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« Sans la curiosité de l’esprit, que serions-nous? 

Telle est la beauté et la noblesse de la science: un 

désir sans fin de repousser les frontières du savoir, 

de traquer les secrets de la matière et de la vie sans 

idée préconçue des conséquences éventuelles. » 

    Marie Curie 

 

« Pour examiner la vérité, il est besoin, une fois 

dans sa vie, de mettre toutes choses en doute autant 

qu'il se peut. » 

   René Descartes 

 

« The more I learn, the more I realize how much I 

don't know. » 

   Albert Einstein 

 

« You can’t connect the dots looking forward, you 

can only connect the dots looking backwards. So you 

have to trust that the dots will somehow connect in 

your future. You have to trust in something - your 

gut, destiny, life, karma, whatever. This approach 

has never let me down, and it has made all the 

difference in my life. » 

Steve Jobs 
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Abstract 

The energy transition towards a carbon-neutral and sustainable economy is one of the greatest 

challenges of the 21st century to combat global warming and pollution. The decarbonization 

process is affecting every sector of the economy (electricity, transportation, industrial…). For 

power generation, renewable energy resources are realistic alternatives to replace fossil 

resources such as gas and coal. However, the intermittent nature of wind and solar power limits 

their penetration into the conventional grid and increases the need for energy storage (battery, 

hydrogen storage…) for smoothing out fluctuations between electric supply and demand.  

In this context, the concept of the redox dual-flow battery was introduced to propose a hybrid 

storage solution that can store electrical energy both electrochemically and in the form of 

hydrogen fuel. The system differs from a traditional redox flow battery by including a 

secondary energy platform, in which the electrolytes can be discharged chemically in external 

catalytic reactors through redox-mediated water electrolysis to produce clean hydrogen. The 

dual storage feature improves the flexibility and enhances significantly the capacity of the 

system by storing energy beyond the capacity of the electrolytes in the form of hydrogen. 

Additionally, the redox-mediated water electrolysis offers several advantages over 

conventional electrolysis in terms of safety, durability and purity.  

In this thesis, the proof-of-concept of a dual-flow circuit using a vanadium-manganese redox 

flow battery for combined electricity storage and hydrogen production is demonstrated. The 

redox flow battery employs vanadium sulfate (V3+/V2+) and manganese sulfate (Mn3+/Mn2+) 

dissolved in concentrated sulfuric aqueous solution as negative and positive electrolyte, 

respectively. The galvanic cell achieves energy efficiency of 68% at a current density of 50 

mAꞏcm–2 (cell voltage =1.92 V) and a relative battery energy density 45% higher than the 

conventional all-vanadium RFB in the same conditions. Once charged, the electrolytes can be 

spontaneously discharged through redox-mediated oxygen evolution reaction (OER) and 

hydrogen evolution reaction (HER) in RuO2 and Mo2C catalytic reactors, resulting in an energy 

consumption for hydrogen production of ca. 50 kWh/kg H2. The system provides a competitive 

alternative for large-scale energy storage in renewable energy and transport applications. 

Keywords: Redox flow battery, hydrogen, energy storage, water electrolysis, redox mediator 

 

 

 

 



 

 

 

  



 

 

Résumé 

La transition énergétique vers une économie durable et neutre en carbone est l’un des plus 

grands challenges du 21ème siècle dans la lutte contre le réchauffement climatique et la pollution. 

Le procédé de décarbonisation affecte tous les secteurs de l’économie (électricité, transport, 

industrie…). Concernant la production électrique, les énergies renouvelables sont considérées 

comme des alternatives réalistes aux énergies fossiles telles que le charbon et le gaz. Cependant, 

la nature intermittente de ces énergies limite l’implémentation de ces centrales au sein du réseau 

électrique et augmente les besoins en termes de stockage d’énergie (batteries, hydrogène…) 

pour atténuer les fluctuations entre l’approvisionnement et la demande en électricité. 

Dans ce contexte, le concept de la batterie redox à double flux a été introduit afin de proposer 

une solution de stockage hybride pour le stockage énergétique sous forme électrochimique et 

sous forme de carburant hydrogène. Le système est différent d’une batterie à flux traditionnelle 

car il est constitué d’une plateforme de stockage supplémentaire permettant la décharge 

chimique des électrolytes dans des réacteurs catalytiques externes où se produit l’électrolyse 

médiée de l’eau. Le stockage sous forme hybride améliore la flexibilité et augmente de manière 

significative la capacité du système en stockant l’énergie au-delà de la capacité des électrolytes 

sous forme d’hydrogène. De plus, l’électrolyse de l’eau médiée par les espèces redox offre 

plusieurs avantages en termes de sécurité, de durabilité et de pureté par rapport à l’électrolyse 

conventionnelle. 

Dans cette thèse, une batterie vanadium-manganèse redox à double flux est développée et 

démontrée comme une solution efficace pour le stockage d’énergie et la production 

d’hydrogène. Le système utilise un électrolyte négatif composé d’une solution aqueuse de 

sulfate de vanadium (V3+/V2+) et un électrolyte positif composé d’une solution aqueuse de 

sulfate de manganèse (Mn3+/Mn2+), tout deux acidifiés à l’acide sulfurique. La cellule 

galvanique a démontré une efficacité énergétique de 68% à une densité de courant de 50 

mAꞏcm–2 (tension de cellule =1.92 V) et une capacité énergétique 45% au-dessus de celle 

mesurée pour une batterie redox à flux au vanadium conventionnelle. L’électrolyte positif et 

l’électrolyte négatif sont spontanément déchargés dans les réacteurs catalytiques composés de 

RuO2 et de Mo2C via les réactions médiées d’évolution de l’oxygène et d’hydrogène. La 

consommation énergétique pour la production d’hydrogène est estimée à environ 50 kWh/kg 

H2.  Le système propose une alternative performante pour le stockage d’énergie à grande échelle 

en vue du déploiement des énergies renouvelables et des infrastructures pour la mobilité 

électrique.  

Mots-clefs: Batterie redox à flux, hydrogène, stockage d’énergie, électrolyse de l’eau, 

médiateur redox 



 

 

 

  



 

 

List of abbreviations 

 

AAS Atomic absorption spectroscopy 

AC Alternative current 

AOS Average oxidation state 

ASV Anodic stripping analysis 

BEV Battery electric vehicle 

BMS Battery management system 

CAES Compressed air energy storage 

CC Carbon cloth 

CE Coulombic efficiency 

CES Cryogenic energy storage 

CF Carbon felt 

CNT Carbon nanotube 

CPE Constant phase element 

CPE-R Constant phase element-resistance 

CV Cyclic voltammetry  

CVD Chemical-vapor deposition 

DC Direct current 

DMF Dimethylformamide 

DTZ Dithizone 

ECSA Electrochemically active surface area 

EDLS Electric double layer supercapacitor 

EDX Energy-dispersive X-ray spectroscopy 

EE Energy efficiency 

EIS Electrochemical impedance spectroscopy 

EOGN Mildly edge‐oxidized graphene nanosheet 

EPFL Ecole polytechnique fédérale de Lausanne 

ETD Everhard-Thronley secondary electron detectors 

FCEV Fuel cell electric vehicle 

FES Flywheel energy storage 

GC Glassy carbon 



 

 

GC Gas chromatography 

GDL Gas diffusion layer 

HER Hydrogen evolution reaction  

HHV  Higher heating value 

ICP-MS Inductively coupled plasma mass spectrometry 

ICP-OES Inductively coupled plasma-optical emission spectroscopy 

IEA International Energy Agency 

ISO International Organization for Standardization 

LDPE Low-density polyethylene  

LEPA Laboratoire d’électrochimie physique et analytique 

LHV Lower heating value 

Li-ion Lithium ion 

LSV Linear sweep voltammetry  

MOF Metal organic framework 

NaS Sodium-sulfur 

NiCd Nickel-cadmium 

NMP N-Methyl Pyrrolidone 

NP Nanoparticle 

NT Nanotube 

OCP Open circuit potential 

OCV Open circuit voltage 

OER Oxygen evolution reaction 

PCM Phase change material 

PEEK Polyetheretherketone 

PEM Polymer exchange membrane  

PET Polyethylene terephthalate 

PFS Photonic flash synthesis 
 

pH Potential of hydrogen 

PHS Pump hydro storage 

ppm Parts-per-million 

PTFE Polytetrafluoroethylene 

PV Photovoltaic 

PVDF Polyvinylidene fluoride 



 

 

RDE Rotating disk electrode 

RDS Rate determining step 

RFB 

RDFB 

Redox flow battery 

Redox dual-flow battery or dual-circuit redox flow battery 

RHE Reversible hydrogen electrode 

RRD Rotating ring-disk device 

SEM Scanning electron microscopy 

SHE Standard hydrogen electrode 

SMES Superconducting magnetic energy storage 

SMR Steam methane reforming 

SNG  Synthetic natural gas 

SOC  State-of-charge 

SOEC Solid oxide electrolysis cell 

TEMPO (2,2,6,6-Tétraméthylpipéridin-1-yl)oxy 

TES Thermal energy storage 

TMC Transition metal carbide 

TPR Temperature-programmed reduction 

UPS Uninterruptible power supply 

UV-vis Ultraviolet-visible 

VE Voltage efficiency 

VPSA Vacuum assisted pressure swing adsorption 

VRFB All-vanadium redox flow battery 

XPS X-ray photoelectron spectrometry 

XRD X-ray diffraction 

 

 

 

 

 



 

 

 

  



 

 

List of symbols 

A Absorbance - 

A 
 

Geometric area m2 

CA, cA or [A] Concentration of A M or molꞏL–1 

Cdl Double layer capacitance F 

Cs Specific capacitance Fꞏm–2 

D Diffusion coefficient m2ꞏs–1 

E Potential  V 

E° Standard redox potential V 

E Energy J 

F Faraday constant  96’485 Cꞏmol–1 

  Gibbs free of reaction J 

 Enthalpy of reaction Jꞏmol–1 

 Enthalpy standard of reaction Jꞏmol–1 

I or i Current A 

I or j Current density Aꞏm–2 

k Kinetic rate constant - 

l Optical path length m 

m Mass kg 

M Molar mass gꞏmol–1 

n  Number of electrons - 

nA Amount of compound A mol 

p Pressure Pa 

Q Charge C 

q Heat J 

R Ideal gas constant 8.314 Jꞏmol–1ꞏK–1 

R Resistance  
 

T Temperature K 

t Time s 

U Internal energy J 

V Voltage V 

V Volume m3 

  



 

 

 Volumetric flow molꞏL–1 

w Work J 

Z Impedance 
 

   

   

α Charge transfer coefficient - 

α and   Order of reaction - 

ε Molar exctinction coefficient Lꞏmol–1ꞏm–1 

 Overpotential V 

 Efficiency % 

 Fractional surface coverage - 

  Wavelength  m 

 Dynamic viscosity Paꞏs 

  Scan rate Vꞏs–1 

  Kinematic viscosity m2ꞏs–1 

 
 

Rate of reaction molꞏL–1ꞏs–1 

 Volumetric mass density kgꞏm–3 

ω Angular rotation rate radꞏs–1 
 

   

   

  

  

 

 

 

 

 

 

 

 

 



 

 

Table of contents 

CHAPTER I  Introduction ................................................................................. 1 

1.1  Why do we need to store energy at large-scale? ......................................................... 1 
1.2  How do we store electrical energy at large-scale? ...................................................... 3 

1.2.1  A thermodynamic approach ..................................................................................... 3 
1.2.2  A technological approach ........................................................................................ 5 

1.1.1.1  Mechanical energy storage ........................................................................................................... 6 
1.1.1.2  Electrical and magnetic energy storage......................................................................................... 7 
1.1.1.3  Thermal energy storage ................................................................................................................. 7 
1.1.1.4  Electrochemical and chemical energy storage .............................................................................. 8 

1.3  Stationary battery for large-scale energy storage .................................................... 11 
1.3.1  Conventional secondary batteries .......................................................................... 11 
1.3.2  Redox flow battery ................................................................................................. 13 

1.4  Hydrogen economy ...................................................................................................... 17 
1.5  Electromobilis demonstrator ...................................................................................... 20 

1.5.1  General layout ........................................................................................................ 20 
1.5.2  Redox flow battery operation ................................................................................. 22 
1.5.3  Hydrogen infrastructure and operation .................................................................. 24 

1.6  Redox dual-flow battery ............................................................................................. 24 
1.6.1  Concept .................................................................................................................. 24 
1.6.2  Advantages ............................................................................................................. 27 
1.6.3  State-of-the-art ....................................................................................................... 28 

1.7  Challenges and objectives of the thesis ...................................................................... 29 
References ............................................................................................................................... 32 

CHAPTER II  Failure analysis and purification strategy of copper-
contaminated vanadium electrolytes ............................................................... 39 

2.1  Introduction ................................................................................................................. 40 
2.2  Experimental Section .................................................................................................. 44 

2.2.1  Chemicals ............................................................................................................... 44 
2.2.2  Instrumentation ...................................................................................................... 44 
2.2.3  Determination of Cu2+ ............................................................................................ 45 
2.2.4  Anodic stripping voltammetry ............................................................................... 45 
2.2.5  Single-cell measurements ...................................................................................... 45 
2.2.6  Scale-up .................................................................................................................. 46 

2.3  Results and Discussion ................................................................................................ 46 
2.3.1  Effect of copper on VRFB operation ..................................................................... 46 
2.3.2  Copper determination ............................................................................................. 48 
2.3.3  Purification strategy ............................................................................................... 50 
2.3.4  Scale-up and demonstration ................................................................................... 54 

2.4  Conclusion .................................................................................................................... 56 
References ............................................................................................................................... 57 
Appendix II ............................................................................................................................. 59 



 

 

CHAPTER III  Stabilization of manganese electrolyte (Mn3+/Mn2+) .......... 61 

3.1  Introduction ................................................................................................................. 62 
3.2  Experimental section ................................................................................................... 64 

3.2.1  Materials and methods ........................................................................................... 64 
3.2.2  Electrochemical characterization ........................................................................... 64 
3.2.3  Spectroelectrochemistry ......................................................................................... 64 
3.2.4  Study of manganese oxide formation .................................................................... 65 
3.2.5  Iodometry for Mn3+ titration .................................................................................. 66 

3.3  Results and discussion ................................................................................................. 67 
3.3.1  Electrochemical study of electrolytes .................................................................... 67 
3.3.2  Surface analysis of electrografted oxide layers ..................................................... 71 
3.3.3  Study of Mn3+ disproportionation in solution by spectroelectrochemistry ............ 76 

3.4  Conclusion .................................................................................................................... 78 
References ............................................................................................................................... 80 
Appendix III ............................................................................................................................ 82 

CHAPTER IV  Kinetic model of redox-mediated hydrogen production .... 89 

4.1  Introduction ................................................................................................................. 90 
4.2  Experimental method .................................................................................................. 91 

4.2.1  Chemicals ............................................................................................................... 91 
4.2.2  Electrolyte synthesis .............................................................................................. 92 
4.2.3  Instrumentation ...................................................................................................... 92 
4.2.4  Mo2C film preparation ........................................................................................... 93 
4.2.5  Kinetic study in transient conditions ...................................................................... 93 
4.2.6  Kinetic study in steady-state conditions ................................................................ 94 

4.3  Theoretical basis .......................................................................................................... 95 
4.4  Results and discussion ................................................................................................. 98 

4.4.1  Kinetic experiments in transient conditions ........................................................... 98 
4.4.2  Kinetic experiments in steady-state conditions .................................................... 100 

4.4.2.1  Description of the RRD method ............................................................................................... 100 
4.4.2.2  Electrochemical characterization of Mo2C film ........................................................................ 102 
4.4.2.3  Kinetic study ............................................................................................................................. 107 

4.4.3  Conversion study ................................................................................................. 110 
4.4.4  Model prediction for the production of hydrogen in a semi-batch reactor .......... 112 

4.5  Conclusion .................................................................................................................. 113 
References ............................................................................................................................. 115 
Appendix IV .......................................................................................................................... 119 

CHAPTER V  Photonic flash synthesis of Mo2C electrocatalyst for the 
hydrogen evolution reaction ........................................................................... 123 

5.1  Introduction ............................................................................................................... 124 
5.2  Experimental method ................................................................................................ 126 

5.2.1  Chemicals ............................................................................................................. 126 
5.2.2  Instrumentation .................................................................................................... 126 
5.2.3  Precursor ink formulation .................................................................................... 126 
5.2.4  Photonic flash synthesis route .............................................................................. 127 



 

 

5.2.5  Electrochemical characterization ......................................................................... 127 
5.3  Results and discussion ............................................................................................... 128 
5.4  Conclusion .................................................................................................................. 138 
References ............................................................................................................................. 139 
Appendix V ........................................................................................................................... 144 

CHAPTER VI  Vanadium-manganese redox dual-flow battery for 
electricity storage and hydrogen production ................................................ 147 

6.1  Introduction ............................................................................................................... 147 
6.2  Experimental section ................................................................................................. 150 

6.2.1  Electrolytes preparation ....................................................................................... 150 
6.2.2  Catalysts preparation ............................................................................................ 150 

6.2.2.1  Molybdenum carbide ................................................................................................................ 150 
6.2.2.2  Ruthenium oxide ....................................................................................................................... 150 

6.2.3  Instrumentation .................................................................................................... 151 
6.2.4  Physical and electrochemical characterization .................................................... 151 

6.2.4.1  Mediators .................................................................................................................................. 151 
6.2.4.2  Electrocatalysts ......................................................................................................................... 151 

6.2.5  Dual-circuit RFB set-up ....................................................................................... 152 
6.2.6  Single-cell and catalytic water splitting experiments .......................................... 154 

6.3  Results and discussion ............................................................................................... 155 
6.3.1  Mediators and electrocatalysts ............................................................................. 155 
6.3.2  Vanadium-Manganese redox flow battery for energy storage ............................. 160 
6.3.3  Redox-mediated water splitting ........................................................................... 164 

6.4  Conclusion .................................................................................................................. 169 
References ............................................................................................................................. 170 
Appendix VI .......................................................................................................................... 173 

CHAPTER VII  Conclusion and perspectives .............................................. 181 

CURRICULUM VITAE ................................................................................. 185 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

CHAPTER I 
 
Introduction 

1.1 Why do we need to store energy at large-scale? 
 

Electrical energy has changed the face of our society and our standard of living. In 2018, 

worldwide human activity required 24’739 TWh of electricity (IEA).1 In comparison, the 

Grande Dixence Dam in Switzerland generates approximately 2 TWh annually, and 11’848 

of them would have been needed to meet the global electricity consumption this year.2 The 

International Energy Agency (IEA) reported that the rapid growth of developing countries, 

the expansion of population and the urbanization process will increase the demand in electrical 

energy by 30% in 2040.1 

 

To-date, the worldwide electrical production is essentially generated from fossil ressources 

such as coal, crude oil or gas (64% in 2018).1 Although practical in terms of storage and 

transportation, thoses ressources come from a heritage of several millions of years and their 

burning emits an excessive amount of CO2, causing the global warming.3 Adding to the 

pollution and public health concerns, the modern society is currently facing one of the major 

challenge of the 21th century: the energy transition.4 In 2017, the Swiss electorate accepted 

the ‘’Energiestrategie 2050’’ with the promotion of renewable energy (e.g. solar and wind) 

and a progressive withdrawal from nuclear energy production.5 

 

The rapid growth of photovoltaic system (PV) and wind turbine development set them as 

realistic candidates to replace fossil energy ressources.6,7 However, the renewable energy 

ressources depends on meterological conditions that generates periodical fluctuations (daily, 

weekly and yearly) of the electrical production. This intermittence complicates the integration 

of large shares of renewables power into the conventional grid in terms of stability and 

reliability.8 In fact, the one-way transportation of electricity involves to use it precisely at the 

time of the generation, requiring a near-instantaneous balance between supply and demand. 

Until now, variability of load demand has been offset using operating reserves, which consist 

of either increasing the power output of internal generators (spinning reserves) or using 
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external power units (non-spinning reserves). During off-peak times, the power generated by 

these turbines is not exploited.8–10 

 

To avoid the implementation of oversized generators, a sustainable alternative is to implement 

large-scale stationnary energy storage systems within the electrical grid (e.g. peak shaving, 

load leveling…). As shown on Figure 1.1, the energy storage solution accumulates electrical 

energy from power systems during periods of low demand, low cost or high supply in order 

to deliver it back during periods of high demand, high cost or low supply.11 This affords to 

inject or absorb temporarly large amount of energy and plays the role of a power buffer 

between the unpredictibale power output of intermittent renewable generators and the 

fluctuating electrical demand. Owing to the lack of mature, reliable and cost-effective 

technology, only few stationnary energy storage systems have been implemented in practical 

applications. Additionally, the charging management of the in-coming expansion of battery 

electric vehicle (BEV) and fuel-cell electric vehicle (FCEV) infrastructure addresses even 

more the need for energy storage system implementation.12,13 

 

 

Figure 1.1 Illustration of the concept of load levelling using energy storage solution to reduce large 
fluctuations of the loads.14 
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1.2 How do we store electrical energy at large-scale?  

1.2.1 A thermodynamic approach 
 

The first law of thermodynamics15, also known as the law of conservation of energy, states 

that the total internal energy (U) of an isolated system remains always constant. In other words, 

the energy can neither be created nor destroyed and the total amount of energy remains 

invariant in the nature. In general, energy can only be transferred from one closed system to 

another and the resulting change in the internal energy of the system is expressed as the sum 

of heat (Q) and work (W) variations.16 

 

U Q W        (Eq. 1.1) 

 

The notion of heat and work are often misunderstood by associating those concepts to a form 

of energy. In fact, heat and work are the modes of energy transfer from a system to another 

and can be distinguished only at the surroundings.16 

 

Work is an energy transfer caused by the motion of the system against an opposing force.16 

As an example, we transfer energy as work to a weight when we raise it in the field of gravity. 

