are indicated in Figures 5.3A and 5.3B are based on fluctuations in the 

MS signal and level of baseline noise. It constitutes to 5% of the signal strength plus a 
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baseline factor (1E-10 A). From total error in the signal, the maximum error in the calculated 

H/D fractions and rate of r3 was calculated. Based on equation 5.6, the error in r3 grows to 

very large values, for low H2 signals in the MS. 

5.2 Results and discussion 

Figure 5.1: Representation of three classes of reaction schemes 

Various reaction mechanisms were conceived in this chapter and sorted in three classes (see 

Figure 5.1), based on interaction between reaction paths. The first class consists of 

mechanisms with no interaction between reactions 5.1-5.3 through adsorbed intermediates. 

This means that all reactions can be described with independent rate equations (left graph, 

Figure 5.1). In the second class of mechanisms, all reaction paths share one common 

adsorbed intermediate (Pd-H). In the last class, formate and hydrogen production do not 

occur via a common adsorbed intermediate, but occur on two different phases of Pd (the α- 

and β-phases, giving αPd-H and βpd-H intermediates). Within a class, the trends described 

by the three models (increasing, decreasing or constant) are summarized in Table 5.1 and 

compared to experimental trends. Note that a decrease in E corresponds to a more negative 

potential, thus increased driving force for the cathodic electrochemical reactions. Hereunder 

a more detailed description of each class and model follows, with a specific focus on the 

effect of pH2 on rHCOO- and rH2, namely a decrease in rH2 without a change in rHCOO- when pH2 

is increased. 
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Table 5.1: Experimental trends and trends as described by the various reaction 

schemes. Arrows and dash denote upward, downward or no trend. Green 

indicates correct model description and red indicates incorrect model 

description. The table shows the model description that yielded the highest 

amount of trends described correctly.   

Trend in 

As function of 

rHCOO- 

(pH2↑) 

rH2 

(pH2↑) 

-I

(pH2↑) 

rHCOO- 

(pCO2↑) 

rH2 

(pCO2↑) 

rHCOO- 

(E↓) 

rH2 

(E↓) 

Experimental - ↓ ↓ ↑ ↑ ↑ ↑ 

No interaction models ↑ ↓ - ↑ ↓ ↑ ↑ 

Common intermediate 

models 
↑ ↓ ↓ ↑ ↓ ↑ ↑ 

α/β-hydride model - ↓ ↓ ↑ ↑ ↑ ↑ 

Mechanisms based on fully separate reaction paths 

Mechanisms that have fully separated paths are potentially the simplest. They share the basic 

assumption that all reactions occur in parallel, without interaction between intermediates. 

Such mechanisms could occur when only part of the catalyst is electrochemically active, due 

to lack of electrical contact or when different active sites are involved in each reaction. 

Regardless of the exact mechanism, without a common intermediate, there are two 

possibilities via which an increasing pH2 results in a decrease in rH2. Either when it promotes 

hydrogen consumption for hydrogenation of CO2 to formate (reaction 5.3) or when it 

suppresses hydrogen evolution (reaction 5.2). The former must be accompanied by increasing 

formate production, given the stoichiometry of reaction 3, which is not observed. Suppression 

of reaction 2 would result in a decrease of rH2 as function of pH2, whilst keeping rHCOO- 

constant. However, thermodynamic calculations show that 49 bar hydrogen pressure is 

needed to suppress hydrogen evolution at the experimental conditions, whereas 

measurements show that 4 bar is sufficient (Figure 5.2A). Additionally, in the absence of 

CO2 and bicarbonate, no significant effect of the hydrogen pressure on the current is observed 

between 0 and 6 bar (Figure A5.2). Consequently, given only reactions 5.1-5.3, there should 

be at least some form of interaction between reaction intermediates to explain the 

experimental trends. 

Mechanisms with a common intermediate 

Palladium is known to easily form palladium hydride (Pd-Hx 0<x<1) in aqueous solution, 

when the cathodic potential is applied or the metal is contacted with (dissolved) hydrogen.27,28 

Recent insight suggests that also electrochemical reduction of CO2 occurs over a palladium 

hydride phase.7,8 Therefore, hydride could be a common intermediate, coupling both reaction 

paths, shown as Scheme 5.1.  
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The reaction mechanism in Scheme 5.1 can exhibit various responses of rHcoo- and rH2 to pH2 

and pCO2, depending on how CO2 is adsorbed (either on the Pd atom or reactively with the H 

of Pd-H) and how hydrogen evolution occurs (via the Heyrovsky or Tafel reaction).  In 

general, we can state that when rH2 decreases as function of pH2, the HAz+1 reduction rate must 

decrease and/or rHCOO must increase, to maintain a quasi-steady state occupation of Pd sites. 

Measurements show constant rHCOO- with varying pH2. Therefore, the HAz+1 reduction rate 

must decrease. However, as evident from scheme 5.1, that requires a change in the Pd-H 

coverage of the surface, which in turn would affect rHCOO-. In scheme 5.1, with Pd-H as 

common intermediate, no single reaction can be influenced independently of the others. 

Therefore, we need to consider a mechanism with distinct intermediates for each product that 

however does incorporate interaction between those intermediates. 

Scheme 5.1: Reaction mechanism with palladium hydride as common 

intermediate 

The α/β-hydride mechanism 

Palladium is a unique metal in hydrogenation chemistry. Whilst all platinum group metals 

readily adsorb hydrogen onto their surface, palladium also forms a bulk hydride that includes 

a relatively large amount of hydrogen atoms. Those atoms are mobile within the palladium 

and even led to the development of metal membranes for hydrogen purification.29,30 Within 

a palladium (nano)particle the hydride can move over the surface as well as through the 

bulk.30,31 We hypothesise that this mobility of H within a Pd particle is key in understanding 

the observed behaviours in electrochemical applications. The mobility of the hydride allows 

different active sites to interact. 

In the presence of hydrogen or under cathodic potential in water, palladium shows at least 

two distinct hydride phases.8,27 α-hydride, in which hydrogen is covalently bound to 

palladium in the ratio Pd-Hx (x<0.03 at 303K) and β-hydride, in which hydrogen forms 

metallic bonds with palladium in the ratio Pd-Hy (y>0.6).32 Depending on the conditions, 

both hydride phases may coexist.8,32 Research on electrochemical reduction of CO2 revealed, 
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based on in situ X-ray absorption spectroscopy and in situ attenuated total reflection-infrared 

spectroscopy, that formate was only formed when α-hydride was present, whereas hydrogen 

could also be formed on β-hydride.8 In fact, hydrogen production was most significant when 

high β-hydride fractions were present.8 

Scheme 5.2: Reaction mechanism for the α/β-hydride model. Pd surface species 

shown on the right-hand side.  

Scheme 5.2 incorporates both hydride phases into a mechanism where formate is exclusively 

formed over the αPd sites and hydrogen transfer between αPd and βPd sites is feasible, which 

is in agreement with the aforementioned spectroscopic observations. Pd is considered to have 

two types of sites, α-sites and β-sites. The α-sites can be either empty (αPd0), contain a 

hydrogen atom (αPd-H) or contain a hydrogen + CO2 intermediate (αPd-H-COO), whereas 

the β-sites can be empty (βPd0) or contain hydrogen (βPd-H). Scheme 5.2 considers all 

possible reactions that can reasonably occur in the reversible system. Hereunder Scheme 5.3 

demonstrates the simplification of scheme 5.2 to aid modelling, and corresponding equations 

and data fitting are described in the appendix. 