In this case, there is a net and uniform motion of all the atoms towards the rising point. The 

transferred work is a gain of energy and enhances the capacity of the system to do work.16,17 

Heat is a transfer of energy caused by a temperature difference between a system and its 

surroundings. From a molecular point of view, the temperature is a parameter that reveals the 

distribution of molecules over the available energy states in a system. The higher the 

temperature is, the higher the average energy states of the molecules is, and so the higher the 

random agitation of the molecules is (speed, vibration and rotation).16,17 Given this, heat 

corresponds to the energy transfer that makes use of the random motion of atoms. Thus, when 

a hotter mass is brought in contact with a colder mass, energy as heat is transferred without 

net motion until reaching thermal equilibrium.16,17 

 

Once an amount of energy is injected as work or/and heat in a closed system, the energy can 

be stored under various forms: thermal energy, kinetic energy, potential energy, chemical 

energy, electrical energy, radiative energy and nuclear energy. However, the system has no 

memory of the mode of transfer, but only of the quantity of energy it possesses (1st law of 



Chapter I: Introduction 
 

4 

thermodynamics).14 Therefore, a human of 100 kg can increase his total energy of 1 million 

of Joule by either elevating himself of 1000 meter (potential energy), by propelling himself at 

500 km/h (kinetic energy) or by increasing his temperature of 3°C (thermal energy).  

 

That being said, the basic premise of energy storage consists of saving an amount of energy 

generated at one time to use it at another time. For electrical energy, the art of ‘’storing’’ is 

particularly difficult because electricity cannot be stored itself at any scale. Physically, 

electricity is not considered as a source of energy, but is better described as a vector for energy 

transportation. Although it is possible to store the electrical energy under electrostatic form in 

a capacitor, the storage capacity remains limited. In fact, to store large-scale electrical energy, 

the generated electricity is rather converted into another form of energy that is more 

appropriate and realistic to store.18 As an example, charging a battery converts an amount of 

electrical energy into chemical energy that be later transformed back into electrical energy in 

order to produce an electrical work. Given the principle that the energy is always conserved 

(1st law of thermodynamics), energy storage sounds to be natural. So, why is it so challenging 

to store energy? 

 

To answer to this question and understand the challenges addressed by the energy storage and 

conversion, the notion of ‘’the quality’’ of the energy needs to be introduced. To put it simple, 

the total energy of a system can be divided in two different categories: the energy that is 

available to do work (‘’free energy’’ or ‘’exergy’’) and the energy condemned to leave the 

system as dissipative heat (‘’useless energy’’).16 The latter is related to the concept of entropy 

(S), that is a measure of the quality of the energy. Although the quantity of energy cannot be 

destroyed (1st law of thermodynamics), its quality can. Indeed, the 2nd law of thermodynamics 

states that the quality of the energy degrades spontaneously, and the entropy of an isolated 

system can only increase. Let’s imagine that all the free energy of the system would be 

converted into work, the total entropy of the system would remain unchanged. However, the 

system is unavoidably subject to irreversibility converting the free energy into heat (entropy 

generation), due to dissipative processes (friction, turbulences). Although the conversion of 

thermal energy into useful work is thermodynamically possible (e.g. internal combustion 

engine), the Nature always exerts an ‘’energy tax’’ that need to be paid by the surrounding as 

heat towards a cold sink, resulting in an increase of universe entropy.16   

 

Those laws are the foundation of all the processes occurring in nature and are primordial to 
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understand and improve the efficiency of processes related to energy storage and energy 

conversion. 

 

1.2.2 A technological approach  
 

A wide range of electrical energy storage systems exists for stationary electrical energy storage 

and each technology has specific features that are suitable for various applications, in which 

the entire conventional electricity grid can be valued from the bulk generation to the customer 

service.8–13,18–20 Today, overproduction of electrical energy is mainly absorbed by pump-hydro 

storage (PHS) plants, which stand for about 99% of the world electric storage capacity (ca. 

3% of global energy generation capacity). Although the system demonstrates high power and 

capacity ratings, good cycle stability and long lifetime, the major drawbacks of PHS are the 

lack of available geological site for the installation and the high capital cost requirement.8 

With the increase of storage capacity need and the decentralisation of the electrical production, 

alternative systems are necessary. The various technologies are classified according to the 

nature of the storing energy and the field of application into the electrical grid that will depend 

on technical aspects such as power rating, discharging time, storage duration, self-discharge, 

energy and power density, life time or capital cost (Figure 1.2). 

. 

 

 

 

Figure 1.2 Main electric energy storage systems classified according the physical nature of the storage 
and the field of application into the electrical grid. 
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1.1.1.1 Mechanical energy storage 

Mechanical energy storage systems convert electrical energy into mechanical energy either as 

potential energy or kinetic energy. The most common systems are pumped hydroelectric 

storage (PHS), compressed air energy storage (CAES) and flywheel energy storage (FES). 

Pumped hydroelectric storage (PHS): The method takes advantage of two water reservoirs 

installed at two different elevations. During off-peak hours, the surplus of electrical energy is 

converted into potential energy by pumping the water from the lower to the upper reservoir. 

The stored potential energy is converted back to electricity by powering a turbine with 

generator (turbine unit) during peak hours. Typical efficiencies of the system is generally 

comprised between 70 to 80%.8,22 

 

 

 

 

 

 

 

 
Figure 1.3 Pumped hydroelectric storage power plant of Nant de Drance in the canton of Valais in 
Switzerland interconnecting the Vieux Emosson (2225 m) and the Emosson (1930 m) water reservoirs. 
The storage capacity of the plant is about 20 GWh with a plant power of 900 MW.23 
 

Compressed Air Energy Storage (CAES): The system converts electrical energy in 

mechanical energy by compressing air and stores it within either underground or above-

ground storage reservoirs. When the power grid needs to be supplied, the compressed gas is 

successively heated (by heat recuperation or burning of fossil fuels) and expanded into power 

turbines. As for pumped hydroelectric storage system, CAES installations has a large capacity 

and power rating, but required very specific topological conditions. Typical efficiency is 

usually range between 40 and 75%.8,24 
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Flywheel Energy Storage (FES): Flywheels store energy in a massive rotating cylinder 

(kinetic energy). The speed of the rotor is regulated by transferring electricity through a motor-

generator system. Wind shear and energy loss are reduced using bearings and placing the 

system under high vacuum environment. Flywheels enable high power density, high 

efficiency (⁓90%) and long lifetime, but have low capacity and high self-discharge.18,20  

 

1.1.1.2 Electrical and magnetic energy storage  

Electric and magnetic energy storage systems store directly electrical energy in either an 

electric field or a magnetic field. The most common systems are electric double layer 

supercapacitors (EDLS) (electric energy storage) and superconducting magnetic energy 

storage (SMES) (magnetic energy storage). 

 

Electric double layer supercapacitor (EDLS): Usually, a capacitor is made of two electrical 

conductors separated by a thin layer of dielectric material. The electrical energy is stored in 

the electric field formed between the two metallic plates. Instead of the common dielectric 

layer, supercapacitors are composed of an electrolyte solution and a porous membrane 

separating the two electrical conductors. The supercapacitor arrangement increases 

significantly the power and energy density of the system compared to conventional capacitors. 

The main advantages are fast charging/discharging time, long life-time and high efficiency 

(⁓90%). However, the technology is limited for large-scale energy storage due to high self-

discharge and low energy capacity.25–27 

 

Superconducting magnetic energy storage (SMES): The system stores the energy in the 

magnetic field induced by the flow of a direct current in a superconducting coil. The system 

needs to be maintained below the superconducting critical temperature of the coil material 

using a cooling system. Although the technology suffers from economic issues, it offers 

several advantages including fast charging/discharging time, high efficiency (⁓97%) and high 

power output.8,13,28,29 

 

1.1.1.3 Thermal energy storage 
 

Thermal energy storage systems convert electrical energy in the form of thermal energy by 

utilizing either sensible heat, latent heat, or sorption heat of a medium. 
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Sensible heat storage: Sensible heat is the heat exchanged by a system in which a change of 

temperature occurs. The method consists of heating up an appropriate medium (with relatively 

high specific heat capacity) in order to increase its temperature without going through phase 

or structure change. The heat is then extracted back to produce steam and power turbines. 

Typical materials used are solid (e.g. ground, granite, concrete…), liquid (e.g. water, oil…) or 

molten salts. The efficiency may vary from 50 to 90%.13,26,30 

 

Latent heat storage: Latent heat is the heat exchanged by a system during phase transition 

(constant-temperature process). Latent heat storage uses phase change materials (PCMs) as 

storage medium. The advantage of the technology is to reach high energy density and efficient 

heat transfer (constant temperature) with system efficiency at 50-75%.13,30 

 

Thermo-chemical sorption storage: The system relies on a thermodynamic cycle, where a 

hot source is employed to heat up an adsorbent (e.g. zeolite or silica gel) and to vaporize the 

working fluid (e.g water) from the adsorbent medium. Then, the working fluid is condensed 

at lower temperature, the heat of condensation is withdrawn from the system and the working 

fluid is stored (charging process). For the discharge step, the working fluid is heat up and the 

resulting vapor adsorbs on the adsorbent releasing heat at high temperature (heat of 

adsorption). Although the system achieves efficiency (75-100%) and energy density higher 

than others thermal storage systems, the technology requires more complex design.13,30  

 

1.1.1.4 Electrochemical and chemical energy storage 
 

Electrochemical and chemical energy storage devices store electrical energy in the form of 

chemical energy (Ech) by means of conversion reactions. The conversion processes take place 

in an electrochemical cell that can either generates electricity from electrochemical potential 

(galvanic cell) or converts electrical energy in the form of chemical energy (electrolytic cell). 

Galvanic cells include primary cells (non-rechargeable batteries, e.g. Volta’s pile, Daniell cell, 

alkaline…), secondary cells (rechargeable batteries, e.g. lead-acid, lithium-ion…) and tertiary 

cells (fuel cells, e.g. alkaline, polymer electrolyte membrane…). Commonly, an 

electrochemical cell is separated in two electrode compartments (half-cell) that are 

interconnected externally by an electrical circuit (electron conductor) and internally by an 

electrolyte (ion conductor).10,11,31 The electrolyte acts as an ion conductor between the two 
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electrodes in order to guarantee the electroneutrality of the cell. Besides, the main role of the 

electrodes is to supply the surface at which redox reactions occur. By definition, the cathode 

refers to the electrode at which reduction occurs, while the anode is the electrode at which the 

oxidation occurs.31  

Fuel cell differs from batteries in the sense that it generates electricity from a chemical fuel 

fed from external storage tank while battery generates electrical energy from the chemical 

energy of the embedded active substance.32 In general, the term ‘’electrochemical energy 

storage’’ is employed for the pseudocapacitors and the batteries systems, while ‘’chemical 

energy storage’’ envelops all technologies that store the electrical energy in a chemical fuel 

via electrolyser/fuel cell combination. 

 

Electrochemical pseudocapacitor: Unlike electric double layer capacitors that store energy 

in the form of electrostatic energy, electrochemical pseudocapacitors store it in the form of 

ionic charge via fast and reversible electron charge-transfer processes (faradaic) such as redox 

reactions, electrosorption or intercalation between the electrode and the electrolyte. The main 

difference with batteries is that it involves only very fast sequence of reversible processes. 
27,33,34 Note that we speak about hybrid supercapacitor when the device results from the 

combination of the electric double-layer supercapacitor and pseudocapacitor systems.  

 

Battery energy storage system: Besides portable electronic devices and transportation 

applications, batteries have also drawn increasing interest for large scale applications thanks 

to numerous advantages including high conversion efficiency, good reactivity and 

geographical independence.10,35,36 Batteries are electrochemical energy storage devices that 

convert electrical energy in the form of electrochemical potential through reversible redox 

reactions of two disctints redox couples (Ox1/Red1 et Ox2/Red2). Upon the charge of the 

battery, electrical work is injected to drive an oxidation reaction at the positive electrode and 

reduction reaction at the negative electrode. During the discharge, the reverse reactions are 

spontaneously taking place while connecting the two electrodes to an external load, releasing 

the chemical energy onto electrical work. The cell voltage of a battery cell (Ecell) is given by 

the difference between the electrode potential of the cathode and the anode reactions: 

 cell cathode anode
rGE E E

nF


       (Eq. 1.2) 

where rG is the Gibbs energy delivered by the overall redox reaction exchanging n electrons 
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and F is the Faraday constant (i.e. the charge of a mole of electrons, 96485 Cꞏmol–1). 

Conventionally, the electrodes of a battery are assigned according to the mode of discharge, 

so the anode refers to the negative electrode and the cathode refers to the positive electrode, 

although reverse reactions occur during the charge. Usually, single cells are arranged in series 

to reach the desired voltage, which forms a stack.  Note that primary batteries are not 

considered for power grid application, so in this thesis the term battery will refer to secondary 

batteries.37   

 

Figure 1.4 Simplified schematic of the working principle of a rechargeable battery with the 
charge/discharge reactions occurring at the anode and the cathode. 

 

The amount of energy stored and the rate at which the energy can be extracted from the battery 

are given by the energy density (WhꞏL–1) and the power density (WꞏL–1) of the system, and 

are directly linked by the thermodynamic and kinetics properties dictated by the choice of 

chemistry and materials composing the battery.18 In this regard, numerous battery chemistries 

were developed with various characteristics and performances serving a wide range of 

application.29,35,38 The main technologies for large-scale energy storage are discussed in 

Section 1.3. 

Chemical fuels: In general, chemical fuels offer several advantages in terms of energy density 

and ease of storage and transportation. In this context, converting excess of renewable 

electricity into a chemical fuel (e.g. electrolysis) which can be stored and used subsequently 

for electricity generation (e.g. fuel cell) or other energy generation is of great interest. Several 

chemical compound are currently been considered including hydrogen, methane, ammonia, 

hydrocarbons and methanol.39 Among them, hydrogen is believed to be a realistic energy 

carrier vector able to store and provide energy to all the sectors of economy. A renewable and 
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carbon-free energy system based on hydrogen energy is often called ‘’hydrogen economy’’ 

and is described more in detail in Section 1.4.39–41  

 

1.3 Stationary battery for large-scale energy storage  

 

For grid-scale application, the energy and power density matter less than for transportation and 

mobile applications and features such as the reliability, the safety, and the durability of the system 

are favored.42 The main battery technologies considered for utility-scale storage are described 

below and their main characteristics are summarized in Table 1.2. 

 

1.3.1 Conventional secondary batteries 

 

 Lithium-ion: The development of battery systems has been often driven by high energy 

density considerations. For this purpose, Li is strongly attractive due to the fact it is the 

most electropositive element in the periodic table (Li/Li+ = –3.04 vs. SHE) and the lightest 

metal (6.94 gꞏmol–1).31 In this context, since the first commercialization in 1990s, Li-ion 

batteries have become one of the most important technologies, leading the global market 

of batteries, especially for portable electronic devices.11 Lithium-ion batteries rely on 

redox intercalation processes where the cathode and the anode reversibly exchange Li+ 

ions. To do it, the technology employs intercalation materials. The anode is usually made 

of carbonaceous materials (e.g. graphite) and numerous different types of lithium metal 

oxide (e.g. LiCoO2, LiMn2O4…) or olivines (e.g. LiFePO4…) can be used at the cathode. 

The electrolyte is made up of lithium salts (e.g. LiPF6) dissolved in an organic solvent (e.g. 

ethylene carbonate, dimethyl carbonate,…).37 Although the lithium-ion batteries dominate 

the portable electronic devices market, improvements in terms of lifetime, cost reduction 

and safety management are critical to expand into large-scale electrical grid 

applications.11,18 
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Figure 1.5 Schematic of a lithium-ion battery. During the charge, Li+ ions are removed or 
deintercalated from the positive electrode (e.g. layered oxide compound) and inserted or 
intercalated into the negative electrode (e.g. graphitic layers). Reverse processes occurs during 
discharge.35 
 

 Lead acid: Invented in 1859, lead-acid battery is a very mature technology. Typically, the 

battery cell is made of PbO2 anode and a Pb cathode that are immersed in a solution of 

concentrated sulfuric acid. Different kind of lead-acid battery has been developed 

including the flooding battery, the valve-regulated lead–acid battery and gelled/absorbed 

electrolyte-based lead acid battery.11,37 

 

 Sodium-based: Among the sodium-based batteries, sodium-sulfur batteries (NaS) and sodium-

nickel-chloride (ZEBRA cells) employed molten salt as anode and cathode with a solid beta 

alumina ceramic electrolyte, that allows the transport of sodium ions between the two 

electrodes. NaS system consists of molten sodium at the negative electrode and molten sulfur 

at the positive electrode, while sodium-nickel-chloride cell employs a metal halide cathode 

(NiCl2).11,43 Besides molten salts technologies, the development of sodium-ion batteries is 

growing. Similarly, to Li-ion technology, the batteries involves intercalations processes of Na+ 

ions between the cathode and the anode during charging/discharging process, using the same 

types of porous conductive polymer materials. To-date, significant efforts are made for the 

development of reliable active material with several cathode materials reported including layer-

structured transition metal oxides, polyanionic-type compounds, prussian blue analogues, and 

organic-based materials.44,45 Owing to the superior safety, the economic benefits from 
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abundant sodium resources, Na-ion battery is a promising alternative to lithium-ion battery for 

large-scale energy storage. 

 
 Nickel-based: Nickel-Cadmium (NiCd) is another mature battery technology (>100 years). 

Typically, the system is made of a nickel hydroxide cathode, a cadmium hydroxide anode, a 

separator and an alkaline electrolyte. The system is limited due to the toxicity of cadmium and 

the so-called ‘’memory effect’’ (tendency of the system to lose capacity in case of repeated 

partial discharge). To address those concerns, nickel-metal hydride battery (NiMH) was 

proposed as an alternative by using a hydrogen-absorbing alloy (MH) anode instead of 

cadmium (e.g. AB5-type [LaCePrNdNiCoMnAl], A2B7-type 

[LaCePrNdMgNiCoMnAlZr], or AB2-type [VTiZrNiCrCoMnAlSn] metal hydride active 

materials).11,29,38 

 

1.3.2 Redox flow battery 
 

Redox flow batteries (RFBs) have drawn great attention by providing valuable opportunities 

for stationary applications such as flexibility, durability and safety.46,47 While conventional 

secondary batteries store energy within the electrode structure, flow batteries carry the charge 

in two distinct liquid electrolytes containing soluble redox species (posolyte and negolyte) 

located in separated external tanks (Figure 1.6).35 During the battery operations, the two 

electrolytes are pumped from the external containers to the electrochemical cell where reduction 

and oxidation reactions take place on the respective electrode surface. The electrochemical cell 

is assembled with an ion exchange membrane to separate the positive and the negative half-cell 

compartments and maintain the electroneutrality of the flow cell.10,35,48  

 

Figure 1.6 Schematic of a redox flow battery. 
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The unique design of flow batteries offers several advantages for large-scale energy storage: 

 

Flexibility: The structure of redox flow batteries enables to decouple power and capacity, 

whilst offering considerable flexibility and modularity for large-scale energy storage 

applications. In fact, the energy storage capacity of the system can be tuned by varying the 

volume of electrolytes while the power is a matter of the electrode surface available.46 This 

contrasts with the conventional batteries in which the energy is directly stored in the electrodes. 

 

Lifetime and stability: Flow batteries may operate for more than 10 years (> 10’000 cycles). 

In contrast to other batteries, the ‘’inert’’ role of electrodes during the charge-transfer reactions 

prevents the system from advanced electrodes degradations due to phase or morphology 

transformations.35 Therefore, the battery lifetime relies more on the degradation of auxiliaries, 

such as pump or cell components that can be readily replaced. Moreover, the flow batteries are 

less sensitive to depth charge or discharge.46 

 

Safety: In addition, RFBs are not exposed to thermal runaway risk, which can be a major hurdle 

in lithium-based batteries.46,49,50  

 

In spite of the advantages described above, RFB’s suffer from low energy density (< 30 WhꞏL–

1) as compared to other battery technologies due to solubility limitation of redox active species 

and the stability potential window of the solvent, especially for aqueous system that is 

constrained by hydrogen evolution reaction (HER) and oxygen evolution reactions (OER).11  

 

The choice of redox-active material has an important impact on the performance of the flow 

battery by influencing the kinetics, the viscosity of the electrolyte and the capacity of the 

system. Upon the recent development of RFB, a wide range of metal-based redox couples 

dissolved in aqueous and non-aqueous electrolytes has been investigated. The most common 

are summarized in Table 1.1.46,47,49,51,52 More recently, an increasing number of electrolytes 

based on organic molecules was reported (e.g. TEMPO, anthraquinone, viologen derivatives, 

ferrocene derivatives…).53–55 Organic molecules can provide several advantages in terms of 

solubility, reversibility and cost. However, chemical degradation is responsible for most of 

the capacity fading of organic-based RFB’s.55 
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Table 1.1 Summary of the main inorganic redox couples investigated for the development of redox 
flow batteries. 
 

Redox Species Redox Potential / V vs. SHE 
Zn2+/Zn –0.76 
VCl3/VCl2

 –0.58 
Cr3+/Cr2+ –0.41 
S4

2-/ S2
2-

 –0.27 
V3+/V2+ –0.26 
Pb2+/Pb –0.13 
Ti4+/Ti3+ 0.04 
Fe3+/Fe2+ 0.77 
Br–/ClBr2

– 0.80 
VO2

+/VO2+ 1.00 
Br2/Br– 1.09 
O2/H2O 1.23 
Cl2/Cl– 1.36 
Mn3+/Mn2+ 1.51 
Ce4+/Ce3+ 1.67 

 

To-date, some successful RFB technologies have been developed and received industrial 

investments towards commercialization for grid-scale storage applications including all-

vanadium,56 zinc-bromine,57 polysulphide/bromine58 and iron/chromium59 redox flow 

batteries. Among them, the all-vanadium redox flow battery (VRFB) received the greatest 

interest and is the most widely commercialized RFB.18,46,48,56,60,61  The main advantage of the 

technology is to employ a single metal suppressing cross-contamination concerns, with 

V3+/V2+ (E0= –0.26 V vs. SHE) redox couple on the negative side and VO2
+/VO2+ (E0= 1.00 

V vs. SHE) on the positive side (Figure 1.7).61 A typical VRFB operates between –5 and 40°C 

in a sulfuric acid electrolyte containing ca. 1.6 M of the vanadium redox species.56 The round-

trip energy efficiency was demonstrated to vary from 70% to 90% with an energy density of 

about 20-30 WhꞏL–1 (i.e. 25-35 Whꞏkg–1).62,63 During battery operations, the following 

charging and discharging reactions take place on carbon felt electrodes.60,64 

 

Discharge 2
2 2Charge

side      VO 2H VO H O   e         (Eq. 1.3) 

Charge3 2

Discharge
side      V Ve         (Eq. 1.4) 
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Table 1.2 Comparison of the technical characteristics of the main battery energy storage systems considered for large-scale energy storage.11,18,19,38,42,65–70

Type Chemical reactions at anode and cathode Operating 

temperature 

/°C 

Energy density  

/WhꞏL–1 

Power 

density  

/WꞏL–1 

Cell 

potential / V 

Cycle efficiency 

/ % 

Cycle lifetime Advantages Disadvantages 

Li-ion 

1 2 2

Li C  C + Li   

Li XXO  + Li  LiXXO   

n

n

n ne

n ne

 

 







  

–25-40 300-750 1500-10’000 3.6-4.2 90-97 1000-10’000 High power and energy 

density 

High efficiency 

Thermal runaway risk 

Sophisticated BMS 

          

Lead-acid 2
4 4

2
2 4 4 2

Pb + SO PbSO  + 2

PbO  + SO  + 4H  + 2 PbSO  +2H O

e

e

 

  




 
–40-60 25-90 10-400 ~2.1 70-90 200-2000 Mature 

Low cost 

Limited life-cycle 

Low power and energy density 

Nickel-cadmium 
2

2 2

Cd + 2OH  Cd(OH)  + 2

2NiOOH + 2H O + 2 2Ni(OH)  +2OH

e

e

 

 




–40-60 50-150 80-600 ⁓1.3 60-70 2000-3000 Mature Toxicity of cadmium 

Low power and energy density 

‘’Memory effect’’ 

Nickel-metal 

hydride 
2

2 2

MH + OH  M + H O + 

NiOOH + H O + Ni(OH)  + OH

e

e

 

 




 
–30-75 140-300 10-600 ⁓1.3 50-80 300-3000 Mature 

Less toxic than Ni-Cd 

Low power and energy density 

Limited life-cycle 

 

Sodium-sulfur 

2

2Na 2Na  + 2

S + 2Na  + 2  Na Sx

e

x e

 

 




 
300-350 150-300 150-230 ~2 75-90 2500-5000 High energy density 

Good lifetime 

Low cost 

Thermal management 

Safety issues 

Sodium-nickel-

chloride (ZEBRA) 
2

2Na 2Na  + 2

NiCl  + 2Na  + 2  Ni + 2NaCl

e

e

 

 




 
270-300 150-200 220-300 ~2.6 80-85 2000-3000 High energy density 

Good lifetime 

Low cost 

Thermal management 

Capacity fading 

 All-vanadium RFB 2 3

2
2 2

V  V  + 

VO  +  2H +  VO  + H O 

e

e

  

   




 
10-40 10-30 0.5-2 ~1.3 60-90 >10’000 High flexibility 

Good lifetime 

High safety 

Low power and energy density 
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Figure 1.7 Schematic of an all-vanadium redox flow battery. 

 

1.4 Hydrogen economy 
 

The relatively high gravimetric energy density of hydrogen of 142 MJꞏkg–1 (higher heating 

value, HHV) make it an ideal candidate for energy storage and carbon-free energy carrier.18 In 

this context, the hydrogen economy is the economic model in which hydrogen is used as a 

sustainable energy vector for the purpose of various energy sectors including transportation, 

heat and industry (Figure 1.8). The major challenge of the model is the tremendous investments 

that are necessary to adapt the infrastructure including hydrogen production, storage, 

distribution and end-use conversion.71 

Today, hydrogen gas is essentially used as a primary feedstock for the chemical industry (e.g. 

the synthesis of ammonia,72 the refining of fossil fuels73 or metals,74 the treatment of different 

materials going from semiconductors to glass75 and others). While hydrogen element represents 

75% of the universe mass, the presence of hydrogen gas (H2) is rare in the Earth’s atmosphere 

(1 ppm)76. The nonexistence of any direct H2 source on Earth makes its extraction impossible 

and consequently the synthesis of this molecule needs to be achieved on an industrial scale in a 

way to be used for a mass production of many components. About 50 million tonnes of 

hydrogen gas are produced every year corresponding to about 2% of the world’s primary energy 

consumption.76,77 Today, 95% of the production of hydrogen relies on the use of fossil fuels, in 

particular steam reforming of methane (SMR) according to the synthetic pathways described in 

(Eq. 1.5). The resulting hydrogen produced is denoted as ‘’grey’’ and is responsible for the 
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release of 830 Mt of CO2 in the atmosphere per year. Note that the resulting hydrogen is denoted 

as ‘’blue’’ in case of CO2 capture.76,78,79  

4 2 2 2CH 2H O 4H CO              (Eq. 1.5) 

For the development of a sustainable ‘’hydrogen economy’’, the hydrogen gas is rather 

produced by water electrolysis with energy input generated by renewable sources.76,80,81 The 

hydrogen gas generated is usually denoted as ‘’green’’. Note that the label ‘’low-carbon’’ of 

Certifhy1 is obtained in case the electricity used emits less than 80 g CO2ꞏkWh–1. The splitting 

of water using electricity is as old as electrochemistry and relies on two half-reactions, namely 

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

0
2HER: 2H 2 H                        0.00 V . SHEe E vs              (Eq. 1.6) 

0
2 2OER: 2H O O 4H 4           1.23 V . SHEe E vs                (Eq. 1.7) 

2 2 2Overall: 2H O O 2H                           (Eq. 1.8) 

Water splitting is a highly energy intensive process. Thermodynamically, the electrolytic 

process requires a cell voltage greater than the theoretical standard potential of the water 

electrolysis cell (1.23 V). However, the dissociation of water into hydrogen and oxygen is an 

endothermic process ( 0 1H =286 kJ molr
   at room temperature) yielding to the thermoneutral 

potential of 1.48 V. Moreover, a high energy potential barrier is present in order to break water 

bond, which requires the use of catalysts for HER and OER to improve the kinetics of the 

reactions. In practice, the external potential applied to the electrolytic cell is greater with value 

up to 2V, depending on the type of electrolysers. Today, only 4 % of the hydrogen gas is 

produced by water electrolysis, mainly for application requiring high purity hydrogen (e.g. 

electronics industry, fuel cell vehicles...).72,76 Three main technologies are considered today as 

scalable systems for electrolytic hydrogen production: 

 Alkaline electrolyser is the most mature technology with reasonable efficiency (62-82% 

with respect to HHV), in which water splitting occurs at the surface of two electrodes 

immersed in an alkaline electrolyte (e.g. 20-30% KOH).18,82,83 The operating 

                                                            
 

 

1 https://www.certifhy.eu 
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temperature is usually 60-80°C. The alkaline environment favoured the kinetics of OER 

affording the use of less precious electrocatalysts such as nickel. The main 

disadvantages related to the alkali electrolysers stem from the caustic environment 

affecting the durability of cell components and the low current density limiting the 

production rate.84–86  

 

 Proton exchange membrane (PEM) electrolyser is a more recent technology that uses a 

solid proton-conducting polymer as electrolyte. Similarly, to alkaline electrolyser, PEM 

operates at 60-80°C. The technology offers greater energy efficiency (65-82% with 

respect to HHV), a lower gas crossover, a more compact design, and higher production 

rates. However, the system requires more expensive components including noble-based 

electrocatalysts (e.g. Pt/C, IrO2…) , bipolar plates electrode and current collectors.18,82–

84,87 

 

 Solid oxide electrolysis cell (SOEC) operates at temperature of 700-900°C where steam 

electrolysis can be achieved. The system uses ceramic electrolyte such as proton-

conducting solid oxide (e.g. yttria-doped barium zirconate or cerate) or an oxide-ion 

conducting solid oxide electrolyte (e.g. yttria-stabilized zirconia or gadolinia doped 

ceria) to allow the selective mobility of H+ and O2– through the ceramic membrane, 

respectively.18 Due to elevated temperature, the system achieves higher efficiency 

(>90%) by improving thermodynamics, kinetics and transport rates. The major 

challenges of the technology consist to minimize the complexity of design and to 

improve the lifetime of the cell materials at elevated temperatures.88 

 

After the electrolysis of water, hydrogen can be stored as a compressed gas in pressurized 

vessels (25-40 gꞏL–1 at 350-700 bar), as a liquid in insulated vessel (70 gꞏL–1), in a liquid organic 

hydrogen carrier via hydrogenation process or in a metal hydride or metal organic framework 

(MOF) via absorption process.26  

Regarding usage, hydrogen can be converted back into electricity using fuel cells. Various type 

of fuel cells exists including polymer electrolyte membrane fuel cell, alkaline fuel cell, 

phosphoric acid fuel cell, molten carbonate fuel cell and solid oxide fuel cell.18 Although the 

resulting round-trip efficiency is low for power-to-power application (30-50%), the hydrogen 

energy carrier can achieve very long term energy storage without self-discharge and can be 
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scalable to very large energy capacity. In a more general view, the generated hydrogen can also 

be further used for other usage including heating sector or industrial applications.26 

 

Figure 1.8 Hydrogen economy in which hydrogen is used as the main energy carrier and vector.89 

 

1.5 Electromobilis demonstrator 

1.5.1 General layout 
 

In 2014, the demonstration site Electromobilis was built in Martigny (Figure 1.9).90–95 This 

experimental platform aims at highlighting the reliability of electrochemical energy storage 

solutions for large-scale energy storage. The main research focused on redox flow battery and 

hydrogen technologies in order to determine their reliability for promoting the integration of 

renewable energy (e.g. solar, wind) and electrical mobility such as BEVs and FCEVs in the 

conventional electrical grid. Here are the main electrochemical devices installed on-site 

(Figure 1.10): 

 

 An all-vanadium redox flow battery of 10 kW/40 kWh to play the role of power buffer 

between solar production (10 kW) and the electricity demand of the building. 

 An all-vanadium redox flow battery of 200 kW/400 kWh that acts as a power buffer 

between the electrical grid and battery electric vehicles. 
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 A complete system for hydrogen including production by electrolysis (alkaline 

electrolyser 50 kW), purification and compression (up to 700 bar) and refuelling 

station for fuel-cell electric vehicles. 

 

 

Figure 1.9 Illustration of the demonstration site Electromobilis, EPFL © LEPA, 2016. 

 

 

 

 

Figure 1.10  Overview of the mains installations on the demonstration site Electromobilis, EPFL. 
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1.5.2 Redox flow battery operation 
 

Redox flow batteries were purchased from Gildemeister energy storage GmbH, Austria.  The 

10 kW/40 kWh and 200 kW/400 kWh were respectively referenced as CellCube FB 10-40 and 

CellCube FB 200-400. 

The 200 kW/400 kWh VRFB shown in Figure 1.11 included 4 modules of 20 electrochemical 

stacks (upper container) and two electrolyte double walled tanks containing 26 m3 of 1.6 M 

vanadium sulfate electrolyte in concentrated (2M) sulfuric acid (lower container). Each stack 

was designed with 27 bipolar cells in series and end-of-stack copper current collector. The 

single cell was composed of graphitic felts electrodes (28 cm x 19.5 cm x 0.46 cm), anionic 

exchange membrane and graphite bipolar plates. All the stacks were individually connected to 

the main DC line (650-750 V) with a DC/DC convertor to afford individual stack decoupling. 

The battery was powered by the 400 VAC 50 Hz network using an AC/DC rectifier and was 

connected to a fast DC charger for battery electric vehicle. 

 

 

Figure 1.11 Illustration of the 200 kW/ 400 kWh all-vanadium redox flow battery installed on the 
demonstration site Electromobilis, EPFL © LEPA, 2016. 
 

The characterization of the 200 kW / 400 kWh RFB revealed overall energy efficiencies at 

maximum of 60%. The performances were largely impacted by a non-optimized battery 

management system and the auxiliary power electronics (centrifugal pump, AC/DC convertors, 

DC/DC convertors, cooling system…) contributing to up to 24% of energy losses.94 

In the framework of the demonstrator, Ligen et al. reported a robust methodology to assess the 

relevance of local battery energy storage implementation to reduce the required grid tie for 

multi-stall electric vehicle charging stations.92 
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Unfortunately, the extended operations of the two batteries led to leakages of electrolyte from 

the stacks causing irreversible damages. After disassembling the damaged stacks, the failures 

were attributed to the corrosion on the positive half-cell compartment involving corrosion of 

carbon electrodes and bipolar plates (cracks formation) compromising the impermeability of 

the bipolar separators. As a result, the electrolyte leached on the copper current collector until 

complete dissolution. In addition, the resulting electrolyte contamination with copper was 

observed to be deleterious for the battery operation. In fact, the dissolved copper was able to 

plate on the negative compartment enhancing drastically the rate of parasitic hydrogen evolution 

reaction, yielding to irreversible imbalance of electrolyte and complete failure of the redox flow 

battery. In order to recover the electrolyte, we developed a purification procedure on-site. A 

pilot-installation was built on the demonstration site and the contaminated electrolytes were 

successfully recovered. The analysis of the failure and the purification procedure are presented 

in detail in chapter II. On the basis of these investigations and issues, measures and 

improvements were undertaken on the battery management system (BMS) to improve the 

system performances and avoid premature failures.  

 

Figure 1.12 Illustration of the stack degradation observed in the all-vanadium redox flow battery 
installed in Electromobilis; (A) Electrolyte leakage of the stack (B) Components of the stack (C) Cracks 
observed on a carbon bipolar plate (D) Corrosion observed on a copper current collector. 
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1.5.3 Hydrogen infrastructure and operation 

 

The hydrogen refuelling station consisted of several infrastructures: 

 

 The production unit: The hydrogen was produced on-site by water splitting from an 

alkaline electrolyser (McPhy Energy, McLyzer 10-10 50 kW) composed of 2 electrolysis 

stacks (115 cells) of 25 kW, achieving a nominal production of 850 g of H2 per hour. Note 

that the balance of plant (BOP), gas management and control system were redesigned for 

research purposes. The electrolyser was operated at a pressure of 10 bar. Energy 

consumption of 5.8 kWhꞏNm-3 (DC) and 6.4 kWhꞏNm-3 (AC with auxiliaries) were 

obtained.95 

 The purification unit: After the electrolysis, the hydrogen stream was sent to a purification 

process including a scrubber for particle and KOH removal, a deoxygenation catalytic 

reactor, coalescing filter and vacuum assisted pressure swing adsorption (VPSA) unit 

(working at 40 bar) for water removal. The resulting hydrogen outlet stream was 

compatible with ISO 14687:2019 standard.96  

 The compression unit and station unit: For the compression, commercial hydrogen gas 

boosters (Maximator) were used. A first compression step (Maximator DLE-15-2) 

between the outlet of the purification unit at 40 bar and the bulk storage at 200 bar was 

performed. Then, the hydrogen gas was compressed between the bulk storage at 200 bar 

and two pressure level cascades at 500 bar (Maximator DLE-35-2) and 700 bar 

(Maximator DLE-75-2). The refuelling station was designed to refill the Swiss Hydrogen 

Kangoo at 350 bar and a Hyundai ix35 Fuel Cell at 700 bar.97 

 

1.6 Redox dual-flow battery 

1.6.1 Concept 
 

In the framework of the Electromobilis demonstrator, Amstutz et al. introduced the concept of 

‘’dual-circuit redox flow battery’’ or ‘’redox dual-flow battery’’ (RDFB). This system differs 

from a conventional redox flow battery (RFB) by including a secondary platform for energy 

storage, in which the charged electrolytes can be chemically discharged via redox-catalytic 

water splitting, converting power to renewable hydrogen (Figure 1.13-A). The energy stored 
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within the hydrogen carrier can be further converted back into electrical energy using fuel cells 

(e.g. stationary or vehicles), or used for other industrial processes.98  

Upon conventional battery mode, electricity can be electrochemically stored by charging and 

discharging the positive and the negative electrolytes according to the following reactions: 

Charge

1 1Discharge
(negative side)          Ox Red        ne         (Eq. 1.9) 

                       
Discharge

2 2Charge
(positive side)          Ox Red       ne                     (Eq. 1.10) 

As an alternative, the charged electrolytes can be pumped through external catalytic bed reactors 

(out of the electrochemical cell), where they will respectively act as electron mediators (donor 

and acceptor) to carry out hydrogen evolution reaction (HER) and redox-mediated oxygen 

evolution reaction (OER) over appropriate redox electrocatalysts:99,100  

     Catalyst
1 1 2

2 2
(negative side)          Red 2H Ox +H         

n n
         (Eq. 1.11) 

Catalyst
2 2 2 2

4 4
(positive side)           Ox 2H O  Red +4H +O         

n n
    (Eq. 1.12) 

Considering a full conversion for the redox-mediated reaction, the production of hydrogen 

consumes an equal number of protons than the production of oxygen generates, consuming only 

water during the chemical process.  

An important prerequisite for the redox dual-flow system is the choice of both suitable redox-

mediators and redox electrocatalysts. Obviously, in order to compete with the performance of 

conventional RFB, the redox-mediators must satisfy several requirements in terms of 

reversibility, solubility and stability. In addition, the standard potential of the selected redox 

couples is a key success factor of the feasibility of the RDFB. Indeed, it is critical that the 

mediators can address optimally the two different modes of discharge. In the first instance, the 

potential of the redox couples must be in the water stability range under the battery mode 

conditions (e.g. carbon electrodes) in order to avoid undesired HER and OER in the 

electrochemical cell. On the other hand, the thermodynamic potential of the positive and 

negative redox couples must be sufficient to drive respectively redox-mediated OER and HER 

under the chemical discharge mode over the appropriated redox electrocatalysts.  
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As shown in Figure 1.13-B, the redox-mediated HER and OER involve two simultaneous 

electron transfer reactions at the surface of the redox electrocatalytic particles, that are 

conductive floating particles that facilitate the electron transfer by playing the role of electrons 

shuttles between the two redox couples. 

 

 
Figure 1.13 (A) General schematic of the redox dual-flow battery (B) Energy diagram of the redox 
catalytic HER and OER via redox mediators. 
 
During the redox-mediated HER, the electrons are supplied by the oxidation of Red1 and drawn 

by the reduction of protons.100 Similarly, during the redox-mediated OER, the electrons are 

supplied by the oxidation of water and drawn by the reduction of Ox2. Note that in the absence 

of redox electrocatalysts, although thermodynamically favorable, the direct homogenous 

electron transfer reactions of (Eq. 1.11) and (Eq. 1.12) are thermodynamically possible but 

kinetically limited. The contact of the redox mediators with the redox electrocatalysts favors 

kinetically the electron-transfer processes. As a result, the electrochemical potentials of the 

electron (work necessary to bring a mole of electrons from the vaccum) or Fermi levels of the 

electron of the redox electrocatalyst and the redox mediator equilibrate. At equilibrium, the 

Fermi level of the electron in the redox electrocatalysis will be impose by the rates of the two 

electron-transfer reactions on the electrocatalyst surface, by equilibrating close to the Fermi 

level of the faster redox couple.101  
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1.6.2 Advantages 
 

By combining electrochemical energy storage with renewable hydrogen production, the dual-

circuit redox flow battery offers several advantages in the field of large-scale energy storage: 

Energy capacity: The RDFB can store energy beyond the capacity of the conventional RFB 

(15-40 WhꞏL–1) owing to the higher specific capacity of the hydrogen energy carrier (870-1300 

WhꞏL–1 at storing pressure ranging from 350-750 bar, lower heating value (LHV)).102 The 

design of the system enables to capture and store the electrical energy surplus exceeding the 

storage capacity of the redox flow battery in the form of hydrogen. The generated hydrogen can 

be stored and used later, freeing up storage space in the battery itself. 

Flexibility: The RDFB offers great operation flexibility by providing both distributed 

electricity storage and on-demand hydrogen production. Such a hybridization is of great interest 

for emerging grid infrastructures, including charging service station for both fast charging of 

electric vehicles and hydrogen refilling of fuel-cell vehicles, especially when the electricity is 

generated from intermittent sources such as solar and wind. The integration of energy storage 

solutions provides several benefits to the stations such as peak shaving and load buffering, 

minimizing the grid power constraints. 

Decoupling HER and OER: In conventional electrolysers (e.g. alkaline and polymer 

electrolyte membrane technologies), HER and OER occur simultaneously at the two electrodes 

separated by an ion exchange membrane or a diaphragm.99,100 The resulting O2 and H2 

recombination is a major issue of the conventional technologies involving material degradation 

(formation of OH∙ radicals), safety concerns and need for complementary purification unit. 

Redox-mediated water electrolysis gives the opportunity to decouple OER and HER in time 

and in space. The strategy of decoupled water splitting was first reported in 2013 by Symes and 

Cronin using the polyoxometalate phosphomolybdic acid (H3PMo12O40) as a redox mediator 

able to store reversibly the protons and the electrons generated during the oxygen generation 

step to liberate them later in another compartment in order to carry on the hydrogen generation 

step.103 Recently, several water splitting systems have been proposed to decouple the generation 

of oxygen and hydrogen.104–108 Additionally, the redox mediation enables to carry on the gas 

evolving reactions away from conventional electrodes, mitigating mass transport and 

conductivity limitation arising from bubbles formation at the electrode-electrolyte interface. 
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This offers the opportunity to design three-dimensional (3D) catalytic bed reactor using less 

active/cheaper redox electrocatalysts. 