We consider the scheme under electrochemical CO2 reduction conditions. Given the mobility 

of the hydrogen atoms in palladium, fast exchange of H between α- and β-sites is likely. 

Moreover, there is much more β-hydride than α-hydride. Hence, it is assumed that all 

hydrogen formation originates from β-hydride and that all HAz+1 is reduced to β-hydride and 

vice versa. Given the electrochemical conditions and low formate concentration in 

experiments, we assume that formate is produced by irreversible electrochemical reduction 

of the adsorbed CO2 intermediate. Lastly, we assume that hydrogen evolution only occurs 

via combination of two hydrogen atoms (Tafel step), which is in agreement with literature at 

mild cathodic potential.33–36  
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Scheme 5.3: Simplification of Scheme 2, by only considering the most important 

reactions. 

Table 5.1 shows the modelled trends versus experimentally observed trends. Current as 

function of pH2 is included in Table 5.1. Current and rates to H2 and HCOO- are related via 

𝐼 ∝ 𝑟𝐻𝐶𝑂𝑂− + 𝑟𝐻2, hence current provides additional information when trends in rHCOO- and

rH2 oppose each other. Table 5.1 demonstrates that the α/β-hydride model can correctly 

describe all trends. Figure 5.2 provides more detail, showing that despite variations inherent 

to electrode preparation, a simple model can correctly describe trends in a convoluted 

electrochemical reaction system.  

Figure 5.2A shows that the model can correctly describe constant rHCOO- versus pH2. The trend 

is explained by a constant loading of the α-hydride phase, which does not change with pH2

(Figure 5.2D). The model also describes rH2 decreasing with pH2, which is a result of increased 

r-3 (Scheme 5.3). With r-3, the β-hydride loading rises and in turn, r3 increases and r1

decreases. To a minor extent, r-1 also increases. The net effect is reduced hydrogen evolution

with increasing pH2. Note that this does not go against thermodynamics, as electrochemical

hydrogen/hydride oxidation does not occur significantly. The suppression of rH2 is caused by

hindering proton reduction (r1) due to an increased β-hydride loading on the surface.

The trends in Figure 5.2B again show that the model is correct in describing an increase in 

rHCOO- and rH2 with increasing pCO2. For rHCOO- the rise is a result of an increased loading of 

adsorbed CO2 via r4 (Figure 2E), which is in agreement with the reaction scheme proposed 

by Min and Kanan.7 The effect of pCO2 on rH2 occurs indirectly, as the solution pH drops due 

to the acidic nature of dissolved CO2. Therefore, r1 increases due to increased cH+ (equation 

5.4), which raises the βPd-H loading and increases hydrogen evolution. 
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Figure 5.2: (A-C) Formate and hydrogen production during electrochemical CO2 

reduction in 1M KHCO3. Lines indicate model result. Solid line indicates HCOO- 

and dashed H2. (A) p = 7 bar, pCO2 = 1 bar, E = -0.05V vs RHE. Normalised versus 

rHCOO- at 0 bar H2. (B) ptotal = 7 bar, pH2 = 0 bar, E = -0.10V vs RHE. Normalised 

versus rHCOO- at 0 bar CO2. (C) ptotal = 1 bar, pCO2 = 1 bar. Normalised versus 

rHCOO- at 0.0 V vs RHE. (D-F) values of θi corresponding to (A-C). 

Figure5. 2C shows an increase in rHCOO- and rH2 when the potential becomes more cathodic, 

as expected based on an increased electrochemical driving force. Notably, loading of αPd-H-

COO does not change significantly with potential, rather the increase in rHCOO- is due to an 

increase in the electrochemical driving force for r5. From Figure 5.2C, the model describes a 

Tafel slope that increases with more cathodic potential and is between 80-160 mV/dec for 

potentials between 0 to -0.25 V vs RHE (Figure A5.3), which is consistent with literature.7,8 

The model correctly describes all trends, and shows a slight offset versus the hydrogen 

production rate. The latter is due to variations between different electrodes, only normalizing 

to rHCOO and fitting the model to the full data set. Therefore, the best fit over-estimates some 

values and under-estimates others, but is good on average. If electrode preparation can be 
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controlled better and therefore data is less electrode specific, those deviations should 

decrease. Most importantly, the trends are described correctly, hence experimental 

observations are conform scheme 5.3.  

Predictions with the α/β-model 

The true value of a model does not lie in an ability to fit, but rather in an ability to explain 

and predict. Therefore, with the kinetic parameter values fitted in the previous section, the 

forward reaction for hydrogen evolution (r3) is predicted using the α/β-hydride model. The 

model predicts an increase in r3 as a consequence of the β-hydride loading (θβH) increasing 

with pH2. (overall the increase in r3 is lower than the increase in r-3, thus decreasing net 

hydrogen evolution). This effect, key to explaining the observed behaviour, was verified 

experimentally through isotopic labelling of the gas phase. 

Figure 5.3: Results of D2 labelled experiments in 1M KHCO3 at -0.05V vs RHE. 

(A) D and H fractions at active Pd surface. (B) r3 normalised versus r3 at 0 bar

D2. Line denotes model result.

Deuterium labelling of hydrogen in the gas phase yields three important insights. First, it 

yields an estimate of the H/D fractions of the palladium hydride sites that are active for 

hydrogen evolution, which describes the origin of those atoms (H electrochemically from the 

electrolyte and D chemically from gas phase D2). As expected, Figure 5.3A shows that the 

D-fraction in the hydride increases as a function of increasing pD2. Second, with increased

pD2, an increased quantity of observed HD under cathodic potential proves combination of

electrochemically formed hydride with chemically formed hydride (Figure A5.6), showing

that Pd particles are simultaneously active in catalysis and electrocatalysis. Third, r3 is

estimated from experimental results and shown in Figure 5.3B, together with the model

prediction. The α/β-hydride model correctly predicts the trend in r3, without being
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specifically fitted to that data set, which is a strong argument in favour of scheme 5.2 and its 

simplified from, scheme 5.3.  

So far, this chapter explained the data measured in our own laboratory, but will now also 

consider data provided in the literature. At -0.10V vs RHE, Cai et al. observed a twofold 

increase in rHCOO- without significant effect on current upon addition of 0.2 bar pH2 on a Pd/C 

based electrocatalysts.12 At -0.20 V vs RHE they observe a fourfold increase in rHCOO- and a 

twofold increase in current. Ryu and Surendranath report a similar trends at similar 

conditions, but with only 50 mM HCO3
- in solution.13 Both publications attribute this to an 

electrochemical promotion of catalysis (EPOC) effect (an increase of reaction 5.3). However, 

chemical reactions alone do not contribute to current, hence cannot explain these 

experimental results fully.  

By changing one parameter at a time, two conditions were identified under which the α/β-

hydride model can describe an increase in both rHCOO- and current with pH2, as observed by 

Cai et al. and Ryu and Surendranath.12,13 First, when the α/β-hydride equilibrium favours β-

hydride a mild increase is observed as then the α-hydride loading increases with pH2, thus 

increasing rHCOO- (Figure A5.4). Moreover, the α/β-hydride ratio was found to be a key 

influence on overall selectivity, as β-hydride favours hydrogen evolution. We observed a 

decrease in current and rH2, but no effect on rHCOO- over a much broader pH2 range of 0-7 bar. 