Electrolyte rebalancing: A major hurdle with redox flow batteries is to control imbalance 

between the two half-cell electrolytes (see chapter II). Several processes such as membrane 

electrolyte crossover and undesired side reactions can lead to electrolyte imbalance. While 

volume electrolyte imbalance can be mitigated by electrolytes remixing, the imbalance causing 

deviation of the average oxidation state (AOS) is more demanding and requires advanced 

chemical or electrochemical rebalancing methods. With this in mind, the RDFB offers the 

opportunity to control individually the state-of-charge (SOC) of each half-cell electrolyte 

through redox-mediated processes, facilitating electrolyte state-of-charge rebalancing 

management.92 

1.6.3 State-of-the-art 
 

In 2013, Amstutz et al. patented the concept of the dual-flow circuit redox flow battery.109 The 

system was first studied with a vanadium-cerium redox flow battery module (Figure 1.14-A), 

employing V3+/V2+ (E0 = −0.26 V vs. SHE) and Ce4+/Ce3+ (E0 = +1.44 V vs. SHE) redox couples 

in sulfuric acid as negative and positive redox mediators, respectively.99 Upon operation, the 

electrolyte could be electrochemically charged and discharged on graphite felt electrodes in the 

flow cell or chemically discharged in external catalytic beds. Redox-mediated HER was 

performed over Mo2C redox electrocatalysts, while redox-mediated OER was carried on RuO2 

or IrO2. Even though the system was successfully demonstrated with chemical discharge at high 

conversion yield, limitations were observed from the use of cerium mediator on the positive 

side, especially in terms of solubility, corrosion and degradation.99 

As an alternative approach, the concept of dual-circuit redox was applied to a conventional all-

vanadium RFB. Given that the standard potential of VO2
+/VO2+ redox couple (1.00 V vs. SHE) 

is lower than that of the OER reaction (1.23 V vs. SHE), it is thermodynamically impossible to 

drive spontaneously the chemical discharge. As the positive discharge is critical during 

hydrogen production to maintain the balance of the electrolytes SOC and the protons in the 

battery, it is critical to bypass the chemical discharge of the positive electrolyte. Peljo et al. 

reported different strategies consisting of discharging the positive electrolyte electrochemically 

in an external unit using V(V)/SO2 (Figure 1.14-B) or V(V)/H2S fuel cell (Figure 1.14-C).110 

Even though those systems have the advantage to produce valuable products (H2SO4 or S(s)), 
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the resulting efficiency, the additional capital cost of electrochemical unit and the need for 

separation unit limit the economic benefit. More recently, Piwek et al. reported a similar 

approach by implementing a V(V)/O2 fuel cell (Figure 1.14-D).111 

 

Figure 1.14 General schematic of developed redox dual-flow systems: (A) vanadium-cerium redox 
dual-flow battery (B) vanadium-vanadium redox dual-flow battery using an additional V(V)/SO2 fuel 
cell (C) vanadium-vanadium redox dual-flow battery using an additional V(V)/H2S fuel cell (D) 
vanadium-vanadium redox dual-flow battery using an additional V(V)/O2 fuel cell. 

 

1.7 Challenges and objectives of the thesis 

 

In this general context, the objective of this thesis is to develop a novel redox dual-flow battery 

system, that can reliably afford both electrical energy storage and hydrogen production. As 

shown on Figure 1.15, the proposed system consists of a novel and eco-friendly vanadium-

manganese flow cell with Mn3+/Mn2+ (1.51 V vs. SHE) and V3+/V2+ (–0.26 V vs. SHE) as 

positive and negative redox-mediators, respectively.  

Upon battery mode, the electrolytes can be charged and discharged electrochemically according 

to the following redox reactions:   

Charge3 2 0
SHEDischarge

(negative side)          V V         ( 0.26V)e E       (Eq. 1.13) 

Discharge3 2 0
SHECharge

(positive side)          Mn Mn         ( 1.51V)e E      (Eq. 1.14) 
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Upon water electrolysis mode, the positive electrolyte and the negative electrolyte can be 

discharged through redox-mediated HER and OER in external Mo2C-based and RuO2-based 

catalytic reactors: 

2Mo C cat.2 3
2(negative side)          2V 2H 2V +H               (Eq. 1.15) 

2RuO  cat.3 2
2 2(positive side)          4Mn 2H O 4Mn +4H +O               (Eq. 1.16) 

 

Chapter II differs from the other chapters in the sense that is not directly dedicated to the 

development of the redox dual-flow battery, but presents in detail the failure analysis of the 

commercial all-vanadium redox flow battery installed on the demonstrator site of 

Electromobilis. Nevertheless, the study serves to acquire an industrial vision of the remaining 

challenges required by redox flow battery systems and provides additional motivation for the 

development of redox dual-flow battery. The chapter highlights the degradation scenarios and 

assesses the principle consequences resulting from the failure including copper-contamination 

of the electrolytes. A remedial strategy is proposed with the development of a purification 

method on-site to recover the electrolyte and bring back the battery to operation.  

 

Chapter III is devoted to the stabilization of the manganese electrolyte composing the redox 

dual-flow system to decrease the formation of MnO2, which is a major hurdle in vanadium-

manganese redox flow battery.  

 

Chapter IV presents a comprehensive kinetic study of the vanadium-mediated hydrogen 

evolution production over Mo2C redox electrocatalyst. From a mechanistic reaction pathway, 

a kinetic rate law is established. The process model is implemented in a semi-batch reactor 

configuration to highlight the optimal parameter to carry out the reaction in an efficient way 

for a given demand in hydrogen. 

 

Chapter V concerns the design of the catalytic reactors by proposing a fast and simple method 

for the fabrication of Mo2C-based electrocatalysts on a carbon substrate by photonic flash 

synthesis. 

 

Chapter VI is dedicated to the design and the assembly of a prototype at laboratory scale. It 

demonstrates the proof-of-concept and presents the performances of the vanadium-manganese 
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redox dual-flow system.  

 

 

 

Figure 1.15 General schematic of the vanadium-manganese dual-flow battery developed in this thesis. 
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Failure analysis and purification strategy of copper-
contaminated vanadium electrolytes 
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Abstract  

Carbon corrosion and cracks through graphite bipolar plates were observed on several stacks of 

a commercial vanadium redox flow system (10 kW/ 40 kWh) enabling the electrolyte to leach 

the copper current collectors and contaminating the entire electrolyte solution with copper. First, 

a detailed analysis of the failure is conducted to understand the circumstances of the incident. 

The deleterious effects of copper contaminants on the operation of a VRFB are highlighted. To 

tackle the problems related to copper pollution, a simple, eco-friendly and cost-effective 

procedure to identify copper contamination and to purify the electrolyte is developed on-site. 

The process described is successfully used to purify on-site 6000 L of vanadium electrolyte 

(VO2
+/VO2+ mixture) to levels below 1 ppm.  
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This chapter differs from the others because is not directly related to the development of the 

redox dual-flow battery, but it deals with the operational failure of a commercial vanadium 

redox flow battery (10 kW/ 40 kWh) installed in the framework of the demonstration site 

Electromobilis. The failure revealed the need for improvement in the field of engineering, 

diagnosis and control strategy and failures remedial action to avoid premature degradation and 

to meet with robust performances over long-term operation. This incident motivated the 

development of the redox dual-flow battery system proposed in this thesis. 

2.1 Introduction 
 

In order to be competitive on the market of large-scale energy systems, VRFB technology needs 

to address several challenges. A lot of effort has been dedicated to increase the performances, 

but reports on the long-term stability of the VRFB remain often confidential with few 

publications addressing this issue.1–3 It is widely accepted that VRFBs have a long lifetime 

because electrodes are not subjected to physical degradation due to morphology changes upon 

charge/discharge cycles and because the redox species cannot be depleted.4 On the other hand, 

carbon electrodes, particularly those on the positive side, may be subjected to anodic corrosion, 

which drastically reduces the battery lifetime. In recent years, Liu et al. studied the corrosion 

behaviour of the positive side electrode.5 They have observed that CO2 gas evolution is 

triggered at an anodic polarization potential above 1.85 V vs. SHE at 20°C. 

 

2 2C + 2H O CO 4H 4e                                  (Eq. 2.1) 

 

Generally, a VRFB operates at cell voltage below 1.60 V, which, because of the negative 

potential of the negative side, maintains the electrode potential of the anode below 1.85 V vs. 

SHE to prevent corrosion. However, Liu et al. reported that the threshold potential for carbon 

corrosion shifts negatively with an increase of temperature, polarization time, and concentration 

of functional groups like COOH and C=O at the electrode surface.5 In a commercial battery, 

only the cell voltage and the open circuit voltage are usually monitored, but not the individual 

electrode potentials. Therefore, we proposed two scenarios in which the corrosion rate of the 

electrode can seriously increase: 

 

Scenario A - Imbalance of the electrolyte:  An operating VRFB may present several processes 

that lead to electrolyte imbalance and consequent capacity loss.3,6,7 These include: 
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 Crossover of vanadium ions through the membrane 

 Volumetric transfer of electrolyte resulting of the differential pressure drop 

 Oxidation of V2+ by air on the negative side 

 Parasitic gassing side reactions: hydrogen evolution reaction (HER) at the negative 

electrode and oxygen evolution reaction (OER) on the positive 

Among these processes, air oxidation of V2+ and hydrogen evolution on the negative side will 

shift positively the potential of both sides.2,3,5–7 In this particular case, the average oxidation 

state (AOS) is shifted and the electrolyte needs to be rebalanced by chemical or electrochemical 

processes to ensure that the amount of reduced species on the negative electrolyte matches the 

amount of oxidized species on the positive electrolyte (AOS=3.5, [V2+]=[VO2
+]). In commercial 

systems, the state-of-charge (SOC) is usually calculated by measuring the open circuit voltage 

(OCV) using the Nernst equation (Figure 2.1). The Nernst equation (Eq. 2.2) relates the 

electrode potential at equilibrium (E) to the standard electrode potential (E°). Considering the 

half-cell reaction Ox + Redx ne y  , it is expressed as follows: 

ln
x

ox
y

red

aRT
E E

nF a

 
   

 
    (Eq. 2.2) 

where R is the ideal gas constant, T is the temperature, F is the Faraday constant and aox and 

ared are the chemical activities for the oxidized and reduced species. 

 

Then, with the assumption that the electrolyte is properly balanced, the SOC is calculated using 

(Eq. 2.3): 
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where C is the correction factor for the activity of protons. 

 

In the absence of a method to detect the electrolyte imbalance in real-time, the battery 

management system cannot operate properly and the positive electrolyte is exposed to 

overcharging risks, reaching highly oxidative potential values and triggering electrode 
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corrosion.2,5,7–9  

 

Figure 2.1 General description of the 10/40 CellCube pipelines.10 

 

Scenario B - Local rise of temperature and potential: A VRFB stack is an assembly of single 

cells (porous carbon | membrane | porous carbon) connected electrically in series with bipolar 

plates. The conductive electrolyte is sent through the porous carbon electrodes of each 

compartment cell from a common manifold. This electrolyte network surrounding the 

electrodes at different potentials induces leakage (shunt) currents resulting in power losses. 

These losses may lead to higher temperatures and potential spots that can trigger gas evolution 

and electrode degradation.11,12 The local differences in conductivity of the carbon composite 

bipolar plates, if those are not homogenous in thickness or composition, can also contribute to 

these phenomena. As the roughness of a bipolar plate is increased with chemical and mechanical 

degradation, the process can easily escalate.12 

 

In the framework of the demonstrator (see Chapter I, Section 1.5), a commercial all-vanadium 

RFB (10 kW/40 kWh) was installed in Martigny, Switzerland.13,14 After 3 years of operation, 

advanced corrosion of the carbon electrodes and bipolar plates was observed, as shown on 

Figure 2.2. Spectrophotometric analysis of the electrolyte indicated an imbalance of 20% 



Chapter II: Failure analysis and purification strategy of copper-contaminated vanadium electrolytes 
 

43 

between the positive electrolyte and the negative electrolyte (AOS=3.7)15, supporting the 

Scenario A proposed above.  

 

 

Figure 2.2 Photos of copper current collector and bipolar plate of a VRFB stack: (a) No corrosion (b) 
Marked corrosion (c) Complete corrosion. 

 

The presence of cracks on the terminal bipolar plate used as an electrical contact to a current 

collector allowed a direct connection between the positive electrolyte and the copper current 

collector (Figure 2.3). Dissolution of copper progressed causing a total failure of the stack. It 

was found that Cu2+ could migrate from the positive to the negative electrolyte, through 

electrolyte levels rebalancing and/or membrane crossover.  

 

Figure 2.3 Proposed corrosion process occurring on the positive half-cell. 
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Precipitation of metallic copper on the negative electrode favoured parasitic hydrogen evolution 

reaction (HER) and accelerated the oxidation state imbalance between the two redox 

electrolytes, inducing a negative feedback loop. 

In this chapter, the effect of copper on the behaviour of VRFB operation was examined to 

evaluate the risks of operating the battery with copper contaminated electrolytes. A semi-

quantitative colorimetric procedure to estimate the concentration of copper within the vanadium 

electrolyte was developed to allow on-site diagnostic. A simple cost-effective method based on 

electroplating was developed for on-site treatment of large amounts of copper contaminated 

vanadium electrolyte (1.6 M VO2+/V3+, 2 M H2SO4, 50 mM H3PO4). 

 

2.2 Experimental Section 

2.2.1 Chemicals 
 

1,5-Diphenylthiocarbazone - Dithizone (DTZ, ≥ 99%), dichloromethane (CH2Cl2, ≥ 99,9%), 

Copper(II) sulphate pentahydrate (CuSO4∙5H2O, ≥99%), sodium phosphate tribasic 

dodecahydrate (Na3PO4∙12H2O, ≥98%), and sulfuric acid (H2SO4, 95-98%) were purchased 

from Sigma Aldrich and used without further purification. Dithizone-dichloromethane (DTZ-

CH2Cl2) solution (20 mgꞏL–1) was prepared and stored in a fridge under inert atmosphere to 

minimize degradation.  A commercial vanadium electrolyte composed of an aqueous solution 

of 1.6 M V(III)/ 1.6 M V(IV) (ca. 50:50), 2 M sulfuric acid (H2SO4), and 50 mM H3PO4 was 

purchased from (Reactana) and used without further purification.  

2.2.2 Instrumentation 
 

The pH measurements were performed using a freshly calibrated Mettler Toledo FiveEasy Plus 

pH meter with a glass electrode. ICP-MS analyses were performed in a PerkinElmer Nexion 

300D using an external calibration method. UV-vis measurements were performed with an 

Ocean Optics USB2000+ spectrometer. Electrochemical experiments were performed with an 

Autolab Potentiostat (PGSTAT204) or with a Biologic HCP-1005 (100A booster) for single-

cell experiments. SEM images were performed with a Teneo SEM (FEI, USA) equipped with 

a Schottky field emission gun. Secondary electron detection was achieved with an Everhart-

Thornley detector and an in-lens detector. 
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2.2.3 Determination of Cu2+ 

 

Dithizone method: 2 mL of the electrolyte solution was diluted with 2 mL of distilled water. 

The pH of the solution was adjusted to 1.4 by addition of 1.6 g of Na3PO4∙12H2O. After 

complete dissolution, 2 mL of the DTZ-CH2Cl2 solution (20 mgꞏL–1) was added. The copper 

was extracted by shaking the mixture alternatively 15 seconds by hand and 45 seconds by vortex 

for 5 minutes. The organic phase was then carefully transferred to a 1 mm quartz cuvette for 

UV-vis measurement or to a vial for colorimetric estimation (Figure 2.8). The detailed 

procedure is shown in Figure 2.4 

 

Figure 2.4 Detailed experimental procedure for the determination of copper using the dithizone 
methodology and molecular structure of the dithizone colorimetric agent. 

ICP-MS: For selected samples, exact copper concentration was also determined by ICP-MS. 

2.2.4 Anodic stripping voltammetry 
 

Anodic stripping analysis (ASV) was performed in a 3-electrode set-up with a carbon felt 

working electrode (SGL GFD 5), an Ag|AgCl (vs. sat. KCl) reference electrode, and a carbon 

felt counter electrode. A magnetic stirrer was used to agitate the solution. The measurement 

was performed in three steps: (1) Pre-cleaning of the working electrode at 1.2 V during 20 s; 

(2) Chronoamperometric plating during 400 s at a given deposition potential (Ep); (3) Stripping 

by linear sweep voltammetry from Ep to 1.2 V at a scan rate of 0.1 Vꞏs–1.  

2.2.5 Single-cell measurements 
 

All the experiments were performed with a single-cell of identical construction to the stacks 

present in the commercial VRFB (Figure 2.5-A). The carbon felt electrodes (SGL GFD 5) and 

the copper current collectors have a geometric surface area of ca. 550 cm2. The membrane is of 

anion exchange type (Fumatech 375-PP). The electrolyte levels were stabilized by joining the 

two reservoirs via a thin siphon tube. The system was gas-tight and connected to a pressure 
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sensor (MPX5010DP) to monitor eventual gas production (Calibration curve available in 

Appendix II-1).  The electrolyte was pumped with a peristaltic pump (Minipuls 3, Gilson) 

through flexible PTFE tubing. 

2.2.6 Scale-up 
 

The purification system was built using a commercial VRFB stack of 27 electrochemical cells 

(Figure 2.5-B). A retention tray, containing the stacks and the OCV cell, was fixed onto an 

aluminum framework. Vanadium electrolyte was circulated into rigid PVC and flexible PE 

tubes using pressure controlled centrifugal pumps. A container of 1 m3 was used to contain the 

contaminated electrolyte. The stack was powered by a 1.2 kW DC power supply (TTi QPX 

1200SP). The system was controlled by a Siemens based automation control system (Simatic 

S7-1200). 

 

 

 

 

 

 

 

 

 

Figure 2.5 (A) Image of the single flow cell set-up used for the electrolyte purification (B) Image of 
the purification system that was developed on-site using 27 cells stacks and 1000 L reservoirs.  

 

2.3 Results and Discussion 

2.3.1 Effect of copper on VRFB operation 
 

Since it is difficult to estimate the process in which soluble copper ions migrate from the 

positive electrolyte to form copper particles in the negative side, the effect of copper presence 

in the vanadium electrolyte was studied by adding known amounts of copper directly into a 

commercial vanadium electrolyte (50% V3+, 50% VO2+) before the pre-charge step. No 
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noticeable precipitation of copper happens in this solution. Different amounts of copper sulfate 

were added to the negative electrolyte (0, 50, 100 and 200 mg of Cu) and three charge/discharge 

cycles were recorded after each pre-charge step between 20% and 85% SOC. The cycles were 

performed with 500 mL of commercial electrolyte at each side corresponding to a total copper 

concentration of 0, 50, 100 and 200 ppm (mgꞏL–1) (0, 0.79, 1.57, 3.15 mM).  

This range corresponds to the expected concentrations for the dissolution of one or more current 

collectors in a 40 kWh battery (one copper current collector weighs ca. 250 g). Figure 2.6 shows 

the resulting voltage and the corresponding volumetric hydrogen production during 

charge/discharge cycles. Without copper, no hydrogen evolution was observed. The hydrogen 

production increased with the increased amounts of copper leading to a capacity loss of up to 

0.15% after three cycles.  The trend of the hydrogen evolution rate with the concentration of 

copper and the detailed hydrogen evolution parameters are shown in Figure 2.7 and Table 2.1. 

Figure 2.6 Cell voltage profile and volumetric hydrogen production of the VRFB operating between 20 
and 85 % SOC at a current density of 50 mAꞏcm–2 for different concentrations of copper (a) zero ppm 
Cu (b) 50 ppm Cu (c) 100 ppm Cu (d) 200 ppm Cu. 

 

Although Wei et al. had described a kinetic improvement for the V3+/V2+ couple on copper 

decorated carbon felt electrodes,16 our results show its deleterious effect on the performance of 
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the VRFB due to continuous hydrogen evolution and irreversible capacity loss. It is, hence, 

necessary to purify the electrolyte to return the battery to operating conditions. 

 

Figure 2.7 Average volumetric hydrogen evolution rate as a function of the amount of copper. 

 

Table 2.1 Summary of hydrogen evolution parameters for each cycle of VRFB operating between 20 
and 85 % SOC at a current density of 50 mAꞏcm–2 in presence of different amounts of copper within the 
negative side. 

 

 

 

 

 

 

2.3.2 Copper determination 
 

In case of a stack failure, it is interesting to be able to assess the integrity of the current collector 

and the purity of the electrolyte. 

Although instrumental techniques like Inductively Coupled Plasma-Optical Emission 

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

Atomic Absorption Spectroscopy (AAS) can easily detect the presence of copper and other 

Copper content / mg 0 50 100 200 

Volumetric Hydrogen  

Production / mL 

Cycle 1 0 4.9 10.8 15.3 

Cycle 2 0 4.4 11.7 13.2 

Cycle 3 0 5.0 5.8 12.3 

Capacity loss / % 0 0.05 0.10 0.15 

Average flow rate / mlꞏmin–1 0 0.088 0.210 0.281 
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metals in the electrolyte, they are not always available on-site. Colorimetric techniques are 

cheap, reliable, fast and portable instruments are commercially available. 

Dithizone (DTZ) is a widely used reagent for the determination of trace heavy metal ions with 

which it forms highly coloured water insoluble complexes. Liquid-liquid extraction of copper 

from vanadium electrolyte can be accomplished with the use of an appropriate solvent at a 

controlled pH value. 

CCl4 has been widely used as organic solvent for liquid-liquid extraction, in part due to the fast 

kinetic of complexation. The use of CCl4 has abruptly declined since the Montreal Protocol in 

reason of its high ozone-depleting potential and acute toxicity. Since then, dichloromethane was 

found to be a useful alternative to CCl4. A.M. Kiwan reported that CH2Cl2 even increased with 

the sensitivity of DTZ towards Cu2+.17 However, DTZ-CH2Cl2 exhibits lower extraction power 

compared to carbon tetrachloride solutions.17–19 

DTZ reacts with copper to form two chelate complexes: purple primary copper(II) dithizonate 

with a Cu:DTZ ratio of 1:2 and brown-yellow secondary copper dithizonate, with a Cu:DTZ 

ratio of 1:1. Both complexes can exist in equilibrium depending on the medium conditions.20–

22 As shown in Figure 2.8, the solution of DTZ-CH2Cl2 (ca. 20 mgꞏL–1) displays two absorption 

maxima at 442 nm and 608 nm, with absorbance of 0.537 and 1.075 respectively (for 1 cm 

optical path). The chelating agent was found to be stable at least two weeks if kept under 

nitrogen and at 4°C. Primary copper dithizonate and secondary copper dithizonate showed 

absorption maxima at 529 and at 443 nm, respectively. Degradation of dithizone, observable as 

diminishing of its characteristic peaks in the UV-vis, was noticed in presence of oxygen and 

VO2
+ solutions, probably due to redox reactions. To overcome this problem, determination of 

copper was carried out in a VO2+/V3+ solution obtained by mixing equal amounts of the positive 

and negative electrolytes. The mixed solution was more reliable in terms of pH, vanadium 

concentration, and state of charge than a sample taken from the negative or positive electrolyte.  

For the analysis, the electrolyte was first buffered at a pH value of 1.4 to achieve an optimal 

complexation, while still preventing vanadium(III) hydroxide formation. At this pH value, gold, 

platinum, silver, mercury, bismuth and stannous tin have to be considered as possible 

interferences.19 Due to the slow kinetics, the efficiency of complexation of copper in CH2Cl2-

DTZ is highly dependent on the extraction conditions (time and mixing of phases). Preliminary 

experiments showed that acceptable reproducibility was achieved within 5 minutes, although 

total conversion may take more than 30 minutes. Under the present experimental conditions, 
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the copper concentration was estimated based on the following color scale (Figure 2.8): 0-1 

ppm green, 2 ppm purple-black, 3-4 ppm pink, 5-10 ppm pink-orange, >10 ppm yellow.17–22 

 

Figure 2.8 UV-vis spectra of DTZ-CH2Cl2 solution: purple primary copper(II) dithizonate (Cu:DTZ 
ratio of 1:2) and brown-yellow secondary copper dithizonate (Cu:DTZ ratio of 1:1) and colorimetric 
scale to estimate copper concentration. 

2.3.3 Purification strategy 
 

While addition of copper salts to V3+/V2+ results in immediate precipitation of metallic copper 

particles, we observed that most of the copper had plated on the carbon felt electrodes during 

the pre-charge step carried on the single-cell experiments described earlier. 

One strategy to regenerate the electrolyte after copper contamination is to plate out copper 

cations present in the electrolyte onto an electrode surface according to the following reaction:23 

 2 0 0Cu 2 Cu      0.340 V . SHEe E vs        (Eq. 2.4) 

A practical approach is to use a commercial VRFB stack for performing this reaction. To study 

the viability of the process, copper electroplating in vanadium electrolyte on carbon felt was 

first examined. Optimal parameters of deposition were determined using anodic stripping 

voltammetry (ASV) of a mixture of vanadium electrolyte and copper sulphate (5 ppm on Cu) 

as described in the experimental section.23–27 The plating of copper was performed at different 

potentials in the range of –20 mV to –140 mV vs. SHE. The stripping peak current magnitude 

was used to quantify the rate of electrodeposition. 
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Figure 2.9-A shows the recorded current during the chronoamperometric plating of a vanadium 

solution containing 5 ppm of copper at different deposition potential. As expected, the 

magnitude of the current increases with the increase of the deposition potential. Note that the 

current signal includes both copper and vanadium reduction. Thus, the stripping current 

magnitude was used to determine the rate of copper deposition. Figure 2.9-B shows the stripping 

waves of copper oxidation which is located close to the equilibrium potential for Cu2+/Cu. The 

stripping current magnitude increases with the increase of the deposition overpotential. The 

deposition started from potentials below –60 mV and the stripping current increased steeply 

from –60 mV to –100 mV. The stripping peaks for potentials below –100 mV suggested a 

diffusion limited process. Thus, to minimize energy losses, we considered the optimal plating 

potential as ca. –100 mV vs. SHE. 

 

Figure 2.9 (A) Current vs. time plot of chronoamperometric plating during 400s on carbon felt of a 
vanadium electrolyte mixture containing 5 ppm of Cu2+ at different deposition potentials (a) –20 mV (b) 
–40 mV (c) –60 mV (d) –80 mV (e) –100 mV (f) –120 mV (g) –140 mV. (B) Resulting anodic stripping 
voltammograms. Inset plot: stripping charge in function of the plating potential. 

These results confirmed that a commercial VRFB stack could be used to purify large quantities 

of VO2+/V3+ electrolyte solution using electroplating and that regeneration of the stack can be 

achieved. The purification setup proposed here is composed by a commercial VRFB stack with 

both positive and negative compartments fed by the same reservoir containing the copper 

contaminated VO2+/V3+ electrolyte. The stack is powered at constant potential enough to ensure 

copper reduction at the negative side. The outlets of the stacks were then mixed back into the 

initial contaminated electrolyte reservoir to keep the same initial solution potential, and thus 
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avoid parasitic HER. A scheme of the installation is depicted in Figure 2.10. Alongside the 

purification, the qualitative dithizone method was used to evaluate the copper concentration. At 

the end of the purification, the copper was removed from the stack by flushing it with an 

oxidative solution. 

To test the system, a single-cell experiment was assembled to optimize the parameters. The 

purification process was performed with 3 L of vanadium electrolyte (VO2+/V3+ ca. 60:40) 

containing ca. 50 ppm of copper. 

 

Figure 2.10 Schematic of the purification process developed to remove copper from the vanadium 
electrolyte. Here V4+ means V(V). 

The purification process was performed in a three-electrode setup by adding a reference 

electrode into the main reservoir. Based on the results of ASV, three potentials were chosen: –

80 mV, –100 mV, and –120 mV. After each experiment, the negative carbon felt electrode was 

cleaned by flushing solution of VO2+/V3+ (E° = 0.34 V vs. SHE), without external power, for 

10 minutes. Samples were taken on the outlet of the negative side and used for the determination 

of copper concentration by ICP-MS. 
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Table 2.2 summarizes the obtained results. At –80 mV, the removal efficiency reached 97.7% 

after the first 5 minutes and 100% after 10 minutes. At –100 mV and –120 mV, 100% removal 

efficiency was attained already after the first 5 minutes. No hydrogen evolution was observed 

during the experiments. 

To evaluate the capacity of the purification process, the experiment at –100 mV was repeated 

with 400 mL of heavily contaminated copper electrolyte (1g of Cu - 2500 mgꞏL–1). The pressure 

on the closed system was monitored to detect parasitic HER. 

After 1 hour of purification, no copper could be detected in the reservoir (dithizone qualitative 

analysis gave a green color). Despite of the large quantities of copper present on the carbon felt, 

no hydrogen evolution was recorded, indicating the importance to keep the potential of the 

solution constant and close to the standard equilibrium potential of VO2+/V3+ (E°=0.34 V vs. 

SHE). 

Table 2.2 Copper concentration at the outlet of the negative side at various time of the purification. 

Purification E–
vs SHE / V 

Negative outlet copper concentration /ppm 

C–
0min C–

5min C–
10min C–

30min 

1 – 0.080 49.75 1.15 No trace No trace 

2 – 0.100 49.8 No trace No trace No trace 

3 – 0.120 47.8 No trace No trace No trace 

 

After the experiment, the morphology of the negative carbon felt electrode was studied by SEM. 

Figure 2.11-a shows the morphology of the carbon felt electrode before and Figure 2.11-b and 

Figure 2.11-c show the carbon felt after the purification. It was observed that most of the copper 

was plated directly at the inlet of the single-cell. Indeed, Figure 2.11-b shows clearly a copper 

deposit layer that covered most of the carbon felt surface. As shown in Figure 2.11-c, only few 

traces of copper were observed close to the outlet, indicating that large amounts of copper can 

be removed even by a single cell. Finally, Figure 2.11-d confirms that copper can be efficiently 

removed by soaking the electrode in VO2+/V3+ electrolyte for ca. 30 minutes. The experiment 

was repeated and the regenerated electrode was tested in a conventional VRFB equipped with 
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a pressure sensor. No hydrogen evolution was observed when the battery operated between 20 

and 85% SOC.  

Note that a second strategy was investigated in order to purify the copper-contaminated 

electrolyte (Appendix II-2). Although the approach achieved promising results, it presented 

several drawbacks in terms of reliability and safety for large-scale purification compared to the 

method presented in this section. 

 

Figure 2.11 SEM images of (a) fresh carbon felt, (b) carbon felt sample close to the inlet and (c) carbon 
felt sample close to the outlet of the single-cell (d) and carbon felt sample after regeneration. 

 

2.3.4 Scale-up and demonstration 
 

The system described in Figure 2.10 was built on-site, using a 27-cell stack and 1000 L 

reservoir. The stack was powered at a constant potential of 29 V to ensure a negative potential 

of at least –100 mV vs. SHE. Initially, a 100 L of contaminated electrolyte containing about ca. 

40 ppm of Cu2+ was used. The electrolyte was cycled at a flow rate value of about 3 Lꞏmin–1 for 

each side. Samples were taken from both negative outlet and reservoir and used for the 

determination of copper by ICP-MS. The evolution of copper concentrations with time is shown 

in Figure 2.12. The electrolyte was successfully purified after 6 hours of operation and reached 

a final copper concentration of 58 ± 2 ppb.  
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Figure 2.12 Evolution of copper concentration (ICP-MS) of the negative side outlet and the container 
electrolyte with time of purification. 

 

The same procedure was applied to purify a total amount of 6 m3 of contaminated electrolyte. 

We needed less than 30 L of electrolyte to wash the stack after use and we assume that the same 

stack can be used to purify easily 100 m3. The cost of the operation is dominated by the price 

of the stack and the disposal of the sacrificial electrolyte washing solution. As we concentrate 

the copper contaminants in less than 30 L of electrolyte, the price of the purification represents 

only a fraction of what would have been necessary to buy a fresh electrolyte and dispose of the 

contaminated one (6000 L).2 Furthermore, disposing highly acidic solutions of heavy metals 

requires large amounts of other chemicals and it is neither an environmental friendly practice 

nor wise in the guise of natural abundance of vanadium ores.    
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2.4  Conclusion 
 

In this chapter, we report the dramatic consequences of advanced carbon corrosion on an all-

vanadium redox flow battery. A commercial VRFB system (10kW/40kWh) was taken as a case 

study. For some yet unclear reasons, the battery underwent advanced carbon corrosion of the 

positive side leading to stack leakage and system failure after 3 years of use. Because of the 

deterioration of the carbon felt and the bipolar plates, the electrolyte reached the copper current 

collector dissolving it. Thus, in addition to the stack damages, the electrolyte was polluted with 

copper.  

Here, we highlight the deleterious effect of copper on the performance of a VRFB. It was 

observed that metallic copper improved the parasitic HER on the negative side. To tackle the 

problems related to copper pollution, a purification process was developed in order to treat large 

quantities of electrolyte. A classical VRFB stack was used to plate out the copper removing it 

from the solution. The optimal cathode potential for deposition onto carbon felt was determined 

to be –100 mV vs. SHE. The process described here was successfully used to purify 6000 L of 

vanadium electrolyte (VO2+/V3+ mixture). Moreover, the stack could be regenerated after the 

purification. The on-site purification was demonstrated to be simple, eco-friendly and cost-

effective.  

On the basis of the above, significant efforts should be done to improve battery management 

system (BMS) by developing reliable monitoring and operation strategies in order to guarantee 

a continuous control on the performances and the health of the battery. In this regard, the redox 

dual-flow battery is attractive because it enables the individual control of the state-of-charge of 

each electrolyte, which mitigate the risk arising from electrolyte imbalance. 
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Appendix II 
 

Appendix II-1: Pressure sensor calibration 

 

 

 

 

 

 

 

 

 

  

 

Figure A2.1 Calibration curve of the pressure sensor (MPX501DP). It was used to convert the voltage 
signal of the pressure sensor into the volume of hydrogen produced. The plot was performed by injecting 
air with a syringe in the range of 0 to 140 mL. The gas was assumed to be ideal and the solubility constant 
along the change of pressure. 
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Appendix II-2: Additional purification strategy 

Besides the purification method described in the manuscript, a second approach was 

investigated for the electrolyte purification. The method consisted of a commercial VRFB stack 

with positive and negative compartments fed by two reservoirs containing cleaned and copper 

contaminated V3+/VO2+ electrolyte, respectively. The stack was powered at constant potential 

enough to ensure copper reduction at the negative side until the desired copper concentration. 

At the end of the purification, the positive and the negative electrolyte were mixed back into a 

third reservoir to restore the initial solution potential. The copper was removed from the stack 

by applying an oxidative potential or by flushing an oxidative solution. 

Although the process was found to remove copper in an efficient way, the process showed 

several drawbacks for large-scale purification. Since the SOC of the negative electrolyte and 

the amount of metallic copper plated increased during the operations, HER was promoted within 

the progress of the purification. This was problematic because it led to electrolyte imbalance 

between the positive and the negative electrolyte. In addition, the process had the disadvantage 

to employ large amount of clean electrolyte that may lead to additional purification cost. The 

mixing of V2+ and VO2
+ is highly exothermic and must be performed with caution. 

 

 

 

 

 

 

 

Figure A2.2 Schematic of an additional purification process developed to remove copper from the 
vanadium electrolyte. Here V4+ and V5+ means V(IV) and V(V), respectively.
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Stabilization of manganese electrolyte (Mn3+/Mn2+) 

The results presented in this chapter are adapted with permission from D. Reynard, S. Maye, P. Peljo, 
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Abstract  

The Mn3+/Mn2+ redox couple with a standard potential of +1.51 V vs. SHE has drawn interest 

for the design of vanadium-manganese redox dual-flow battery (RFB). However, Mn3+ 

disproportionation leads to a loss of capacity, an increase of pressure drop and electrode 

passivation due to the formation of MnO2 during battery cycling. In this chapter, the influence 

of TiO2+ or/and VO2
+ on Mn3+ stability in acidic conditions is studied, by formulating 4 different 

electrolytes at equimolar ratios (Mn, Mn:Ti, Mn:V, Mn:V:Ti). Voltametric studies reveal an 

ECi process for Mn2+ oxidation responsible for the electrode passivation. SEM and XPS 

analysis demonstrate that the nature and the morphology of the passivating oxides layer strongly 

rely on the electrolyte composition. Spectroelectrochemistry highlights the stabilization effect 

of TiO2+ and VO2
+ on Mn3+. At a comparable pH, the amount of Mn3+ lossed through 

disproportionation is decreased by a factor of 2.5 in the presence of TiO2+ or/and VO2
+. VO2

+ 

is an efficient substitute to TiO2+ in order to stabilize Mn3+ electrolyte for redox flow battery 

applications. 
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3.1 Introduction 
 

Manganese, the 12th most abundant element on earth, is a transition metal found in ores, in 

combination with iron, and mainly extracted in South Africa. Among the most common 

oxidation states (II, III, IV, V and VII), Mn(II) (Mn2+) is the most stable. Higher oxidation states 

are strong oxidizing agents such as permanganate (VII; MnO4
–) or manganate anions (VI, 

MnO4
2–), or known catalysts for water oxidation (IV, MnO2).1 The high standard redox potential 

of the Mn3+/Mn2+ couple (+ 1.51 V vs. SHE) has attracted interest for the investigation of V/Mn 

RFB.2–4 In this configuration, a standard cell voltage of 1.77 V ( 3 2 3 2Mn /Mn V /VcellE E E   
    ) is 

expected. As compared to the all-vanadium RFB,5,6 the main interest comes from higher energy 

densities, accounting for a 500 mV higher cell potential. However, cycling performances and 

battery lifetime remain limited by the instability of Mn3+ in solution, which is disproportionated 

to Mn2+ and MnO2 (Eq. 3.1):  

  

3+ 2+ +
2 22Mn +2H O Mn +MnO +4HdK    (Eq. 3.1)

     

The formation of MnO2 particles leads to a reduced mass transport, a higher pressure drop, 

electrode passivation and irreversible decays in the RFB capacity and power.4 To minimize the 

issues related to disproportionation reactions, higher sulfuric acid concentrations up to 6 M 

and/or addition of TiO2+ to the manganese electrolytes were shown to stabilize Mn3+. Hence, 

the equilibrium of the disproportionation reaction was displaced and the morphology of the 

manganese oxide particles modified.7–9 Tokuda et al. demonstrated by X-ray diffraction and X-

ray absorption that formation of Ti-SO4 bonds in an electrolyte composed of MnSO4 and 

TiOSO4 favors H+ dissociation from H2SO4 and consequently promotes the dissolution of 

MnO2(s) particles with a decrease of the pH.10 Recently, a hydrogen/manganese hybrid redox 

flow battery has demonstrated interesting results maintaining 75% of energy efficiency over 

160 cycles at low Mn2+ and TiO2+ concentrations to prevent MnO2 formation (0.2 M). However, 

electrolytes rebalancing was performed every 5 cycles to maintain stable performances.11 Till 

today, the disproportionation reaction of Mn3+ is not well understood and limits applications of 

manganese electrolyte in RFBs. Several mechanisms were discussed in the literature to describe 

the oxidation of Mn2+.3,12–15 Generally, a E1CiE2 mechanism (e.g. – electron transfer, irreversible 
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chemical reaction, electron transfer) is considered. The first step consists of the electrochemical 

oxidation of Mn2+ (E1 -(Eq. 3.2)): 

 2+ 3+Mn Mn +  e                                         (Eq. 3.2) 

Then, it was reported that the mechanism for the disproportionation of Mn3+ can differ 

according to the local proton concentration. In fact, at low pH, Mn3+ disproportionates into Mn2+ 

and MnO2 in an irreversible chemical reaction (Ci - (Eq. 3.3) and (Eq. 3.4)).13  

  3+ 2+ 4+2Mn Mn +Mn     (Eq. 3.3) 

4+
2 2 HOMn +2H MnO +4      (Eq. 3.4) 

At higher pH, Mn3+ could also go through a hydrolysis step to form an oxy-hydroxide 

intermediate (Eq. 3.5):13–17  

 3+
2Mn + 2H Mn-OOH + 3HO            (Eq. 3.5) 

In this particular case, Mn-OOH can then further be oxidized to MnO2 through a second 

electrochemical step (E2 - (Eq. 3.6)):13–17 

2Mn-OOH MnO + H + e    (Eq. 3.6) 

Those reactions ((Eq. 3.4) and (Eq. 3.6)) may lead to a chemical and/or electrochemical 

passivation of the electrode surface.13–17 The deposition of MnO2 was described as a nucleation 

and growth process by Huang et al. on graphite electrodes.16 

Herein, we present a characterization of various Mn2+ electrolytes in the presence of TiO2+and 

introduced for the first time VO2
+ as a stabilizing agent. Four different electrolytes were studied 

in high acidic conditions (5 M H2SO4) at equimolar ratios: Mn2+, Mn2+:TiO2+, Mn2+:VO2
+  and 

Mn2+:VO2
+:TiO2+. Voltammetry was performed in both static and hydrodynamic conditions in 

order to elucidate the chemical and electrochemical processes associated with the Mn2+ 

oxidation at the electrode surface. The formation of oxide layers was investigated on both 

carbon felt and glassy carbon electrodes at low and high acidic concentrations. SEM combined 

with XPS analyses were used to investigate the morphology and the chemical nature of the 

oxide. The disproportionation reaction occurring in the bulk was monitored by 

spectroelectrochemistry, XPS and SEM. 
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3.2 Experimental section 

3.2.1 Materials and methods 
 

Manganese sulfate monohydrate (MnSO4ꞏH2O, > 99%), titanium oxysulfate solution (TiOSO4, 

~15 wt. % in dilute sulfuric acid, 99.99% trace metals basis, Sigma-Aldrich), vanadium 

pentoxide (V2O5, > 99.6%) and sulfuric acid (H2SO4, 95-97 %) were purchased from Sigma 

Aldrich and used without further purification. Four different electrolytes were prepared in 5 M 

H2SO4: 0.1 M Mn, 0.1 M Mn:V (1:1), 0.1 M Mn:Ti (1:1), and 0.1 M Mn:V:Ti (1:1:1). Solutions 

containing vanadium were sonicated and stirred for 2 hours in order to dissolve V2O5. For 

iodometry, anhydrous potassium iodide (KI, 99%) was purchased from Sigma Aldrich and 

Na2S2O3 sodium thiosulfate pentahydrated (> 99.5%, Fluka) and starch from potatoes 

((C6H10O5)n) were purchased from Fluka. Electrochemical experiments were conducted with an 

Autolab PGSTAT204 (Metrohm) or a Biologic SP-300 potentiostat. Scanning electron 

microscopy images were performed with a Teneo SEM (FEI, USA) equipped with a Schottky 

field emission gun. UV/Vis measurements were performed with an Agilent 8453 

spectrophotometer. X-ray photoelectron spectroscopy (XPS) was conducted with a VersaProbe 

II from Physical Electronics. 

3.2.2 Electrochemical characterization 
 

Electrochemical experiments were performed in a 3-electrode setup with a glassy carbon 

rotating disk electrode (RDE, Metrohm, 0.196 cm2), an Ag|AgCl (KCl sat.) reference electrode, 

and a platinum counter electrode. The working electrode was polished before each experiment 

with 1 µm silica polishing solution and immersed in an aqueous solution of isopropanol (50%) 

in an ultrasound bath for 30 minutes. Static cyclic voltammetry was performed between 0.2 to 

2 V vs. SHE at scan rates ranging from 0.005 to 5 Vꞏs−1. Dynamic linear sweep voltammetry 

was performed with a RDE from 0.2 to 2.5 V vs. SHE at a scan rate of 0.01 Vꞏs−1 and various 

rotation speeds ranging from 200 to 2500 rpm.  

3.2.3 Spectroelectrochemistry 
 

The oxidation reaction of Mn2+ to Mn3+ was monitored by UV-visible spectrophotometry at 

wavelengths around 500 nm for various electrolyte solutions in 5 M H2SO4: 0.1 M Mn , 0.1 M 

Mn:V (1:1), 0.1 M Mn:Ti (1:1), and 0.1 M Mn:V:Ti (1:1:1). The electrolysis was performed in 
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a H-shape electrochemical cell (H-cell) at +1.8 V vs. Ag|AgCl (KCl sat.) with a carbon felt 

working electrode (anode), a carbon felt counter electrode (cathode) and an Ag|AgCl (KCl sat.) 

reference electrode placed within the anodic compartment. The H-cell included a glass frit 

separator. The anodic and cathodic compartments contained 25 mL of 100 mM Mn2+ sulfate 

solution and 40 mL of 150 mM VO2
+ sulfate solution in 5 M H2SO4, respectively. The 

concentration of Mn3+ along the electrolysis process was monitored by UV-visible 

spectrophotometry at fixed wavelengths according to the electrolyte composition: λMn
3+(Mn) = 

490 nm, λMn
3+(Mn:Ti) = 517 nm, λMn

3+(Mn:V) = 500 nm, λMn
3+ (Mn:V:Ti) = 506 nm. The 

electrolyte was sampled every 5 minutes from the bulk solution of the positive side using 

syringe equipped with a 25 mm Yeti HPLC filter (0.22 µm PTFE membrane) to remove the 

suspended MnO2 particles. UV-vis spectra background caused by the remaining MnO2 particles 

was normalized at 700 nm. The molar absorption coefficient ( ) of Mn3+ in each electrolyte 

was calculated using a Beer-Lambert relation: 

A lc      (Eq. 3.7) 

where A is the absorbance, l is the length of the optical path and c is the concentration of the 

attenuating species. 

The exact concentration of Mn3+ was determined by iodometric titration. The detailed procedure 

of iodometry for each electrolyte is detailed in the section 3.2.5. 