Yet, reaction mechanisms are likely the same in the works of Cai et al., Ryu and 

Surendranath, and our work, as all consider Pd/C catalyst. Kinetic constants, including the 

ones setting the α/β-hydride ratio, may however vary due to differences in catalysts and ink 

properties. Therefore, Pd particle size, morphology and support, which influence the ratio, 

are highly relevant for catalyst optimization.37   

Second, when hydride generation is limiting r5, addition of hydrogen results in increased 

hydride production via r-3, thus increasing rHCOO- (Figure A5.5). The latter corresponds best 

to the results by Ryu and Surendranath and Cai et al., meaning that in their cases, HA+ 

reduction could have been rate limiting when no exogenous hydrogen was present. This 

should be verified under known mass transfer conditions, for example using Pd deposited on 

a rotating disk electrode. The HA+ reduction rate is strongly influenced by structure and 

composition of the catalyst ink, which therefore could be a dominant factor in catalyst 

performance.38 The better fit of our model to the data of Cai et al. and Ryu and Surendranath, 

at -0.20V compared to -0.10 V vs RHE, stems from the assumption that r5 occurs fully 

electrochemical, which gains validity at higher electrochemical driving force. Moreover, the 

α/β-hydride model may also explain the effect of CO poisoning, which leads to decreased 

formate production and current, thereby increasing selectivity to hydrogen. This could be a 

result of CO blocking the αPd sites, leaving the βPd sites mostly unaffected. 

This chapter demonstrates that a renounced chemical engineering method to assess plausible 

reaction mechanisms, namely modelling and verification of trends based on those 

mechanisms, yields valuable insights in an electrochemical setting. The methodology can be 

applied with limited experimental and computational resources and allows inclusion of 
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various (literature) data sources. The method obviously does not definitively prove the 

correctness of a mechanism, but is limited to evaluating whether a mathematical description 

based on a mechanism is consistent with experimental observations. Therefore, it should be 

evaluated in conjunction with DFT simulations and spectroscopic studies to definitively 

establish a mechanism. 

5.3 Conclusion 

This work assesses the reaction mechanism of simultaneous electrochemical reduction and 

hydrogenation of CO2 in 1M KHCO3 on a Pd/C catalyst. Three reactions occur 

simultaneously on Pd/C: Electrochemical formate production, electrochemical hydrogen 

evolution and chemical hydrogenation of CO2 to formate. By focussing only on trends, 

plausible literature inspired mechanisms were modelled and evaluated for their ability to 

describe experimental data. The α/β-hydride model, with an αPd-H phase that is active for 

CO2 reduction and a βPd-H phase that is active for (reversible) hydrogen evolution, can 

describe all experimental trends and is consistent with spectroscopic observations in 

literature.8 The mechanism could also correctly describe data by others12,13 and was able to 

predict the outcome of isotopically labelled experiments. Based on the mechanism and 

model, the α/βPd-H ratio and hydride formation rate were identified as key parameters in 

catalyst performance and behaviour. Control and understanding of both factors should 

advance catalyst performance and increase inter-laboratory reproducibility. 



97 

References 
(1) Nikolau, B. J.; Perera, M. A. D. N.; Brachova, L.; Shanks, B. Platform Biochemicals for a

Biorenewable Chemical Industry. Plant J. 2008, 54 (4), 536–545.

(2) Olah, G. A.; Prakash, G. K. S.; Goeppert, A. Anthropogenic Chemical Carbon Cycle for a

Sustainable Future. J. Am. Chem. Soc. 2011, 133 (33), 12881–12898.

(3) Titirici, M. M.; White, R. J.; Brun, N.; Budarin, V. L.; Su, D. S.; Del Monte, F.; Clark, J. H.;

MacLachlan, M. J. Sustainable Carbon Materials. Chem. Soc. Rev. 2015, 44 (1), 250–290.

(4) Artz, J.; Müller, T. E.; Thenert, K.; Kleinekorte, J.; Meys, R.; Sternberg, A.; Bardow, A.;

Leitner, W. Sustainable Conversion of Carbon Dioxide: An Integrated Review of Catalysis

and Life Cycle Assessment. Chem. Rev. 2018, 118 (2), 434–504.

(5) Sakakura, T.; Choi, J. C.; Yasuda, H. Transformation of Carbon Dioxide. Chem. Rev. 2007,

107 (6), 2365–2387.

(6) Aresta, M.; Dibenedetto, A.; Angelini, A. Catalysis for the Valorization of Exhaust Carbon:

From CO2 to Chemicals, Materials, and Fuels. Technological Use of CO2. Chem. Rev. 2014,

114 (3), 1709–1742.

(7) Peters, M.; Köhler, B.; Kuckshinrichs, W.; Leitner, W.; Markewitz, P.; Müller, T. E. Chemical

Technologies for Exploiting and Recycling Carbon Dioxide into the Value Chain.

ChemSusChem 2011, 4 (9), 1216–1240.

(8) Bevilacqua, M.; Filippi, J.; Miller, H. A.; Vizza, F. Recent Technological Progress in CO2

Electroreduction to Fuels and Energy Carriers in Aqueous Environments. Energy Technol.

2015, 3 (3), 197–210.

(9) Larrazábal, G. O.; Martín, A. J.; Pérez-Ramírez, J. Building Blocks for High Performance in

Electrocatalytic CO2 Reduction: Materials, Optimization Strategies, and Device Engineering.

J. Phys. Chem. Lett. 2017, 8 (16), 3933–3944.

(10) Qiao, J.; Liu, Y.; Hong, F.; Zhang, J. A Review of Catalysts for the Electroreduction of Carbon

Dioxide to Produce Low-Carbon Fuels Chem.Soc.Rev. 2014, 43 (2), 631-675

(11) Sun, Z.; Ma, T.; Tao, H.; Fan, Q.; Han, B. Fundamentals and Challenges of Electrochemical

CO2 Reduction Using Two-Dimensional Materials. Chem 2017, 3 (4), 560–587.

(12) Lee, C. W.; Cho, N. H.; Im, S. W.; Jee, M. S.; Hwang, Y. J.; Min, B. K.; Nam, K. T. New

Challenges of Electrokinetic Studies in Investigating the Reaction Mechanism of

Electrochemical CO2 Reduction. J. Mater. Chem. A 2018, 6 (29), 14043–14057.

(13) Sánchez, O. G.; Birdja, Y. Y.; Bulut, M.; Vaes, J.; Breugelmans, T.; Pant, D. Recent Advances

in Industrial CO2 Electroreduction. Curr. Opin. Green Sustain. Chem. 2019, 16, 47–56.

(14) Min, X.; Kanan, M. W. Pd-Catalyzed Electrohydrogenation of Carbon Dioxide to Formate:

High Mass Activity at Low Overpotential and Identification of the Deactivation Pathway. J.

Am. Chem. Soc. 2015, 137, 4701–4708.

(15) Gao, D.; Zhou, H.; Cai, F.; Wang, D.; Hu, Y.; Jiang, B.; Cai, W. Bin; Chen, X.; Si, R.; Yang,

F.; Miao, S.; Wang, J.; Wang, G.; Bao, X. Switchable CO2 Electroreduction via Engineering

Active Phases of Pd Nanoparticles. Nano Res. 2017, 10 (6), 2181–2191.