3.2.4 Study of manganese oxide formation 
 

The formation of oxides was studied for the various electrolytes. Chronoamperometry 

experiments were performed in a 3-electrode set-up with different carbon working electrodes 

(carbon felt and flat glassy carbon), a platinum counter electrode, and an Ag|AgCl (KCl 3M) 

reference electrode. H-cell electrolysis of Mn2+ was performed at potential value of +1.8 V vs. 

SHE for 30 minutes. Experiments were conducted twice. Four electrolytes in 50 mM sulfuric 

acid solution were studied: 10 mM Mn, 10 mM Mn:V (1:1), 10 mM Mn:Ti (1:1), and 10 mM 

Mn:V:Ti (1:1:1). Scanning electron microscopy (FEI SEM Teneo) of the electro-grafted layers 

deposited onto carbon felt and glassy carbon electrodes were imaged at 3-5kV, 0.4-0.25nA with 

lower in-lens, in-column and Everhard-Thronley secondary electron detectors (ETD). Chemical 

composition of the oxide layers deposited onto the glassy carbon working electrodes were 
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analysed by XPS. The spectra were calibrated with the C-C bound of the adventitious carbon 

contamination at 284.8 eV. 

3.2.5 Iodometry for Mn3+ titration 
 

The main titration reaction is described below (Eq. 3.8): 

 
3 2

2

2
2 2 2 3 4 6

2Mn 2KI  2Mn I 2K

I 2Na S O 2I S O 4Na

  

  

   

   
   (Eq. 3.8) 

The reduction of I2 by S2O3
2− has a potential of 0.456 V (vs. SHE). The secondary titration 

reaction is described below (Eq. 3.9): 

 
5 4

2

2
2 2 2 3 4 6

2V 2KI 2V I 2K

I 2Na S O 2I S O 4Na

  

  

   

   
                    (Eq. 3.9) 

According to the different redox potentials of the electroactive species (Table 3.1) which 

compose the analytes, only Mn3+ and V2O5 should be reduced by the iodide. Consequently, a 

blank experiment was carried out before the Mn2+ solution bulk electrolysis for the solutions 

containing V2O5. This blank allows to quantify the amount of V2O5 and to calculate the real 

Mn3+ concentration without the influence of the VO2
+ on the volumetric analysis. 

Table 3.1  Standard potentials of the electroactive redox couples during iodometric titration. 

Redox Couple E0 / V 

Mn2+/Mn –1.185 

TiO2/ Ti2+ –0.502 

S2O3
2−/S4O6

2− 0.08 

VO2+/V3+ 0.337 

I2/I− 0.536 

VO2
+/ VO2+ 0.991 

Mn3+/Mn2+ 1.542 

 

Between 5 and 10 mL of the pink Mn3+ analyte was titrated by following the previous redox 

reactions. The indicator, a 20 gꞏL−1 starch (starch from potatoes, (C6H10O5)n, Fluka) solution, 

was added for the volumetric analysis (around 5-10 drops). An excess of KI (potassium iodide, 

anhydrous, free-flowing, Redis-Dri(TM), ReagentPlus, 99%, Sigma-Aldrich) reduced the Mn3+ 

and produced iodine which complexes with starch to give a dark purple color. Iodine was 
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quantitatively reduced back to iodide by a 0.1 (or 0.05) M Na2S2O3 solution (sodium thiosulfate 

pentahydrated, analytical grade, >99.5%, Fluka). At the end of the analysis, Mn2+ solution was 

transparent.  

Standards and solutions were made of MnSO4ꞏH2O (manganese(II) sulfate monohydrate, 

ReagentPlus, >99%, Sigma-Aldrich), TiOSO4 (titanium4+ oxysulfate solution, ~15 wt. % in 

dilute sulfuric acid, 99.99% trace metals basis, Sigma-Aldrich), V2O5 (vanadium(V) oxide, 

>99.6% trace metal basis, Sigma-Aldrich) and H2SO4 (sulfuric acid, 95-98 % for analysis, 

Merck): 

 Standard 1: aqueous solution of 0.05 M V2O5 and 1 M H2SO4; 

 Standard 2: aqueous solution of 0.05 M V2O5 and 5 M H2SO4; 

 Solution 1: aqueous solution of 0.1 M Mn2+ and 5 M H2SO4; 

 Solution 2: aqueous solution of 0.1 M Mn2+, 0.1 M TiOSO4 and 5 M H2SO4; 

 Solution 3: aqueous solution of 0.1 M Mn2+, 0.05 M V2O5 and 5 M H2SO4; 

 Solution 4: aqueous solution of 0.1 M Mn2+, 0.1 M TiOSO4, 0.05 M V2O5 and 5 M H2SO4. 

The bulk electrolysis of the Mn2+ to the Mn3+ was achieved with a simple two electrode set-up 

with carbon felt electrodes and a potential between 2 - 2.5 V. This redox titration method 

seemed to be interesting also for the quantification of VO2
+ in a redox flow battery. The state 

of charge could be determined by iodometry specifically for the positive side as the iodide can 

only reduce VO2
+ among the different oxidation state of vanadium.  

 

3.3 Results and discussion 

3.3.1 Electrochemical study of electrolytes 
 

Electrochemical characterizations of the four electrolytes at equimolar ratio in 5M H2SO4 (Mn, 

Mn:Ti, Mn:V and Mn:V:Ti) were performed by cyclic voltammetry (CV) at 0.01 V∙s–1 (Figure 

3.1 A-C) and 1 V∙s–1 (Figure 3.1 B-D).  

As shown in Figure 3.1-A for the Mn electrolyte, only one anodic peak at +1.72 V vs. SHE was 

observed and corresponds to the oxidation of Mn2+ into Mn3+, (E1-(Eq. 3.2)). In these high 

acidic conditions (5M H2SO4), the electrochemical reaction E2 was not observed, indicating that 

Mn3+ disproportionates in purely chemical process ((Eq. 3.3) and (Eq. 3.4)). Another reason to 
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claim the absence of E2 was the low kinetic of Mn-OOH oxidation (Eq. 3.6). In fact, Petitpierre 

et al.32 detected the anodic peak corresponding to E2 only at temperature above 40°C. 

 

In the cathodic region, two reduction peaks were observed at +1.51 and +1.12 V for Mn. The 

former peak (+1.51 V vs. SHE) was attributed to the one electron reduction of Mn3+ to Mn2+ 

(E1). As Mn3+ was consumed through the chemical step (Ci - (Eq. 3.3) and (Eq. 3.4)), the peak 

intensity was considerably lower than for the forward peak. At higher scan rates (Figure 3.1-B, 

1 V∙s−1), this peak intensity increased slightly. This effect is characteristic of ECi processes as 

the irreversible chemical reaction has less time to occur, and so larger amount of Mn3+ was 

reduced back at the electrode with less passivation. At the beginning of the reverse scan, an 

anodic shoulder could be observed at +1.87 V vs. SHE and was induced by the increasing 

concentration of Mn2+ in the diffusion layer. This rise of concentration comes from the chemical 

disproportionation reaction of Mn3+ (Eq. 3.3).  

 

The second cathodic peak (+1.12 V vs. SHE) was assigned to the reduction of MnO2 to Mn2+ 

(Eq. 3.10). 

 + - 2+
2 2MnO + 4H + 2 Mn + 2H Oe      (Eq. 3.10) 

For Mn:Ti, a similar shape for the CVs was recorded in Figure 3.1-A and Figure 3.1-B. The 

peak attributed to (Eq. 3.10) was shifted by 30 mV towards cathodic potentials (+1.09 V vs. 

SHE) and the intensity was lower than for the pure Mn electrolyte. This suggests an influence 

of TiO2+ on the chemical reaction rate ((Eq. 3.3) and (Eq. 3.4)), that may decrease the formation 

of MnO2. Furthermore, the shoulder at the beginning of the reverse scan (+1.87 V vs. SHE) 

exhibited a lower anodic current because of a lower rate of disproportionation. We hypothesize 

that a dinuclear complex was formed in between TiO2+ and Mn3+, protecting it from 

disproportionation. However, no clear spectroscopic signature was reported so far.11  

 

In the presence of vanadium (Figure 3.1-C), additional reversible oxidation and reduction peaks 

were observed at an apparent standard potential of +1.1 V vs. SHE attributed to one electron 

reduction of VO2
+ to VO2+. The large peak-to-peak potential difference (Figure 3.1-D) is due to 

the slow kinetics of VO2
+/ VO2+ redox couples.18 Mn3+/Mn2+ electrochemical reduction was 

observed at an apparent redox potential of +1.57 V vs. SHE (Figure 3.1-C). The peak-to-peak 

potential difference was found to be 20 mV smaller in the presence of vanadium (∆E = 210 mV 

for Mn and Mn:Ti ; ∆E = 190 mV for Mn:V and Mn:V:Ti), suggesting a better reversibility. It 
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is worth mentioning that the reduction peak potential value was taken at the foot of the wave in 

all the cases. As compared to Mn and Mn:Ti, the 2-electron reduction of MnO2 to Mn2+ 

(Eq. 3.10) was not clearly visible because of the overlapping of the VO2
+ to VO2+ reduction 

peak. 

 

At 1 Vꞏs−1, a reduction peak was observed at +1.5 V vs. SHE (Figure 3.1-D), accounting for a 

slower electrode passivation and more favorable electrochemical reduction of Mn3+ to Mn2+. 

Note that no shoulder around +1.87 V vs. SHE was observed for the pure VO2
+ electrolyte. This 

confirms that the origin of the shoulder was due to the sudden increase of Mn2+ concentration 

following the disproportionation reaction. 

Figure 3.1 iR-corrected cyclic voltammetry of 100 mM (1:1:1) of the different electrolytes: (A-B) Mn 
and Mn:Ti , (C-D) Mn:V:Ti and Mn:V performed at 10 mVꞏs–1 (left chart) and 1Vꞏs–1(right chart) in 5 
M H2SO4 as supporting electrolyte. (E) Linear sweep voltammetry of the different electrolyte 5 M 
H2SO4, 100 mM Mn, 100 mM Mn:Ti (1:1), 100 mM Mn:V (1:1) and 100 mM Mn:V:Ti (1:1:1) 
performed using a glassy-carbon RDE at 1000 rpm and 10 mVꞏs–1. The inset shows a zoom of LSV for 
anodic process at +1.5 V vs. SHE. 

 

Rotating-disk electrode (RDE) experiments were carried out for each electrolyte between +1 to 

+1.8 V vs. SHE at 10 mVꞏs−1. The passivation of the electrode by MnO2 insulating layer 

prevents the observation of a conventional sigmoidal current. The diffusion coefficient of each 

electrolytes was calculated using the Koutecky-Levich equation:  
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2/3 1/2 1/6

1 1 1

0.62m k Oi i nFAD C       (Eq. 3.11) 

  

where im is the measured current (A), ik is the kinetic current (A), n is the number of electrons, 

F the Faraday constant (Cꞏmol–1), A the geometric area of the working electrode (0.196 cm2), 

D the diffusion coefficient (cm2ꞏs–1), ω the angular rotation rate of the electrode (radꞏs–1),  is 

the kinematic viscosity (cm2ꞏs–1) and C0 is the concentration of the analyte (molꞏcm–3). The 

kinematic viscosity (0.0153-0.0155 cm2ꞏs–1) was calculated from the ratio of the dynamic 

viscosity (  ) over the density (  ). The dynamic viscosity of 5 M H2SO4 at 298K is 2.02ꞏ10–

3 cP and was considered as constant with the addition of the different redox species. The density 

was calculated by weighing 1 mL of each electrolyte as a triplicate.  

 

Diffusion coefficients of Mn2+ into the different electrolytes were calculated to be 1.18ꞏ10−6 

cm2ꞏs−1 for Mn electrolyte, which is in good agreement with previous studies.18,19 In the case of 

Mn:V, Mn:V:Ti and Mn:Ti electrolytes, the diffusions coefficients were respectively found to 

be 3.68ꞏ10−7 cm2ꞏs−1, 1.64ꞏ10−7 cm2ꞏs−1, 1.66ꞏ10−7 cm2ꞏs−1. The RDE voltammograms and 

Koutecky-Levich plots are shown in Appendix III-1. The calculated diffusion coefficients are 

summarized in Table 3.2: 

 

Table 3.2 Diffusion coefficients calculated using the Koutecky-Levich equation for each electrolyte. 

Electrolytes Mn2+ diffusion coefficient (cm2 s−1) 

100 mM Mn 1.18ꞏ10-6 

100 mM Mn-Ti 1.66ꞏ10-7 

100 mM Mn-V 3.68ꞏ10-7 

100 mM Mn-V-Ti 1.64ꞏ10-7 

 

As the diffusion coefficient depends on 1/a (with a being the ionic radius), the lower order of 

magnitude observed in the presence of other metallic ions suggests the formation of a complex 

between those transition metals. According to the electronic structure of d orbitals of Mn3+ (d4) 

and the absence of d electrons for TiO2+ and VO2
+, direct metal-metal bonding is not possible. 
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We anticipate that an oxo-bridge might be responsible for any dinuclear cluster formation, as 

suggested by Tokuda et al.10 

 

Linear sweep voltammetry was then performed at 1000 rpm up to +2.5 V vs. SHE (Figure 3.1-

E). The inset at +1.5 V vs. SHE shows the oxidation of Mn2+ for the various electrolytes, which 

corresponds to the E1Ci mechanisms described previously ((Eq. 3.3) and (Eq. 3.5)). No current 

plateau was observed due to electrode passivation by MnO2, which tends to decrease the current. 

At + 1.9 V vs. SHE, we observed oxidation peaks at different intensities with the following 

trend: Mn>Mn:Ti>Mn:V>Mn:V:Ti, This oxidation process was attributed to the oxidation of 

deposited MnO2 into the permanganate anion, as shown in (Eq. 3.12):  

+
2 2 4

-MnO  + 2H O MnO  + 4H  + 3e    (Eq. 3.12) 

The peak current correlated directly to the quantity of MnO2 deposited after the E1Ci 

mechanism. In the presence of vanadium or/and titanium, peak currents were significantly 

decreased as compared to Mn. This observation suggests a possible complexation between Mn3+ 

and the different cations, reducing significantly the formation of MnO2. Finally, the oxidation 

of the electrolyte to O2 was observed from + 2.3 V vs. SHE, as shown by the sharp increase in 

anodic current without diffusion limitation. These electrochemical characterizations 

demonstrates a significant influence of VO2
+ and TiO2+ cations on the disproportionation 

reaction of Mn3+.  

 

3.3.2 Surface analysis of electrografted oxide layers 

 

To study further the stabilizing role of TiO2+ and/or VO2
+ on the disproportionation process, we 

investigated the morphology and the chemical nature of the passivating layer formed at the 

electrode surface using Scanning Electron Microscopy (SEM) and X-ray Photoelectron 

Spectroscopy (XPS). The electrodeposition was performed at +1.8 V vs. SHE onto carbon felt 

and glassy carbon electrodes for each electrolyte in 5 M H2SO4. Only few traces of oxide layers 

were observed by SEM. XPS measurements did not give reliable results due to high signal-to-

noise ratio in reason of the low amount of material. 
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To promote the formation of passivating layers, the sulfuric acid concentration was decreased 

to 50 mM to move the equilibrium of the disproportionation equilibrium (Eq. 3.1) towards 

MnO2 formation and lower the solubility of oxides particles. For the Mn electrolyte, the carbon 

fibers were totally covered by MnO2 flakes with an estimated thickness of 500 nm. The addition 

of titanium or vanadium reduced considerably the formation of MnO2, lowering the thickness 

of the oxide layer below 100 nm (Figure 3.2).  

 

Figure 3.2 SEM images of electrodeposited oxide layers on carbon felt electrodes for Mn, Mn:Ti, Mn:V, 
and Mn:V:Ti electrolytes (3kV, 0.4 nA). 

 

The same experiments on planar glassy carbon electrodes were performed and the resulting 

SEM pictures are shown in Figure 3.3. The deposition of MnO2 in the presence of Mn created 

a thick layer in which cracks were observed. Cactus-like particles above 1 µm of diameter (inset, 

Figure 3.3) were observed as aggregates over the entire electrode surface, suggesting a 

nucleation/growth process. In the presence of TiO2+, the amount of deposited oxide layer was 

reduced. The fluctuating contrast was attributed to variation in chemical composition, 

suggesting that the passivating layers are thin and do not cover the entire GC sublayers. 

Interestingly, Mn:V and Mn:V:Ti exhibited oxide layers with different structures, in which a 

rough surface and particles aggregation were observed on the whole electrode. This suggests 

another nucleation/growth mechanisms at the electrode surface along with the presence of 

different oxide species as compared to Mn and Mn:Ti electrolytes.  
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Figure 3.3 SEM images of electrodeposited manganese oxide layers on glassy carbon electrodes, 
obtained after electrolysis at +1.8 V vs. SHE, for Mn, Mn:Ti, Mn:V and Mn:V:Ti electrolytes (3kV, 25 
pA). The inset on Mn shows the nuclei aggregates on the whole electrode surface. 

 

To determine the chemical nature of the oxide layers observed by SEM, XPS was performed 

(Figure 3.4). The relative atomic concentrations (at.%) obtained at 50 mM H2SO4 for oxide 

layers-modified glassy carbon electrodes are reported in the Table 3.3. Binding energies of 

642.37 and 654.11 eV were attributed respectively to Mn2p3/2 and Mn2p1/2 orbitals (Figure 3.4-

A– Mn and Mn:Ti). Splitting energy of 4.7eV, obtained for Mn3s orbitals, correlates with the 

presence of MnO2 (Figure 3.4-D).20 This was in good agreement with the proposed ECi 

mechanism that demonstrates electrode passivation by MnO2. For Mn:Ti, MnO2 was also 

detected on the electrode surface (Figure 3.4-A and Figure 3.4-D). Additionally, a symmetric 

peak shape of Ti2p orbitals at 458.24 and 463.88 eV, along with a splitting energy of 5.7 eV, 

were attributed to TiO2 layers (Figure 3.4-C), accounting for +4 oxidation states. Thus, the 

passivating layer was a mixture of MnO2 and TiO2, with relative atomic concentrations of 90 

at.% of Mn and 10 at.% of Ti (Table 3.3). The presence of TiO2 may not be a product of the 

Mn2+- TiO2+ oxidation process, discussed in the previous section (Figure 3.1). TiO2 was likely 

formed due to an excess of TiO2+ that could have been oxidized by the change of acidity of the 
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surface while preparing the samples for SEM and XPS. This suggests that Mn:Ti ratio is not 

optimal and could be adjusted. 

 

Interestingly, with the presence of vanadium (Mn:V and Mn:Ti:V), no trace of MnO2 was 

detected on the surface of the passivating layer. However, a satellite peak at 648 eV was 

observed in between Mn2p1/2 and Mn2p3/2 orbitals, which corresponds to the presence of MnO 

(Figure 3.4-B). This was confirmed by a splitting energy of 5.9 eV in between Mn3s orbitals 

(Figure 3.4-E), accounting for an oxidation state of +2.21 Furthermore, analysis of V2p orbitals 

resulted in asymmetric peaks at 517.02 and 524.52 eV, that are assigned to 2p3/2 and 2p1/2 

orbitals, respectively. Splitting energy was found to be equal to 7.4 eV, suggesting the presence 

of V2O5 particles.22 In the case of Mn:V:Ti, TiO2 oxide particles were additionally detected, 

after calculation of the splitting energy in between Ti2p orbitals (Figure 3.4-C).  

 
Figure 3.4 XPS spectra of the electrodeposited manganese oxide layers on glassy carbon electrode for 
Mn 2p orbitals (A and B), Mn3s orbitals (D and E), Ti 2p orbitals (C) and V2p, O1s orbitals (F). The 
energy splitting interaction in between orbitals is reported on graph C to F. 

 

For Mn:V, relative atomic concentrations of Mn and V were respectively measured to 89% and 

11% (Table 3.3). The same explanation as for TiO2 presence can be proposed for V2O5 

detection, suggesting that Mn:V ratio is not ideal. For Mn:V:Ti, 47 at. % of Mn, 15 at. % of V 
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and 37 at.% of Ti were calculated. The higher relative atomic concentration of Ti in the case of 

Mn:V:Ti compared to the Mn:Ti electrolyte suggests that V may have more affinity in 

complexing Mn. However, it is worth mentioning that the relative atomic concentrations are 

quantitative, but it describes a specific region (where the XPS beam scanned the sample) and 

the results can vary according to the heterogeneity of the passivated layer. 

 

The presence of MnO with vanadium additives was not well understood and seemed to be 

formed only at the electrode surface. We hypothesize that VO2
+ influences the chemistry at the 

electrode surface due to an interaction with Mn2+. Although no traces of MnO2 particles was 

detected by XPS at the electrode surface, we found them directly in the bulk, as depicted in 

Figure 3.5 . This suggests that the ECi process previously described for the oxidation of Mn2+ 

still occurs in presence of vanadium. Additionally, the peak attributed to MnO2 oxidation 

(Eq. 3.12) was observed for each electrolyte (Figure 3.1-E), although this oxidation peak was 

smaller in the presence of vanadium. The shape of the latter anodic signal differed while adding 

or not vanadium.  

 

Without VO2
+, a peak comparable to a stripping was recorded, highlighting the presence of a 

deposited layer of MnO2 on the electrode surface. When VO2
+ was added, a signal closer to a 

plateau was observed, which could describe a diffusion-controlled oxidation due to the MnO2 

particles in suspension. 

 

Figure 3.5  XPS spectrum of particles formed in the bulk after electrolysis of 100 mM of MnSO4 and 
100 mM of MnSO4 + 50 mM V2O5 in 50 mM H2SO4 at +1.8V vs. SHE.  In the region 100-75 eV, Mn3s 
orbital spectrum gives an energy splitting of 4.7 eV corresponding to MnO2. In the region 525-510 eV, 
orbitals corresponding to V2p1/2 and V2p3/2 were found for Mn:V with an energy splitting of 7.4 eV 
attributed to V2O5. The relative atomic concentrations were found to be 25 at.% of Mn and 75 at.% of V 
for the particles formed into the Mn:V electrolyte. 
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Table 3.3 XPS relative atomic concentrations for oxide layers-modified glassy carbon electrodes formed 
in 50 mM H2SO4 as supporting electrolyte. 

 Mn Mn:Ti Mn:V Mn:V:Ti 

Mn (at.%) 100 90 89 47 

V (at.%) - - 11 15 

Ti (at.%) - 10 - 37 

 

3.3.3 Study of Mn3+ disproportionation in solution by 
spectroelectrochemistry 

 

Electrochemical investigations and oxide layers structural analysis were useful to address the 

electrochemical and chemical insights occurring for each electrolyte. Nevertheless, no clear 

conclusion could be made regarding the Mn3+ stability in solution by studying only the ECi 

mechanism. In order to evaluate the stabilizing role of vanadium and titanium in preventing 

Mn3+ from disproportionation, spectroelectrochemical studies were performed at high acidic 

concentrations. 

 

As shown on the UV-visible spectrum of Figure 3.6-A, the maximum absorption peak of Mn3+ 

in 5 M H2SO4 occurs at 490 nm, which is in accordance with values reported in literature.23 

After titanium and/or vanadium addition, maximum absorption peaks of Mn3+ were shifted 

above 500 nm suggesting chemical interactions between those cations, as already reported.24 

The following values were observed: : λMn
3+(Mn) = 490 nm, λMn

3+(Mn:Ti) = 517 nm, 

λMn
3+(Mn:V) = 500 nm, λMn

3+ (Mn:V:Ti) = 506 nm. 

 

As the absorbance of Mn3+ varies according to the nature of the electrolyte, it was necessary to 

determine the molar absorption extinction coefficient of Mn3+ (εMn(III), λmax) for each solution 

(Appendix III-2). To calculate those values, various solutions of Mn3+ were prepared by the 

electrochemical oxidation of 0.1 M Mn2+ solutions in 5 M H2SO4. The exact concentration of 

Mn3+ was confirmed by iodometric titration. Finally, the extinction coefficient values were 

calculated using Lambert-Beer law: εMn
3+(Mn) (490nm) = 108.3 Lꞏmol–1ꞏcm–1, εMn

3+(Mn:Ti) 

(517nm) = 65.8 Lꞏmol–1ꞏcm–1, εMn
3+(Mn:V) (500nm) =  84.52 Lꞏmol–1ꞏcm–1, εMn

3+(Mn-V-Ti) 

(506nm) = 52.35 Lꞏmol–1ꞏcm–1.  
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To evaluate the disproportionation equilibrium (Eq. 3.1) for each electrolyte, solutions of Mn2+ 

in 5 M H2SO4 were electrolysed at +1.8 V vs. SHE, and the concentration of Mn3+ was 

monitored by UV-vis spectroscopy (Appendix III-3). Figure 3.6-B shows the resulting 

concentration of Mn3+ as a function of the amount of charge injected in the solution during the 

electrolysis. The black dotted line follows the ideal scenario in which no disproportionation 

would occur. In this case, the maximal concentration of Mn3+ (equivalent to the initial 

concentration of Mn2+) would be reached after injecting exactly 241 C (e.g. – considering 25 

mL of a 0.1 M Mn2+ solution in 5 M H2SO4). Any deviation below this line results from the 

disproportionation reaction of Mn3+ (Eq. 3.1) or/and other potential side reactions. 

 

 
Figure 3.6 UV-visible spectra for 100 mM Mn3+, 100 mM Mn3+-TiO2+ (1:1), 100 mM Mn3+-VO2

+ , 100 
mM Mn3+-TiO2+-VO2

+ (1:1:1) (left) Concentration of Mn3+ measured by iodometric titration as a 
function of the amount of charge injected during the electrolysis at +1.8V vs. SHE of 40 mL of a solution 
of Mn2+ in 5 M H2SO4. 

 

Without any other metal ions, the deviation was very significant and Mn3+ concentration 

reached a threshold value around 0.075 M. At this concentration, the rate of disproportionation 

(Eq. 3.1) was equivalent to the rate of Mn3+ formation (Eq. 3.2), maintaining the concentration 

of Mn3+ constant. This indicates that 25 % of Mn3+ produced by electrolysis was involved in 

the disproportionation process. When TiO2+ or/and VO2
+ were added in the electrolyte, Mn3+ 

concentration values above 0.09 M were reached, resulting in a net shift of the equilibrium 

towards Mn3+ and confirming the stabilizing effect of TiO2+ and VO2
+ additives. In this case, 

less than 10% of Mn3+ disproportionated. No additional improvement in terms of stabilization 

was observed by combining the two additives. The main results are reported in Table 3.4. 
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Table 3.4 Summary of values obtained after spectroelectrochemistry for the different electrolytes in 5 
M H2SO4. 

 Mn Mn:Ti Mn:V Mn:V:Ti 

  \ nm 490 517 500 506 

εMn
3+

 \ M–1 ꞏcm–1 108.3 65.8 84.5 52.4 

cMn
3+

,eq \ M ≈ 0.075 >0.090 >0.090 >0.090 

 

For the first time, VO2
+ was demonstrated as an excellent stabilizing agent for Mn3+ in acidic 

conditions. Indeed, vanadium was shown to be as efficient as TiO2+ to reduce Mn3+ 

disproportionation.  

 

3.4 Conclusion 
 

In this chapter, we investigated the stabilization of Mn3+ towards irreversible disproportionation 

to Mn2+ and MnO2 with either TiO2+ or/and VO2
+ at equimolar ratio in acidic conditions. 

Electrochemical characterizations highlighted the ECi mechanism occurring during the 

oxidation of Mn2+ and resulting in electrode passivation. Hydrodynamic linear sweep 

voltammetry was performed for Mn, Mn:Ti, Mn:V and Mn:V:Ti, and the diffusion coefficients 

of Mn2+ were respectively calculated to 1.18ꞏ10−6 cm2ꞏs−1, 1.66ꞏ10−7 cm2ꞏs−1, 3.68ꞏ10−7 cm2ꞏs−1, 

1.64ꞏ10−7 cm2ꞏs−1. SEM and XPS experiments were performed to further study the chemical 

nature and the morphology of the passivating layer at the electrode. To promote the formation 

of the passivating layer, the experiments were performed at low acidic concentrations. A net 

decrease in the thickness of the oxide layer was observed with the presence of TiO2+ or/and 

VO2
+. Surprisingly, in the presence of VO2

+, MnO particles unlike MnO2 were detected by XPS, 

suggesting a different chemistry at the electrode surface. However, traces of MnO2 was still 

detected in the bulk. Additionally, TiO2 and V2O5 was respectively detected in presence of Ti4+ 

and VO2
+ and might be formed due to an excess of metal ions that could have been oxidized by 

the change of acidity of the surface. 

 

Spectroelectrochemical analyses were performed for each electrolyte formulation. Without 

additives, the concentration of Mn3+ reached a threshold value of 0.075 M. In the presence of 

VO2
+ and TiO2+, the threshold concentration increased to a value beyond 0.09 M to onset the 

disproportionation, confirming the efficient stabilization of Mn3+. Furthermore, the different 
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wavelengths corresponding to the maximum absorbance of Mn3+ between each electrolyte 

suggested a complexation of Mn3+ with TiO2+ and/or VO2
+ via possible oxo-bridge.  

 

Overall, VO2
+ was observed to enhance the stability of Mn3+ as compared to TiO2+, which is of 

high interest for the development of the vanadium-manganese redox dual-flow battery 

applications. In fact, Mn:V electrolyte could be used instead of Mn:Ti as the positive side of 

the Mn-V RFB, minimizing crossover issues and economical aspects. The stabilization of the 

Mn3+ would decrease the MnO2 particles formation and minimize pressure drop, electrode 

passivation, capacity loss.  
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Appendix III 

Appendix III-1: Koutecky-Levich analysis 

 

Figure A3.1 Linear sweep voltammetry of 100 mM Mn in 5 M H2SO4 performed at 10 mVꞏs−1 and 
different rotation rates using a glassy carbon rotating-disk electrode and corresponding Koutecky-Levich 
plots at different potential values. 

 

 
Figure A3.2 Linear sweep voltammetry of 100 mM Mn:Ti in 5 M H2SO4 performed at 10 mVꞏs−1 and 
different rotation rates using a glassy carbon rotating-disk electrode and corresponding Koutecky-Levich 
plots at different potential values. 
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Figure A3.3 Linear sweep voltammetry of 100 mM Mn:V in 5 M H2SO4 performed at 10 mVꞏs–1 and 
different rotation rates using a glassy carbon rotating-disk electrode and corresponding Koutecky-Levich 
plots at different potential values. 

 

Figure A3.4 Linear sweep voltammetry of 100 mM Mn:V:Ti  in 5 M H2SO4 performed at 10 mVꞏs−1 
and different rotation rates using a glassy carbon rotating-disk electrode and corresponding Koutecky-
Levich plots at different potential values. 
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Figure A3.5 Linear sweep voltammetry of 100 mM V in 5 M H2SO4 performed at 10 mVꞏs–1 and 
different rotation rates using a glassy carbon rotating-disk electrode and corresponding Koutecky-Levich 
plots at different potential values. 
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Appendix III-2: Determination of molar absorption extinction coefficient of 

Mn3+ 

 

 

Figure A3.6 UV-vis spectra of Mn3+ solutions obtained by bulk-electrolysis of 100 mM MnSO4 in 5 M 
H2SO4 and evolution of the absorbance at the maximum absorption peak of Mn3+ (relative to the 
electrolyte formulation) as a function of the concentration of Mn3+, determined by iodometry. 

 

 

 

 

Figure A3.7 UV-vis spectra of Mn:Ti solutions obtained after bulk-electrolysis of 100 mM MnSO4 + 
100 mM TiOSO4 solutions in 5 M H2SO4 and evolution of the absorbance at the maximum absorption 
peak of Mn3+-TiO2+ (relative to the electrolyte formulation) as a function of the concentration of Mn3+, 
determined by iodometry. 
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Figure A3.8 UV-vis spectra of Mn:V solutions obtained after bulk-electrolysis of 100 mM MnSO4 + 50 
mM V2O5 solutions in 5 M H2SO4 and evolution of the absorbance at the maximum absorption peak of 
Mn3+:VO2

+ (relative to the electrolyte formulation) as a function of the concentration of Mn3+, 
determined by iodometry. 

 

 

Figure A3.9 UV-vis spectra of Mn:V:Ti solutions obtained after bulk-electrolysis of 100 mM MnSO4 + 
50 mM V2O5 + 100 mM TiOSO4 solutions in 5 M H2SO4 and evolution of the absorbance at the 
maximum absorption peak of Mn3+:TiO2+:VO2

+  (relative to the electrolyte formulation) as a function of 
the concentration of Mn3+, determined by iodometry. 
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Appendix III-3: UV-vis of spectroelectrochemical analysis 

 

 

 

Figure A3.10 UV-vis spectra of Mn electrolyte along the time of the electrolysis at +1.8V vs. SHE of 
40 mL of a solution of (A) 100 mM Mn3+, (B) 100 mM Mn3+-TiO2+ (1:1), (C) 100 mM Mn3+-VO2

+ (1:1), 
(D) 100 mM Mn3+-TiO2+-VO2

+ (1:1:1) in 5 M H2SO4 (The background signal due to turbidity of the 
solution was removed at 700 nm). 
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CHAPTER IV 
 
Kinetic model of redox-mediated hydrogen production  

The results presented in this chapter are adapted with permission from D. Reynard, G. Bolik-Coulon, S. 

Maye, H. H. Girault, Hydrogen production on demand by redox-mediated electrocatalysis: A kinetic 

study Chemical Engineering Journal, 2020, 126721, DOI: 10.1016/j.cej.2020.126721, © 2020 The 

Authors. Published by Elsevier B.V. This is an open access article under the CC BY license. 

 

Abstract 

In this chapter, the vanadium-mediated hydrogen evolution over low-cost Mo2C electrocatalyst 

of the proposed redox dual-flow battery is studied through the development of a reaction 

kinetics model. Based on a proposed mechanistic reaction scheme, a kinetic rate law is 

established as a function of the concentration of V2+, the state-of-charge of the vanadium 

electrolyte from a vanadium redox flow battery and the amount of available catalytic sites on 

solid Mo2C. Kinetic experiments in transient conditions reveals a first-order dependence on 

both the concentration of V2+ and the concentration of catalytic active sites and a power law 

with an exponential factor of 0.57 is measured on the molar ratio V2+/V3+, i.e. on the 

electrochemical driving force generated on the Mo2C particles. The kinetic rate law is validated 

by studying the rate of reaction in steady-state conditions using a specially developed rotating 

ring-disk device (RRD) methodology. The kinetic model is demonstrated to be a useful tool to 

predict the hydrogen production via the chemical oxidation of V2+ over Mo2C at low pH (>1 M 

H2SO4). For a perspective, the model is implemented in a semi-batch reactor. The simulations 

highlight the optimal state-of-charge (SOC) to carry out the reaction in an efficient way for a 

given demand in hydrogen. 
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4.1 Introduction 
 

In the proposed vanadium-manganese redox dual-flow system, the negative and the positive 

charged redox species of a V-Mn RFB (e.g. negative side V3+/V2+, positive side Mn3+/Mn2+) 

can be employed as redox mediators (electron donor or acceptor) for respectively performing 

proton reduction and water oxidation.14,21,22 The reactions do not occur at the electrode surface, 

but are carried out in outer reservoirs on the surface of an appropriate solid electrocatalyst to 

increase the rate of the electron transfer reactions. Upon operation, the redox-mediated 

hydrogen evolution reaction is carried out over a molybdenum carbide (β-Mo2C) 

electrocatalytic bed without the need of an additional energy input (spontaneous reaction). The 

resulting hydrogen evolution reaction is given by the following equation: 

2Mo C2 3
22H 2V   H 2V         (Eq. 4.1) 

In order to use low-cost (precious-metal free) electrocatalysts for the proton reduction in acidic 

conditions, molybdenum-based electrocatalysts have been widely considered. Among these 

catalysts, MoS2 was considered as a good alternative electrocatalyst to Pt-group towards 

HER.26–29 More recently, Vrubel and Hu investigated the use of a commercial molybdenum 

carbides (β-Mo2C, hexagonal form) and have shown an even better stability and activity 

towards HER.30 In the present work, a similar commercial molybdenum carbide (in the form of 

microparticles of 1 to 5 µm) was used as it was reported to be stable and active towards HER 

in both acidic and alkaline media.14,22,30 Peljo et al. operated the redox dual-flow battery at pilot 

scale with the same commercial Mo2C catalyst (Figure 4.1) for more than six months without 

observable changes in activity.23  The use of a low-cost catalyst is of particular interest in order 

to propose a system with high accessibility for industrial applications. 

To control the production flow rate of hydrogen, it is necessary to understand the kinetic behind 

the vanadium-mediated process for HER. Previous studies revealed that the rate of 

electrocatalytic mediated-electron transfer depends on various parameters such as the 

availability of catalyst sites, the redox potential of the mediator solution and the reactants 

concentration.10,20 However, no clear determination of the kinetic rate law was established. In 

this chapter, we performed a complete kinetic and mechanistic study of the hydrogen evolution 

reaction via the chemical oxidation of V2+ over a commercial Mo2C (β-form, hcp structure)22,30 

by redox electrocatalysis. First, a kinetic rate law was established according to an assumed 

reaction mechanism. From this, the exponential factor associated to each kinetic parameter was 
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determined by hydrogen flow measurements.  The proposed rate law was corroborated using an 

adapted rotating ring-disk device (RRD) technique that enables the study of the reaction at 

steady-state conditions and also a full characterisation of the redox electrocatalyst. Furthermore, 

a conversion study was performed to further confirm and enlarge the range of validity of the 

kinetic model. Finally, the developed kinetic model was implemented to simulate the process 

in a semi-batch reactor.  

 

Figure 4.1 Schematic of a dual-circuit redox flow battery with V3+/V2+ redox couple as redox 
mediators to perform proton reduction. 

 

4.2 Experimental method 

4.2.1 Chemicals 
 

Dimethylformamide (DMF, 99.5%) was purchased from Roth and dried on 4 Å molecular 

sieves. Sulfuric acid (H2SO4, 95-97%) was purchased from Merck and used without further 

purification. Nafion (20% w/w in EtOH) was purchased from Ion Power (D2020 Alcohol based 

1000 EW) and used without further purification. Molybdenum carbide (Mo2C, 99%, β-form, 

hcp structure22,30), oxalic acid (H2C2O4, 98%), hydrazine monohydrate (N2H4ꞏH2O, 64-65%), 

and vanadium oxide (V2O5, 99.6%) were purchased from Sigma Aldrich and used without 

further purification. 
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4.2.2 Electrolyte synthesis 
 

1.5 M of VO(SO4) electrolyte solution in 2 M H2SO4 was synthesized via the chemical reduction 

of vanadium pentoxide by oxalic acid:  

VଶOହ ൅ 2HଶSOସ ൅ HଶCଶOସ  ⇌ 2 VOሺSOସሻ ൅ 2COଶ ൅ 3HଶO   (Eq. 4.2) 

To prepare 500 mL of vanadium electrolyte, 68.25 g of V2O5 were placed in a triple-neck round-

bottom flask and mixed with 100 mL of distilled water. 73.5 g of sulfuric acid were slowly 

added and the mixture was refluxed (115°C). 33.75 g of H2C2O4 were carefully added 

(formation of a thick foam due to CO2 production). To complete the reduction of V2O5, few 

drops of an aqueous solution of hydrazine (10% v/v) were slowly added. At the end of the 

reaction, the mixture was cooled down and filtered on ceramic. The solution was finally 

completed with distilled water. The obtained 1.5 M VO2+ solution was then electrolysed in a 

single-flow cell to prepare solution of 1.5 M V(II) (negative side) and 1.5 M VO2
+ (positive 

side) in 2 M H2SO4. Initially, 1 L of 1.5 M VO2+ was disposed within two reservoirs and the 

electrolytes were circulated through the cell with a peristaltic pump (Minipuls 3, Gilson), where 

oxidation and reduction respectively occur on the positive and the negative side. The 

electrolysis was performed at a constant cell potential of 1.6 V. The flow-cell was made of 

carbon felt electrodes (SGL GFD 5) and copper current collectors with a geometric surface area 

of around 550 cm2. The membrane was of anion-exchange type (Fumatech 375-PP). These 

solutions were used for the preparation of all the other vanadium electrolytes. 

4.2.3 Instrumentation 
 

Electrochemical experiments were performed with an Autolab potentiostat PGSTAT204 

(Metrohm) and with an Autolab bipotentiostat PGSTAT302N (Metrohm) while using the RRD 

device. A Biologic HCP‐1005 (100A booster) was used for the electrolysis of the vanadium 

electrolyte. Hydrogen flows were recorded with a high-precision hydrogen thermal mass flow 

meter (Red-y smart meter GSM, ±1% accuracy) purchased from Vögtlin Instruments. SEM 

images were performed with a Teneo SEM (FEI, USA) equipped with a Schottky field emission 

gun. Secondary electron detection was carried out with an Everhart–Thornley detector and an 

in-lens detector. Optical imaging was conducted with a Keyence model VK-8710 Color 3D 

laser scanning microscopy. UV-vis measurements were performed with an Ocean Optics 

FLAME-S spectrometer. 
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4.2.4 Mo2C film preparation 
 

The RRD device consisted of a rotating ring-disk electrode (purchased from Metrohm) 

including a glassy-carbon disk and a platinum ring (disk diameter = 5 mm, gap between disk 

and ring = 0.375 mm, ring thickness = 0.375 mm, theoretical collection efficiency = 24.9%, 

thread = M4, shaft material: PEEK). The RRD electrode was first mechanically polished with 

1 and 0.05 μm aluminium oxide (Al2O3, 1.0 µm, purchased from Buehler) on 8’’ microcloth 

PSA 10/PK (Buehler) and sonicated for 3 minutes in a solution of water:isopropanol (50:50). 

For the preparation of the Mo2C film, 6 μL of an ink of the electrocatalyst in N,N-

dimethylformamide (30 mgꞏL–1) was dropcasted on the glassy carbon of the GC-Pt RRD device 

(Glassy Carbon-Platinum Rotating Ring Disk) at a spinning rate of 300 rpm (catalyst loading 

of 5.97 mgꞏcm–2). The solvent was then evaporated at 10 mbar for 3 minutes. A 4 mm diameter 

circular pattern was used to avoid leak of the catalyst ink on the platinum ring. To enhance the 

stability, the Mo2C film was covered with 25 μL of a solution of Nafion (2% wt in dry ethanol), 

evaporated at 10 mbar for 3 minutes.  

An electrochemical benchmarking protocol was followed to characterize the Mo2C film, 

especially the surface area, the catalytic activity and the stability of the film.32  

4.2.5 Kinetic study in transient conditions 
 

To determine the dependence of the overall rate of the hydrogen generation reaction with the 

state-of-charge of the vanadium redox electrolyte, the concentration of V2+ and the amount of 

electrocatalyst, the chemical oxidation of various electrolyte solutions (Appendix IV-1) was 

studied by monitoring the hydrogen production flow. The chemical oxidations were performed 

in a 100 mL stirred-chemical reactor (Schott bottle) connected with PVDF tubing to a hydrogen 

flowmeter (5 mLꞏmin–1 and 648 mLꞏmin–1). The rate of reaction was measured according to: 

 𝑟 ൌ  
ୢ௡ౄమ
ୢ௧

ൌ  
ఘ ௏ሶౄమ
ெౄమ

     (Eq. 4.3) 

where 𝜌 is the volumetric mass density of hydrogen (gꞏL–1), 𝑉ሶୌమis the volumetric flow of 

hydrogen (molꞏL–1), and 𝑀ୌమ is the molar mass of hydrogen (gꞏmol–1). For every experiment, 

the system was first purged with hydrogen and the sealing of the apparatus was checked with a 

gas leak detector. The catalyst powder was first well-dispersed in 2 M aqueous H2SO4. The 

reaction was triggered by adding the vanadium electrolyte. The chemical reactor was kept under 
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stirring using a magnet (500 rpm). For the conversion study, 50 mL of V2+/V3+ (1.44 M in 2 M 

H2SO4, SOC= 85%) were oxidized on 25 ± 1 mg of molybdenum carbide mesh (powder ≤ 45 

µm). To monitor the state of charge of the solution, samples were collected during the chemical 

oxidation and analysed by UV-vis spectroscopy in a 1 mm quartz cuvette. A filter (Xtra H-

PTFE-20/25 purchased from Chromafil, 20 µm pore size) was used for the sampling to remove 

particles of Mo2C. The UV-vis calibration curve was performed for absorbance (A) at 

wavelength (λ) of 400 nm for 1.44 M V2+/V3+ in 2 M H2SO4 electrolyte solutions (SOC ranging 

from 20% to 100%). The background was adjusted using the isosbestic point at λ = 725 nm 

(A=0.25) (Appendix IV-2).  