(16) Wu, S. Y.; Chen, H. T. CO2 Electrochemical Reduction Catalyzed by Graphene Supported

Palladium Cluster: A Computational Guideline. ACS Appl. Energy Mater. 2019, 2 (2), 1544–

1552.

(17) Engel, D. C.; Versteeg, G. F.; van Swaaij, W. P. M. Chemical Equilibrium of Hydrogen and

Aqueous Solutions of 1:1 Bicarbonate and Formate Salts with a Common Cation. Fluid Phase

Equilib. 1997, 135, 109–136.

(18) Blom, M. J. W.; Van Swaaij, W. P. M.; Mul, G.; Kersten, S. R. A. Increased Hydrogen Partial

Pressure Suppresses and Reverses Hydrogen Evolution during Pd Catalysed Electrolysis of

CO2. Sustain. Energy Fuels 2020, 4 (9), 4459–4463.

(19) Cai, F.; Gao, D.; Zhou, H.; Wang, G.; He, T.; Gong, H.; Miao, S.; Yang, F.; Wang, J.; Bao, X.

Electrochemical Promotion of Catalysis over Pd Nanoparticles for CO 2 Reduction. Chem.

Sci. 2017, 2569–2573.



98 

(20) Ryu, J.; Surendranath, Y. Polarization-Induced Local PH Swing Promotes Pd-Catalyzed CO2

Hydrogenation. J. Am. Chem. Soc. 2020, 142 (31), 13384–13390.

(21) Jiang, B.; Zhang, X. G.; Jiang, K.; Wu, D. Y.; Cai, W. Bin. Boosting Formate Production in

Electrocatalytic CO2 Reduction over Wide Potential Window on Pd Surfaces. J. Am. Chem.

Soc. 2018, 140 (8), 2880–2889.

(22) Klinkova, A.; De Luna, P.; Dinh, C. T.; Voznyy, O.; Larin, E. M.; Kumacheva, E.; Sargent, E.

H. Rational Design of Efficient Palladium Catalysts for Electroreduction of Carbon Dioxide

to Formate. ACS Catal. 2016, 6 (12), 8115–8120.

(23) Clark, E. L.; Resasco, J.; Landers, A.; Lin, J.; Chung, L. T.; Walton, A.; Hahn, C.; Jaramillo,

T. F.; Bell, A. T. Standards and Protocols for Data Acquisition and Reporting for Studies of

the Electrochemical Reduction of Carbon Dioxide. ACS Catal. 2018, 8 (7), 6560–6570.

(24) Garg, S.; Li, M.; Weber, A. Z.; Ge, L.; Li, L.; Rudolph, V.; Wang, G.; Rufford, T. E. Advances

and Challenges in Electrochemical CO2 Reduction Processes: An Engineering and Design

Perspective Looking beyond New Catalyst Materials. J. Mater. Chem. A 2020, 8 (4), 1511–

1544.

(25) Kim, B.; Hillman, F.; Ariyoshi, M.; Fujikawa, S.; Kenis, P. J. A. Effects of Composition of

the Micro Porous Layer and the Substrate on Performance in the Electrochemical Reduction

of CO2 to CO. J. Power Sources 2016, 312, 192–198.

(26) Wu, J.; Sharma, P. P.; Harris, B. H.; Zhou, X. D. Electrochemical Reduction of Carbon

Dioxide: IV Dependence of the Faradaic Efficiency and Current Density on the Microstructure

and Thickness of Tin Electrode. J. Power Sources 2014, 258, 189–194.

(27) Shen, H.; Gu, Z.; Zheng, G. Pushing the Activity of CO2 Electroreduction by System

Engineering. Sci. Bull. 2019, 64 (24), 1805–1816.

(28) Jhong, H. R. Q.; Brushett, F. R.; Kenis, P. J. A. The Effects of Catalyst Layer Deposition

Methodology on Electrode Performance. Adv. Energy Mater. 2013, 3 (5), 589–599.

(29) Li, X.; Wang, S.; Li, L.; Sun, Y.; Xie, Y. Progress and Perspective for In Situ Studies of CO2

Reduction. J. Am. Chem. Soc. 2020, 9576–9581.

(30) Zhu, S.; Jiang, B.; Cai, W. Bin; Shao, M. Direct Observation on Reaction Intermediates and

the Role of Bicarbonate Anions in CO2 Electrochemical Reduction Reaction on Cu Surfaces.

J. Am. Chem. Soc. 2017, 139 (44), 15664–15667.

(31) Yang, K.; Kas, R.; Smith, W. A. In Situ Infrared Spectroscopy Reveals Persistent Alkalinity

near Electrode Surfaces during CO2 Electroreduction. J. Am. Chem. Soc. 2019, 141, 15891–

15900.

(32) Dutta, A.; Kuzume, A.; Rahaman, M.; Vesztergom, S.; Broekmann, P. Monitoring the

Chemical State of Catalysts for CO2 Electroreduction: An In Operando Study. ACS Catal.

2015, 5 (12), 7498–7502.

(33) Levenspiel, O. Chemical Reaction Engineering (3rd Edition). John Wiley & Sons.

(34) Benck, J. D.; Jackson, A.; Young, D.; Rettenwander, D.; Chiang, Y. M. Producing High

Concentrations of Hydrogen in Palladium via Electrochemical Insertion from Aqueous and

Solid Electrolytes. Chem. Mater. 2019, 31 (11), 4234–4245.

(35) Chase, Z. A.; Fulton, J. L.; Camaioni, D. M.; Mei, D.; Balasubramanian, M.; Pham, V. T.;

Zhao, C.; Weber, R. S.; Wang, Y.; Lercher, J. A. State of Supported Pd during Catalysis in

Water. J. Phys. Chem. C 2013, 117 (34), 17603–17612.

(36) Goods, S. H.; Guthrie, S. E. Mechanical Properties of Palladium and Palladium Hydride. Scr.

Metall. Mater. 1992, 26 (4), 561–565.

(37) Al-Mufachi, N. A.; Rees, N. V.; Steinberger-Wilkens, R. Hydrogen Selective Membranes: A

Review of Palladium-Based Dense Metal Membranes. Renew. Sustain. Energy Rev. 2015, 47,

540–551.

(38) Jewell, L. L.; Davis, B. H. Review of Absorption and Adsorption in the Hydrogen-Palladium

System. Appl. Catal. A Gen. 2006, 310 (1–2), 1–15.

(39) Dekura, S.; Kobayashi, H.; Ikeda, R.; Maesato, M.; Yoshino, H.; Ohba, M.; Ishimoto, T.;

Kawaguchi, S.; Kubota, Y.; Yoshioka, S.; Matsumura, S.; Sugiyama, T.; Kitagawa, H. The



99 

Electronic State of Hydrogen in the α Phase of the Hydrogen-Storage Material PdH(D)x: Does 

a Chemical Bond Between Palladium and Hydrogen Exist? Angew. Chemie - Int. Ed. 2018, 

57 (31), 9823–9827. 

(40) Pentland, N.; Bockris, J. O.; Sheldon, E. Hydrogen Evolution Reaction on Copper, Gold,

Molybdenum, Palladium, Rhodium, and Iron. J. Electrochem. Soc. 1957, 104 (3), 182.

(41) Green, T.; Britz, D. Kinetics of the Deuterium and Hydrogen Evolution Reactions at Palladium

in Alkaline Solution. J. Electroanal. Chem. 1996, 412 (1–2), 59–66.

(42) Jansonius, R. P.; Schauer, P. A.; Dvorak, D. J.; MacLeod, B. P.; Fork, D. K.; Berlinguette, C.

P. Strain Influences the Hydrogen Evolution Activity and Absorption Capacity of Palladium.

Angew. Chemie - Int. Ed. 2020, 3, 12192–12198.

(43) Dmitriyeva, O.; Hamm, S. C.; Knies, D. L.; Cantwell, R.; McConnell, M. The Impact of

Surface Composition on Tafel Kinetics Leading to Enhanced Electrochemical Insertion of

Hydrogen in Palladium. Appl. Surf. Sci. 2018, 440, 224–228.

(44) Parker, S. F.; Walker, H. C.; Callear, S. K.; Grünewald, E.; Petzold, T.; Wolf, D.; Möbus, K.;

Adam, J.; Wieland, S. D.; Jiménez-Ruiz, M.; Albers, P.W. The Effect of Particle Size,

Morphology and Support on the Formation of Palladium Hydride in Commercial Catalysts.

Chem. Sci. 2019, 10 (2), 480–489.

(45) Jervis, R.; Mansor, N.; Sobrido, A. J.; Jones, S.; Gibbs, C.; Neville, T. P.; Millichamp, J.;

Shearing, P. R.; Brett, D. J. L. The Importance of Using Alkaline Ionomer Binders for

Screening Electrocatalysts in Alkaline Electrolyte. J. Electrochem. Soc. 2017, 164 (14),

F1551–F1555.

(46) Holleck, G. L.; Flanagan, T. B. The Mechanism for Exchange between Aqueous Solutions and

Deuterium Gas on Palladium Surfaces. J. Phys. Chem. 1969, 73 (2), 285–292.



100 

Appendix 

A5.1 Model equations and assigning parameter values 

The rate equations and reactions that describe scheme 5.3 are presented in Tables A5.1 and 

A5.2. Equations A5.1-A5.9 describe the reaction rates. Equations A5.10 and A5.11 describe 

dissolved gas concentrations, A5.12-A5.16 are balances over the sites and intermediates, and 

equations A5.17-A5.20 describe the equilibrium between carbon dioxide, bicarbonate and 

carbonate, which is used to calculate the pH of the solution. Given the number of parameters 

and the uncertainty in the experimental data, fitting rate constants would not yield sensible 

results. However, by reasoning from the trends (Table 5.1 and Figure 5.2), literature data, 

and trial and error, a set of parameters with which the model describes these the trends was 

found, as detailed below. 

The α-hydride phase is formed at lower overpotential and/or hydrogen pressure than the β-

hydride phase. Therefore, k2 is set to a higher value then k-2, which forces the hydride 

equilibrium towards α-hydride. Moreover, both constants have a relatively large value, to 

create equilibrium between α- and β-hydride. k4, k-4 and k5 are such that CO2 adsorption and 

electron transfer to adsorbed CO2 control the formate production rate, thus creating an 

increase in rHCOO- as a function of both an increasing pCO2 and increasing cathodic potential. 

Finally, the remaining constants must describe an intermediate loading of the β-hydride 

phase, allowing both r1 and r-3 to influence the hydrogen evolution rate. k5 is set to a value of 

1, as model results are later normalised. Table A5.3 shows the values of the constants. 

Table A5.1: Rate equations and reactions corresponding to scheme 3 

Equation Description 

𝑟1 = (𝑘1,𝑎𝑐𝐻+ + 𝑘1,𝑏) exp (−
𝛼1𝐹

𝑅𝑇
(𝐸 −

𝐸1
𝑒𝑞

)) 𝜃𝛽0

𝐻+ + 𝑒− + 𝑃𝑑 → 𝛽𝑃𝑑𝐻

𝐻2𝑂 + 𝑒− + 𝑃𝑑 → 𝛽𝑃𝑑𝐻 + 𝑂𝐻−

(Proton reduction to hydride) 

(A5.1) 

𝑟−1 = 𝑘−1 exp (
(1−𝛼1)𝐹

𝑅𝑇
(𝐸 − 𝐸1

𝑒𝑞
)) 𝜃𝛽𝐻

𝛽𝑃𝑑𝐻 → 𝐻+ + 𝑒− + 𝑃𝑑

(Hydride oxidation) 
(A5.2) 

𝑟2 = 𝑘2𝜃𝛽𝐻𝜃𝛼0

𝛼𝑃𝑑 + 𝛽𝑃𝑑𝐻 →  𝛼𝑃𝑑𝐻 + 𝛽𝑃𝑑  

(β-α hydrogen transfer) 
(A5.3) 

𝑟−2 = 𝑘−2𝜃𝛼𝐻𝜃𝛽0

𝛼𝑃𝑑𝐻 + 𝛽𝑃𝑑 → 𝛼𝑃𝑑 + 𝛽𝑃𝑑𝐻  

(α-β hydrogen transfer) 
(A5.4) 

𝑟3 = 𝑘3𝜃𝛽𝐻
2 2 𝛽𝑃𝑑𝐻 → 𝐻2 + 2𝑃𝑑

(Tafel step) 
(A5.5) 

𝑟−3 = 𝑘−3𝑐𝐻2𝜃𝛽0
2 𝐻2 + 2𝑃𝑑 → 2 𝛽𝑃𝑑𝐻

(Reverse Tafel step) 
(A5.6) 
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𝑟4 = 𝑘4𝜃𝛼𝐻𝑐𝐶𝑂2
  

𝛼𝑃𝑑𝐻 + 𝐶𝑂2 → 𝛼𝑃𝑑𝐻𝐶𝑂2  

(Reactive CO2 adsorption) 
(A5.7) 

𝑟−4 = 𝑘−4𝜃𝛼𝐻𝐶𝑂2
  

𝛼𝑃𝑑𝐻𝐶𝑂2 → 𝛼𝑃𝑑𝐻 + 𝐶𝑂2  

(Reactive CO2 desorption) 
(A5.8) 

𝑟5 = 𝑘5 exp (−
𝛼5𝐹

𝑅𝑇
(𝐸 − 𝐸5

𝑒𝑞
)) 𝜃𝛼𝐻𝐶𝑂2

  
𝛼𝑃𝑑𝐻𝐶𝑂2 + 𝑒− → 𝐻𝐶𝑂𝑂−  

(Formate formation) 
(A5.9) 

 

Table A5.2: Equations and reactions corresponding to scheme 3. Hi denotes 

Henry constant and Kn denotes equilibrium constant. 

Equation Description  

𝑐𝐻2 = 𝐻𝐻2 𝑝𝐻2  Hydrogen concentration (A5.10) 

𝑐𝐶𝑂2 = 𝐻𝐶𝑂2 𝑝𝐶𝑂2  Carbon dioxide concentration (A5.11) 

𝜃𝛼0 + 𝜃𝛼𝐻 + 𝜃𝛼𝐻𝐶𝑂2
= 1  α-site balance (A5.12) 

𝜃𝛽0 + 𝜃𝛽𝐻 = 1   β-site balance (A5.13) 

𝑟2 + 𝑟−4 − 𝑟−2 − 𝑟4 = 0  Balance over αPd-H (A5.14) 

𝑟1 + 𝑟−2 + 2𝑟−3 − 𝑟−1 − 𝑟2 − 2𝑟3 = 0  Balance over βPd-H (A5.15) 

𝑟4 − 𝑟−4 − 𝑟5 = 0  Balance over adsorbed CO2 (A5.16) 
𝑐𝐻𝐶𝑂3

−

𝐻𝐶𝑂2 𝑝𝐶𝑂2𝑐𝑂𝐻−  
= 𝐾6  𝐶𝑂2 + 𝑂𝐻− ⇄ 𝐻𝐶𝑂3

−    (A5.17) 

𝑐
𝐶𝑂3

2−

𝑐𝐻𝐶𝑂3
−𝑐𝑂𝐻−

= 𝐾7  𝐻𝐶𝑂3
− + 𝑂𝐻− ⇄ 𝐶𝑂3

 2− + 𝐻2𝑂  (A5.18) 

𝑐𝑂𝐻−𝑐𝐻+ = 𝐾𝑊  𝑂𝐻− + 𝐻+ ⇄ 𝐻2𝑂  (A5.19) 

𝑐𝐾+ + 𝑐𝐻+ − 2𝑐𝐶𝑂3
2− − 𝑐𝐻𝐶𝑂3

− − 𝑐𝑂𝐻− = 0  Ionic charge balance (A5.20) 

 

Equations D2 labelled experiments 

𝑟𝐻2 = kHER(𝐶𝐻
𝑠 )2       (A5.21) 

𝑟𝐻𝐷 = 2kHER
1

𝐾𝐼𝐸
𝐶𝐻

𝑠 𝐶𝐷
𝑠      (A5.22) 

𝑟𝐷2 = kHER
1

𝐾𝐼𝐸2
(𝐶𝐷

𝑠)2       (A5.23) 

2𝑟𝐻2

𝑟𝐻𝐷

1

𝐾𝐼𝐸
=

2kHER(𝐶𝐻
𝑠 )

2

2kHER
1

𝐾𝐼𝐸
𝐶𝐻

𝑠 𝐶𝐷
𝑠

1

𝐾𝐼𝐸
=

𝐶𝐻
𝑠

𝐶𝐷
𝑠       (A5.24) 

𝐶𝐻
𝑠

𝐶𝐷
𝑠 +𝐶𝐻

𝑠 =

2𝑟𝐻2
𝑟𝐻𝐷

1

𝐾𝐼𝐸

1+
2𝑟𝐻2
𝑟𝐻𝐷

1

𝐾𝐼𝐸

        (A5.25) 
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(𝑟𝐻𝐷)2

4𝑟𝐻2
=

4(kHER)2 1

𝐾𝐼𝐸2(𝐶𝐻
𝑠 )

2
(𝐶𝐷

𝑠 )
2

4kHER(𝐶𝐻
𝑠 )

2 = kHER
1

𝐾𝐼𝐸2
(𝐶𝐷

𝑠)2 = 𝑟𝐷2    (A5.26) 

𝑟3 = 𝑟𝐻2 + 𝑟𝐻𝐷 +
(𝑟𝐻𝐷)2

4𝑟𝐻2
       (A5.27) 

KIE≈1.2 

 

Table A5.3: Constants and their values. Not scaled to experimental values, 

therefore k5 has value of 1. 

Constant Value Unit 

𝑘1,𝑎  2 ∙ 107  𝑠−1  

𝑘1,𝑏  0.5  𝑚𝑜𝑙𝑒 𝐿−1 𝑠−1  

𝑘−1  7 ⋅ 106  𝑚𝑜𝑙𝑒 𝐿−1 𝑠−1  

𝑘2  2 ⋅ 106  𝑚𝑜𝑙𝑒 𝐿−1 𝑠−1  

𝑘−2  1 ⋅ 103  𝑚𝑜𝑙𝑒 𝐿−1 𝑠−1  

𝑘3  10  𝑚𝑜𝑙𝑒 𝐿−1 𝑠−1  

𝑘−3  2500  𝑠−1  

𝑘4  3500  𝑠−1  

𝑘−4  500  𝑚𝑜𝑙𝑒 𝐿−1 𝑠−1   

𝑘5  1   𝑚𝑜𝑙𝑒 𝐿−1 𝑠−1  

𝛼1  0.5  −  

𝛼5  0.5  −  

𝐸1
𝑒𝑞

  0  𝑉 𝑣𝑠 𝑅𝐻𝐸  

𝐸5
𝑒𝑞

   0  𝑉 𝑣𝑠 𝑅𝐻𝐸  

𝐾6  4.44 ⋅ 107  𝐿 𝑚𝑜𝑙𝑒−1  

𝐾7  4.66 ⋅ 103  𝐿 𝑚𝑜𝑙𝑒−1   

𝐾𝑊  1 ⋅ 10−14  𝑚𝑜𝑙𝑒2 𝐿−2  

𝐻𝐶𝑂2  0.034  𝑚𝑜𝑙𝑒 𝐿−1𝑏𝑎𝑟−1  

𝐻𝐻2  7.8 ⋅ 10−4  𝑚𝑜𝑙𝑒 𝐿−1 𝑏𝑎𝑟−1  

𝑅  8.31  𝐽 𝐾−1 𝑚𝑜𝑙𝑒−1  

𝑇  298  𝐾  

𝐹  96485  𝑠 𝐴 𝑚𝑜𝑙𝑒−1  
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A5.2 Additional results 

Figure A5.1: Difference between two 

electrodes for formate production rate at -

0.10 V vs RHE in 1M KHCO3 and 7 bar 

total pressure with various CO2 and Ar 

partial pressures. 

Figure A5.2: Current versus pD2 for Pd/C 

electrode in 1M KOH at -0.05 V vs RHE in 

the absence of CO2. 

FigureA5.3: Modelled Tafel slope at 

various potentials in 1M KHCO3 at 1 

bar CO2 pressure.  

Figure A5.4: Model result for HCOO- at 1 bar 

CO2 and -0.05 V vs RHE in 1 M KHCO3, 

when the value of k2 is changed to 2000 
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Figure A5.5: Model result for HCOO- 

at 1 bar CO2 and -0.05 V vs RHE in 1 

M KHCO3, when the value of k5 is 

changed to 20, thus creating rate 

determining proton reduction rate. 

Figure A5.6: HD signal from Pd/C electrode in 

1M KHCO3, with and without applied 

potential  
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6.1 Conclusions 

In this thesis, the electrochemical conversion of bicarbonate to formate for the purpose of 

energy storage was studied. Driven by electric energy, bicarbonate ions are converted to 

stable, energy-rich formate ions, which can be stored. Later, formate can be electrochemically 

reconverted to bicarbonate, releasing the stored energy as electricity and heat. Alternatively, 

formate can be dehydrogenated, to bicarbonate and releasing hydrogen gas on-demand. 

Thereby creating a safe energy storage system with the potential flexibility of releasing stored 

energy in the form of power or hydrogen.  

Production of formate is oftentimes researched in the presence of both bicarbonate (HCO3
-) 

and CO2. Therefore, it is debatable whether CO2 or bicarbonate is the electrochemically 

active species. In chapter 2, mass balance analyses showed that when both species are 

present, the overall conversion of a CO2/HCO3
- reactor is unaffected by which is the actual 

active species, due to the carbonaceous equilibrium between CO2 and HCO3
-. Consequently, 

CO2 reduction electrodes can be used for the conversion of bicarbonate to formate and vice 

versa. Moreover, the mass balance analysis showed that net overall conversion of bicarbonate 

to exclusively formate and oxygen occurs when only protons are transported through the 

membrane to the catholyte. Therefore, bipolar membranes with alkaline anolyte or cation 

exchange membranes with acidic anolyte are recommended for further studies.   

Pb electrodes, which were studied in chapter 3, show high initial selectivity to formate. The 

electrodes were found to deactivate quickly under cathodic polarization. By short anodic 

polarization, activity could be restored, increasing the average rate and selectivity towards 

formate. With in-situ Raman spectroscopy and thermodynamic analysis, this effect was 

attributed to a meta-stable PbCO3 layer, active for CO2 reduction, which is (re)generated 

during anodic polarization. Therefore, pulsed operation can improve the average activity of 

Pb electrodes compared to continuous cathodic polarization. However, despite enhancements 

by pulsed operation, the high overpotential on Pb electrodes required for formate production 

(~1V) resulted in too much energy loss (~200 KJ/mole formate) for application of Pb 

electrodes in the bicarbonate-formate system. 

Palladium was identified, in chapter 4, as an electrocatalysts with low overpotential, but also 

low intrinsic selectivity to formate. Up to 50% of electrons were consumed in undesired 

hydrogen production. However, Pd catalysts are known to hydrogenate bicarbonate 

chemically to formate at elevated hydrogen pressures. It was hypothesized that increasing the 

hydrogen pressure in the electrochemical cell could reduce further hydrogen formation. To 

that end a novel electrochemical cell was designed and characterized, which can operate at 

elevated pressure whilst still incorporation a stable reference electrode and membrane. With 

this cell, the selectivity could be steered towards formate, by increasing the hydrogen partial 

pressure. At mild pressure, as low as 4 bar partial pressure of hydrogen, net H2 production 

could be avoided without any effect on the formate production rate.  

The applied hydrogen pressure was not high enough to prevent hydrogen evolution by a 

simple increase in the equilibrium potential as calculated via Nernst’s law and shown 
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experimentally at identical partial pressure of hydrogen and overpotential, in the absence of 

CO2, bicarbonate and formate. Therefore, the origin of this effect was studied based on 

potential reaction mechanisms, including CO2, hydrogen and formate, in chapter 5. 

Modelling of those mechanisms and comparison of modelled trends to experimentally 

observed trends, pointed to a mechanism based on two hydride phases. In that mechanism, 

an α-hydride phase is active for CO2 reduction and a β-hydride phase for hydrogen evolution. 

Based on the mechanism and model, the outcome of isotopically labelled experiments was 

predicted correctly. 

Regarding the development of the bicarbonate-formate storage system, the findings in this 

thesis lead to three main insights. First, the system development should not be troubled by 

uncertainty in the reactive species being CO2 or bicarbonate, as both will yield equal overall 

balances. Second, development should not only focus on high specific current densities, but 

also on lowering overpotential to limit energy losses, which are for many CO2 reduction 

catalysts much higher than H2 evolution catalysts. Lastly, as increased partial pressure of 

hydrogen can prevent hydrogen evolution, an electrocatalysts exhibiting significant intrinsic 

side production of hydrogen should not necessarily impede selective formate production. 

When formate is the sole CO2 reduction product, after an initial accumulation of H2 in the 

cell, the steady state conversion can be selective conversion of bicarbonate to formate. 

6.2 Outlook 

The major advantage of the bicarbonate-formate storage system, as identified in the 

introduction, is its safety. Bicarbonate and formate are both non-flammable, non-toxic 

chemicals, thereby rendering the system suitable for energy storage in and near urban areas.  

However, in chapters 4 and 5 it was found that pressurized hydrogen, a flammable gas with 

wide explosion limits in air, must be present in the reactor. This does however not devalue 

the safety advantages of the bicarbonate-formate process. The presence of hydrogen is only 

required in the reactor (where the catalyst is). Outside the reaction environment, formate is 

stable. Therefore, the materials that are stored, which constitute to a much larger amount than 

the reactor inventory, do not need to contain hydrogen gas and still have a large safety 

advantage. 

Throughout this theses, various challenges for further development of the system were 

identified. The Pd/C catalyst used in chapters 4 and 5 has the obvious disadvantage of 

palladium being expensive and scarce. The highest observed rate to formate (in chapter 4) 

was 120 μmol/s/g Pd. Consequently, to reach a typical productivity of 1 mol/mr
3/s, the 

palladium loading of a reactor should be 8 kgPd/mr
3. At €60 000 per kg Pd, such amounts are 

too expensive. However, the catalyst utilization has not been studied in this thesis. Electrodes 

were constructed by impregnating a catalyst ink into a porous carbon paper, resulting in a 

mixture of Pd/C and ionomer (ion conductive polymer) inside a porous carbon matrix of 210 

μm thick. Ionomer could have blocked the pores of the activated carbon, reducing the 

available catalyst area. Moreover, the dense ionomer layer might hinder mass transport into 

the electrode, resulting in a low effectiveness factor. The highest observed rate in this work 

is an order of magnitude lower than the rates observed by Engel in purely catalytic 
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hydrogenation of CO2 in well-dispersed Pd/C slurry1, whereas it is similar to the 

electrochemical rates observed by others2. An indication that the catalyst ink negatively 

influences the availability of the catalytic sites or mass transfer into the electrode.  Therefore, 

studies should be conducted on the catalyst utilization of these electrodes and the necessity 

and benefits of the presence of ionomer in electrodes designed for liquid phase electrolysis. 

Based on the results, decisions can be made whether a less expensive catalyst is needed and/or 

the catalyst utilization must be improved.  

Another challenge, already identified by studies on chemical conversion of bicarbonate to 

formate , is deactivation of the Pd/C catalyst.3 Poisoning of the catalyst by small amounts of 

CO produced in a side reaction is well accepted as the origin of this deactivation in both the 

chemical as in the electrochemical process.2,4,5 In chapter 4, is was shown that brief anodic 

polarization could restore catalyst activity (Figure A4.3), which others also found.6 

Alternatively, exposure to oxygen can restore catalyst activity.2 Therefore, catalyst 

deactivation should not be a showstopper for implementation of Pd/C in electrochemical 

reactors. Moreover, anodic regeneration may prove advantageous to chemical processes as 

well, if current can be introduced effectively into the catalyst bed. 

Crossover of formate to the anolyte results in destruction of formate at the anode, therefore 

an ion selective membrane must be present in the electrochemical reactor. This is a 

disadvantage of formate compared to gaseous CO2 reduction products (e.g. CO, ethylene, 

etc.), whose concentration is limited to their gas solubility, whereas formate accumulates in 

the electrolyte. Chapter 2 identified bipolar membranes as potential favourable membranes, 

compared to cation exchange membranes, as they may offer stable pH in the reactor and 

favourable alkaline conditions for the oxygen evolution reaction. Crossover of formate 

relative to the total ionic flux is especially significant at lower total ion fluxes (at low current 

density).7 Therefore, high ion fluxes through the membrane are required. When 3D cathodes 

are used, the geometric current density, at constant potential, can be increased by increasing 

cathode thickness and catalyst loading. Consequently, 3D cathodes combined with 

improvements in membrane technology could optimise the cell for high productivity and low 

crossover, without excessive overpotential. Moreover, direct coating of catalyst on the 

membrane could result in locally elevated CO2 concentrations, hence improved kinetics and 

mass transfer, due to reaction with protons (transported through the membrane) and HCO3
-. 

The introduction identified significant research effort dedicated to direct formate fuel cells. 

Between 2018 to 2020, on average 24 articles were published annually on this topic‡. Much 

research was directed towards development of improved formate oxidation catalysts 8–10, 

better electrode structures 11,12 and optimisation of the full cell 13–16. However, nearly all 

works consider alkaline formate solutions, containing up to 4 mole/L KOH.12 Added 

hydroxide results in carbonate formation (6.1) rather than bicarbonate (6.2). Therefore, as the 

overall reaction and conditions are changed, addition of KOH results in higher cell potentials 

and power density, but consequently also net hydroxide consumption. The latter is 

‡ Web of Science search for: “direct formate fuel cell” 
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detrimental to the cyclicity of the bicarbonate-formate storage system. Few publications 

regard direct formate fuel cells without added hydroxide to the system. One publication 

compares 1M formate feed with and without a presence of 2M KOH, peak power densities 

are 300 and 120 mW/cm2 respectively.17 Concluding, recovery of the electric energy after 

storage, via either a direct formate fuel cell or chemically releasing H2 from formate followed 

by utilization in a commercially available hydrogen fuel cell, requires more attention.  

𝐻𝐶𝑂𝑂− + 𝑂𝐻− +
1

2
𝑂2 ⇄ 𝐶𝑂3

 2− + 𝐻2𝑂  𝐸0 = 1.45𝑉  (6.1) 

𝐻𝐶𝑂𝑂− +
1

2
𝑂2 ⇄ 𝐻𝐶𝑂3

 −    𝐸0 = 1.22𝑉  (6.2) 

In this thesis, several key challenges for development of the bicarbonate-formate system were 

addressed, related to the reactive species, selectivity and energy efficiency. Other challenges 

remain, such as achieving significant formate concentrations, analyses of a complete 

electrolyzer including membrane and anode, and demonstrating system cyclicity.  Moreover, 

new challenges were identified, in particular catalyst costs, product crossover through the 

membrane and the productivity of low-alkaline direct fuel cells. These challenges are by no 

means unique to the bicarbonate-formate system, as many electrochemical conversion 

systems suffer from the same effects.17–21 Therefore, potential solutions are relevant to many 

processes. Given the promise of a safe storage medium, the absence (at present) of 

fundamental show-stoppers and research and development challenges relevant to many 

electrochemical conversion technologies, it is advisable to continue research on this system.  

6.3 Perspective 

Historically, electrochemical processes have fulfilled relatively few roles in industrial scale 

conversions. Some examples of notable industrial applications are the chlor-alkali process, 

the Hall-Héroult process for aluminium extraction, reductive coupling of acrylonitrile to form 

adiponitrile (a Nylon 66 precursor) and metal ion removal and recovery.22 Therefore, for 

decades the scientific field of electrochemistry has been largely dominated by more 

fundamental research. Wind and solar energy generation has become increasingly 

mainstream and consequently the availability and cost-competitiveness of renewable 

electricity is increasing, a trend that will almost certainly continue.23 Incorporation of this 

energy source into industrial processes, electrification of the industry, has become a major 

topic of interest.24,25 This is reflected in scientific literature, where industrially relevant 

performance indicators, such as selectivity (Faraday efficiency), conversion, productivity 

(current density) and capital expenditures, have become increasingly important. Many 

research groups with a strong engineering basis, e.g. this group (Enschede), the MECS group 

(Delft), the Kenis research group (Illinios) and the Alexis Bell research group (Berkeley) are 

currently active in the field of electrochemistry.  

In the view of the author, three main disciplines should contribute to the field of 

electrochemistry. First, traditional electrochemists who master electrochemical analysis 

techniques (cyclic voltammetry, impedance spectroscopy, etc.). Second, material scientists, 

who specialise in electro-catalyst development and spectroscopic analysis thereof. Third, 
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process engineers, who focus on scale-up and overall performance by reactor design and 

analysing operating conditions.  

Ideally, all disciples work together extensively and in harmony. Material scientists develop 

new materials, which are further evaluated by electrochemists. Cooperation between both 

disciplines yields insights and optimisation of factors affecting catalyst performance and 

development of electrode materials from electro-catalysts. Similarly, engineers place 

electrode materials in conversion reactors, optimise operating conditions and identify 

bottlenecks in the system. Feedback to the other disciplines results in updated optimization 

goals for material scientists and electrochemists. In this way, the three disciplines apply 

different selection criteria, even for the same performance indicator. E.g. to assess reaction 

rate (Figure 6.1): On the electro-catalyst level, the turnover frequency should be used, 

focussing only on the active sites. On the electrode-material level, the current density per 

electro-active area should be used, focussing in detail on how many active groups can be 

attached per unit of actual area. On the electrode or full cell level, current density per 

geometric area and productivity (mol/m3
electrode/s) are relevant, focussing on the actual rate 

obtained in the device. With such criteria, assessment is based on the most important aspects 

in that specific step of technology development. 

 

Figure 6.1: Different levels to assess reaction rate 

Many novel electrocatalysts are evaluated based on geometric current density rather than 

current density per electro-active area or turnover frequency.26–30 Therefore, it is difficult to 

compare performance between studies, as electrode production and operation parameters 

influence the observed geometric current density. Moreover, superb catalysts incorporated in 

an unfortunate electrode design, could be wrongfully dismissed as inadequate.26 

Standardization of initial catalyst assessment procedures, could drastically enhance the 

interpretability of data from various sources. Standardization could be achieved through 

initial assessment on a smooth planar electrode, without a presence of catalyst ink additives. 

This does not imply that promising catalysts should not be evaluated at high current densities, 

since it is also necessary to evaluate catalysts at commercially relevant conditions.31 

However, when studying a novel electrocatalysts, characteristics of the electrode structure 

should be known and vice-versa when studying a novel electrode structure, catalyst 
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properties should be known. It is up to researchers, reviewers and editors alike to encourage 

selection of appropriate performance indicators and variables for the scope of the research.  

Given the developments in solar and wind electricity generation and sustainability goals by 

the European Union and other governments, at least partial electrification of the industry will 

occur in the future. Currently, the vast majority of energy is primarily liberated as heat of 

combustion (from fossil resources)32 and an overall net conversion of heat to electricity 

occurs (power plants).33 Conversion of heat to electricity is accompanied by significant 

losses, as a typical power plant has an optimistic efficiency of ~60%.34 With the current fossil 

based energy mix, electrification of the industry by simple substitution of electricity for heat 

(e.g. electrically heating a boiler) without additional benefits is wasteful, due to the initial 

heat to electricity conversion losses in generating the electricity. Since industry is at an initial 

stage of electrification, there is an option to choose which aspects to electrify first. Industrial 

processes wherein electrification has additional benefits should be preferred, for example 

increased efficiency (e.g. electric motor versus combustion engine35), increased productivity 

and/or selectivity (e.g. Roto dynamic reactor versus traditional steam cracking36) or improved 

work environment (e.g. induction heating versus gas fired heating37). Here lie chances for 

electrochemistry, which offers potential in the form of down-scalability, low temperature 

conversions, and clean & quiet processes. The future will tell whether electrochemistry is 

going to be the driving technology for electrification of the chemical industry. Large-scale 

electrolysis of water for hydrogen production may pave the way for other electrochemical 

technologies. The coming decades, electrochemistry will be a highly relevant field wherein 

academic engineers should take responsibility to direct efforts towards implementation, 

identify potential bottlenecks and manage expectations. 
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