4.2.6 Kinetic study in steady-state conditions 
 

All the RRD kinetic experiments at steady-state conditions were performed in an inert 

atmosphere at 20°C. The collection efficiency of H2 produced on the disk and collected on the 

ring was determined electrochemically with the GC-Pt RRD (covered with a Nafion layer 25 

μL of 2% wt in dry ethanol) in a solution of 2 M aqueous H2SO4 at rotating speed of 2000 rpm. 

Chronoamperometry experiments were performed at different potentials comprised between –

0.24 V and –0.29 V vs. SHE, while linear sweep voltammetry was performed at the ring from 

0.1 V to 1.2 V vs. SHE with a scan rate of 50 mVꞏs–1. The anodic current at 0.2 V vs. SHE was 

plotted as a function of the resulting cathodic current on the disk, with the slope indicating the 

collection efficiency.  

The rate of reaction (Eq. 4.1) was studied for various vanadium solutions in 2 M H2SO4: 150 

mM V2+/V3+ (15%, 25%, 35%, 45%, 55%, 65%, 75), 300 mM V2+/V3+ (15%, 25%, 35%, 45%, 

55%). After purging the electrolyte with Argon, the Mo2C film RRD was immersed at a rotation 

rate of 2000 rpm and the platinum was linearly polarized from –0.1 V to 1 V vs. Ag|AgCl (sat. 

KCl) with a scan rate of 50 mVꞏs–1. Blank measurements were performed using the GC-Pt RRD 

electrode covered with Nafion to quantify the background signal due to V2+ oxidation on the 

platinum ring. The dependence of protons on the reaction was also evaluated by studying the 

reaction rate for 300 mM V2+/V3+ (SOC= 35%) in various concentrations of H2SO4 (1000 mM, 

1500 mM, 2000 mM).  
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4.3 Theoretical basis 
 

In a redox-mediated process (Eq. 4.1), two distinct electron transfer reactions take place on a 

solid electrocatalyst particle, here the oxidation of V2+ (Eq. 4.4) and the reduction of protons 

(Eq. 4.5),22 and the role of the solid electrocatalysts is to cope with the different number of 

electrons for the two half-reactions: 

2 3V Vcat,ak e         (Eq. 4.4) 

22H 2 Hcat,cke        (Eq. 4.5) 

where kcat,a is the rate constant of the anodic half-cell reaction and kcat,c is the rate constant of 

the cathodic half-cell reaction. Both half-cell reactions occur simultaneously and the 

electrocatalyst plays the role of a conductor of electrons that are supplied by the oxidation of 

V2+ and drawn by the reduction of the protons.  

According to this reaction scheme, the rate law of the reaction of interest (Eq. 4.1) would be 

governed by the slowest step between the two half-cell reactions (rate-determining step). In 

terms of energy levels, the driving force of the mediated-electron transfer is set by the difference 

of the Fermi levels between the electrocatalytic material and that of the limiting redox couple 

determined by the Nernst equation. As shown in Figure 4.2, if the two-half reactions occur at 

different rates, the Fermi level of the catalyst particles equilibrates with the Fermi level of the 

electron in solution for the fastest redox couple.  

As both half-reactions occur in the same potential range (𝐸୚యశ/୚మశ
଴ = –0.26 V vs. SHE, 𝐸ୌశ/ୌమ

଴ = 

0 V vs. SHE) on the Mo2C electrocatalyst, it is difficult to isolate the kinetic parameters for each 

half-reaction using classical electrochemical methodologies (e.g. Butler-Volmer).  

Considering the large excess of protons (due to the low solubility and stability of V2+ and V3+ 

redox species at low pH33) composing the commercial vanadium electrolyte (⁓1.6 M V in 2M  

H2SO4)  and the high activity of Mo2C for HER30, we assume that the half-reaction of V2+ 

oxidation is the rate-determining step and the mediated electron transfer follows the reaction 

scheme described in Figure 4.2-B. In other words, the overall reaction (Eq. 4.1) is pseudo-first 

order with respect to V2+. Indeed, the oxidation of V2+ involves quite a solvent re-organization 

energy slowing down the electron transfer rate. 
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Figure 4.2 Fermi levels for the vanadium-assisted hydrogen evolution diagram over Mo2C catalyst. (A) 
The proton reduction is the rate determining step, the Fermi level in the particle is fixed by the Nernst 
potential of V3+/V2+ couple. (B) The oxidation of V2+ is the rate determining step, the Fermi level in the 
particle is fixed by the Fermi level of the electron in solution for the proton hydrogen reaction, i.e. by 
the Nernst potential of the proton/hydrogen reaction. Please note the axis for energy, lower energy on 
top, higher energy below. 

Thereafter, the oxidation of V2+ (Eq. 4.4) is postulated to occur according to the following 

elementary steps:34 

1

1

2 2 ,*V V
k

k

        (Eq. 4.6) 

22 ,* 3 ,*V Vk e         (Eq. 4.7) 

where * represents the catalytic active sites on the Mo2C particles, k1, k–1, k2 are respectively 

the kinetic rate constants of the adsorption step, the desorption step and the electrochemical 

half-cell reaction of the adsorbed reactant (oxidation of V2+,*). We assume that the adsorption 

equilibrium constant of H+ remains constant due to the excess of protons in solution and the 

low solubility of H2 (no accumulation). Thereby, the rate law of the reaction of interest (Eq. 4.1)  

is governed by the kinetic of the oxidation of V2+ at the catalytic surface (unimolecular surface 

reaction):34,35 

2cat,a V2 [*]v k        (Eq. 4.8) 

Where vcat,a is the overall reaction rate, 𝜃୚మశ is the fractional surface coverage (fraction of 

occupied sites = [ Vଶା,∗]/ ሾ∗ሿ) and ሾ∗ሿ is the concentration of all active sites (occupied or not). 

Furthermore, the irreversible one-electron redox process of (Eq. 4.7) (oxidation of V2+,*) is 

governed by the Butler-Volmer model and k2 can be written as follows:36,37 
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( )
0

2 2

eqF E E

RTk k e
 

      (Eq. 4.9) 

where k2
0 is the pre-exponential factor, α is the dimensionless charge transfer coefficient of the 

anodic reaction for the redox couple V3+/V2+, F is the Faraday constant (96’485 Cꞏmol–1), R is 

the ideal gas constant (8.314 Jꞏmol⁻¹ꞏK⁻¹), T is the temperature (K) and E–Eeq is the 

overpotential () given by the difference between the Fermi level of the electrons in the 

electrocatalyst and the Fermi level of the electrons in solution associated to the redox couple 

V3+/V2+ (i.e. Nernst potential). The overpotential generated at the electrocatalyst surface in 

(Eq. 4.9) is then the difference between the catalyst particle Fermi level (close to the equilibrium 

potential of H+/H2, 𝐸ୌశ/ୌమ) and the equilibrium potential generated by the redox couple V3+/V2+ 

in solution: 

3 2
2

3

2H /H V /V

[V ]
ln

[V ]eq

RT
E E E E

F
  




       (Eq. 4.10) 

where [V2+] and [V3+] are the molar concentrations of V2+ and V3+ (molꞏL–1).  

All in all, the Mo2C microparticles behave as an electrode for which the potential is chemically 

set close to 0 V, and onto which V2+ is oxidized. (Eq. 4.10) is a key equation that reflects the 

importance of the redox-mediator potential in the kinetics. By analogy, the redox-mediator acts 

as a “liquid electrode” by accepting or giving electrons (electron donor in this particular case). 

By regrouping all the terms that are independent of the state-of-charge (SOC = [V2+]/ 

([V2+]+[V3+])) of the solution, in the pre-exponential factor (k2
0), we can express 𝑘ଶ as follows:  

 

3

3 2 RHE 2V /V
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F RT
E E

RT Fk k e A A
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  
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 



          
  (Eq. 4.11) 

where A is a kinetic factor that is temperature-dependent. 

Then, if we apply the steady-state approximation to the intermediate V2+,∗, we have: 
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     (Eq. 4.13) 

From this point, we can then distinguish two cases:  
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1) Limiting step: redox reaction of the adsorbed reactant (k2 << k1[V2+], k–1) 
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   (Eq. 4.14) 

2) Limiting step: adsorption/desorption (k2 >> k1[V2+], k–1) 

' 2 '
, 1[V ] [ ]  with ,  1cat av k k k        (Eq. 4.15) 

Herein, we assume that the state-of-charge of the electrolyte would influence the kinetics of the 

overall rate of reaction (Eq. 4.1) and thus the rate law has to be governed by the oxidation of 

the adsorbed V2+ (Eq. 4.7). From the expression of k2 described in (Eq. 4.11), the general rate 

law governing the reaction of interest (Eq. 4.1) can be expressed as follow: 

2SOC
[V ] [ ]

1 SOCrxn catv k


    
    (Eq. 4.16) 

Where kcat is the reaction rate constant of redox-mediated process (Eq. 4.1) and γ is the 

associated reaction order with respect to [V2+].  

 

4.4 Results and discussion 

4.4.1 Kinetic experiments in transient conditions 

 
A classical method to determine the kinetic parameters of the rate law consists in measuring the 

reaction rate by varying one kinetic parameter while keeping the others in large excess. At low 

pH, if the oxidation of V2+ is the rate-determining step, the kinetic of the overall reaction should 

be sensitive to the SOC of the vanadium electrolyte, the concentration of V2+ and the 

electrocatalyst load. Thus, the rate of reaction (vrxn) was studied as a function of each kinetic 

parameters to determine the respective orders of reaction. The chemical oxidation of various 

V2+/V3+ solutions in 2 M H2SO4 over Mo2C were carried out in a stirred-tank reactor at room 

temperature by monitoring the hydrogen production with a flowmeter. The electrolytes were 

formulated in a way to maintain the same volume at the expense of the total vanadium 

concentration in order to ensure, within the reactor, both constant stirring and headspace 

(Appendix IV-1). The reactor was purged with hydrogen gas before triggering the reaction in 

the bulk. The initial flow rate was considered to calculate the various reaction orders. Figure 



Chapter IV: Kinetic model of redox-mediated hydrogen production 

 

99 
 

4.3 shows the dependence of the overall rate of reaction (Eq. 4.1) as a function of the 

concentration of V2+ (Figure 4.3-A), the SOC (Figure 4.3-B) and the mass of catalyst (Figure 

4.3-C). The recorded hydrogen flowrate profiles along the chemical oxidation are available in 

the Appendix IV-1. 

To determine the dependence of the overall rate on V2+ concentration, several electrolytes were 

prepared (0.025-0.50 M V2+, 0.025-0.5 M V3+, 2 M H2SO4) and chemically oxidized over 50 ± 

1 mg of Mo2C. In order to minimize the variation of the initial equilibrium potential of the 

electrolytes, the solutions were prepared by maintaining the state-of-charge at 0.5 ([V2+]=[V3+]). 

As shown in Figure 4.3-A, an apparent reaction order of γ ≈ 1 was observed, which is the order 

expected for a one-electron transfer reaction with respect to the interfacial concentration of the 

adsorbed reactant (V2+,*). The first-order dependence of overall reaction rate on V2+ is in 

agreement with the kinetic rate law proposed in (Eq. 4.16), with a dependence of krxn on the 

adsorption/desorption equilibrium. Then, the sensitivity of the reaction rate with the state-of-

charge of the solution was evaluated by studying the chemical discharges over 50 ± 1 mg of 

Mo2C electrocatalyst of various electrolyte solutions (0.15 M V2+, 0.015-1.35 M V3+, 2 M 

H2SO4) at SOC ranging from 20 to 90%. As shown in Figure 4.3-B, an apparent kinetic factor 

of α ≈ 0.57 was observed. The value is very close to the charge transfer coefficient reported in 

the literature38 consolidating the hypothesis that the mediated electron transfer process is driven 

by the difference between the Fermi level of the Mo2C electrocatalytic particles and that of the 

limiting redox couple potential V2+/V3+. Finally, the chemical oxidations of vanadium 

electrolyte solutions (0.375 M V2+, 0.375 M V3+, 2 M H2SO4) on various load of electrocatalyst 

ranging from 3 to 50 mg were carried out. As shown in Figure 4.3-C, an apparent exponential 

factor of 1 was extracted from the experimental data as predicted by the kinetic rate law. The 

results obtained under transient conditions reveal that the kinetic of the reaction (Eq. 4.1) fits 

well with the reaction scheme described in the kinetic model section.  
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Figure 4.3 Dependence of the overall rate of reaction as a function of the kinetic parameters: (A) ln(vrxn) 
vs. ln(cV

2+) plot (B) ln(vrxn) vs. ln(SOC/(1–SOC)) (C) ln(vrxn) vs. ln(m(Mo2C)). The slopes indicate the 
respective orders of reaction. 

 

4.4.2 Kinetic experiments in steady-state conditions 
4.4.2.1 Description of the RRD method 

 
To validate the results obtained under transient conditions, we have developed a method using 

a rotating ring disk device to study the kinetic of the mediated electron transfer reaction in 

steady-state conditions under diffusion-controlled regime.  

The approach consists in preparing a Mo2C film-Pt RRD device by drop casting a catalyst ink 

on a commercial polished glassy carbon disk RRD electrode, but not connected to a 

potentiostat (Figure 4.5). It is important to notice that in the film, the Mo2C microparticles do 

not need to be in electrical contact to each other, as each microparticle acts as an electrocatalyst. 

Next, we covered the Mo2C film with a Nafion layer to enhance the short-term stability of the 

electrocatalytic surface. The Nafion layer was observed to be homogeneous with a thickness of 

⁓1.5 µm. As depicted in Figure 4.4, while the bare electrode or the Mo2C film is covered with 

a thin pure Nafion layer (where the diffusion layer of reacting species is smaller than that in the 

solutions), we keep a steady-state diffusion-controlled current with the thickness of the 

diffusion layer equal to the thickness of the membrane layer.30 
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Figure 4.4 Linear sweep voltammetry between –0.2 to 1 V vs. Ag|AgCl (sat. KCl) on the ring while 
the disk potential is kept at –0.4 V vs. Ag|AgCl (sat. KCl) in presence and without Nafion. 

 

The Mo2C film-Pt RRD device is then immersed in the vanadium electrolyte (redox-mediator) 

to spontaneously trigger the mediated-electron transfer in the Mo2C film. Under rotation, the 

hydrogen produced (Eq. 4.1) is circulated in a laminar flow from the electrocatalytic film to the 

platinum ring, where the potential is swept from 0.1 V to 1.2 V vs. SHE to oxidize back the 

hydrogen generated from the disk:  

2

0
2 (H /H )

H 2H 2 0 V . E    SHe E vs
      (Eq. 4.17) 

The resulting anodic signal at 0.2 V vs. SHE can be analysed to quantify the overall rate of the 

reaction occurring in the film according to the following equation: 

ring
rxn

I
v

n F CE


 
    (Eq. 4.18) 

where Iring is the anodic current recorded on the ring at 0.2 V vs. SHE (A), n is the number of 

electrons involved in the electrochemical reaction, F is the Faraday constant (96’485 Cꞏmol–1) 

and CE is the experimental collection efficiency of the RRD device. The background current 

generated by the simultaneous V2+ oxidation on the ring was subtracted by carrying out blank 

experiments in the same conditions in the absence of the electrocatalyst. The interest of the 

method is to evaluate the kinetic of the mediated electron process under well-established steady-
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state conditions and a constant catalytic activity in a controlled-diffusion regime. This improves 

considerably the control on the mass-transfer and kinetic parameters of the reaction. 

Furthermore, the activity, the surface and the stability of the electrocatalyst film can be precisely 

determined using electrochemical voltammetry. 

 

Figure 4.5 Schematic of the rotating ring disk device methodology used to study the kinetic of 
heterogeneous catalytic mediated-electron process at steady-state conditions. 

 

4.4.2.2 Electrochemical characterization of Mo2C film 

 
Discrepancies of the activity of Mo2C electrocatalyst towards HER were reported in the 

literature because of different catalyst sources and/or method preparation.39–41 In this chapter, a 

benchmarking protocol was followed to characterize the Mo2C film, especially the surface area, 

the catalytic activity and the stability of the electrode.42 As comparison, the electrocatalytic 

performance of the Pt and the GC electrodes were also investigated. All the measurements were 

performed in a three-electrode cell set-up equipped with the working electrodes (GC, Pt or 

Mo2C film), an Ag|AgCl (sat. KCl) reference electrode and a carbon felt counter electrode. The 

analyte was purged with Argon for 30 minutes prior to each set of experiments to remove 
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dissolved oxygen. All the experiments were carried out in aqueous acidic media (1M aqueous 

H2SO4, pH=0) at a rotation rate of 2000 rpm. 

The electrode surface area was estimated from the electrochemical double-layer capacitance 

(Cdl) and the specific capacitance of the electrode (Cs): 

Surface area  dl

s

C

C
      (Eq. 4.19) 

The double-layer capacitance of the catalytic surface was estimated using cyclic voltammetry 

(CV). Based on the CV measurements, the electrochemical capacitance was calculated from the 

dependence between the scan-rate and the non-faradaic current associated to the double-layer 

charging according to the following equation: 

nf dlI v C       (Eq. 4.20) 

where Inf is the non-faradaic current (A) and 𝜈 is the scan rate (Vꞏs–1). 

Surface area 

The surface area of each electrode was determined by carrying out cyclic voltammetry (CV) in 

a 0.1 V potential window centered on the open-circuit potential (OCP) (non-faradaic region). 

The CVs were conducted at 500 rpm for seven different scan rates: 0.05 Vꞏs–1, 0.10 Vꞏs–1, 0.20 

Vꞏs–1, 0.30 Vꞏs–1, 0.40 Vꞏs–1, 0.50 Vꞏs–1, 0.60 Vꞏs–1. The working electrode was held at each 

starting potential for 15 s before beginning a linear sweep polarization (LSV). The cyclic 

voltammograms were performed in the vicinity of the open-circuit potential for the GC, the Pt 

and the Mo2C film electrodes and the resulting non-faradaic currents at the OCP value were 

plotted as a function of the scan rate (Figure 4.6), with the slopes revealing the double layer 

capacitance. The electrochemical double layer capacitance was measured to be 4.25 µF for the 

glassy carbon electrode, 3.77 µF for the Pt electrode and 20.7 µF for the Mo2C film electrode. 

Using Cs = 0.035 mFꞏcm–2 as a general specific capacitance in 1M H2SO4,42 we estimated the 

catalytic surface area to 0.11, 0.12 and 0.59 cm2 for the Pt, GC, and Mo2C film electrodes, 

respectively. The surface area measured for the Mo2C film was significantly larger due to the 

high porosity of the drop casted surface. 
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Figure 4.6 (A) Cyclic voltammograms at scan-rate comprised between 0.05 to 0.6 Vꞏs–1 in the following 
potential range: [OCP – 0.05 V, OCP + 0.05 V]. (B) Plots of the non-faradaic current measured at the 
OCP in function of the scan-rate for glassy carbon (black), platinum (yellow) and Mo2C film (blue). 

 

Mo2C film catalytic activity 

The catalytic activity of the Mo2C film, Pt and GC electrodes towards HER was investigated in 

1 M H2SO4 by LSV-based and EIS-based Tafel slopes analysis. Figure 4.7-A and Figure 4.7-C 

compare the polarization curves (LSV, scan rate of 0.005 Vꞏs–1) and the corresponding Tafel 

slopes for each electrocatalytic surface. In agreement with previous reports, Pt and GC electrode 

respectively exhibited polarization curve with onset overpotential of  ⁓ 0 mV and ⁓ – 400 mV 

and a Tafel slope around 35 mVꞏdec–1 and 169 mVꞏdec–1.43,44 After drop-casting the commercial 

Mo2C (β-form, hcp structure) on the glassy carbon disc (negligible activity towards HER in the 

vanadium solution), the onset potential was lowered to ⁓ –150 mV and a Tafel slope around 93 

mVꞏdec–1 was measured. Previous studies on Mo2C electrocatalyst reported Tafel slope varying 

from 55 mVꞏdec–1 to 120 mVꞏdec–1, suggesting that hydrogen evolution on Mo2C goes through 

a Volmer-Heyrovsky mechanism with the rate determining step that can be either the Volmer 

step or the Heyrovsky step.30,45–49 L. Ma et al. believes that the discrepancy between the reported 

Tafel slope for Mo2C is related to the size of the catalytic particles that can differ substantially 

according to the electrode preparation.47 To corroborate those results, electrochemical 

impedance spectroscopy (EIS) was performed for each electrode from 100 kHz to 1 Hz at 

selected potentials in the onset potential region of the studied electrode with a single modulated 

AC potential of 10 mV. Experimental data was fitted with the software Matlab™ (version 



Chapter IV: Kinetic model of redox-mediated hydrogen production 

 

105 
 

R2018a). Figure 4.7-B shows the recorded Nyquist plot for each electrode. In the case of GC 

and Pt, the Nyquist plot revealed the presence of a single semi-circle for each overpotential. A 

two-time constant model including a resistance Rs (representing the resistance between the 

reference and the working electrode) in series with a parallel constant phase element-resistance 

(CPE-R) representing the charge transfer resistance of the studied chemical reaction (HER) was 

used to fit the experimental data (Figure 4.8-A). For the Mo2C film, the presence of a second 

semi-circle at high frequencies was observed, probably accounting for the surface porosity of 

the electrode. In this particular case, an additional CPE-R was used to build the equivalent 

circuit (Figure 4.8-B) for the fitting. The mass transfer resistance was neglected as we carried 

out the experiments in a dynamic mode. Interestingly, an inductive loop was observed at low 

frequencies on the Nyquist plot for the GC and the Mo2C electrodes. This suggests that HER is 

going through Heyrovsky-Volmer mechanism with Heyrovsky step competing with Volmer 

step as the RDS.50 The Tafel slopes were extracted by plotting the overpotential as a function 

of log(Rct
–1) (Figure 4.7-D) and were comparable to the values measured from the polarization 

curves, confirming the reasonable electrocatalytic activity of the Mo2C film electrode toward 

HER. 

 

Figure 4.7 (A) Polarization curves in 1 M H2SO4 for GC (black), Pt (yellow) and Mo2C film (blue) at a 
scan rate of 5 mVꞏs–1 and a rotation speed of 3000 rpm. The reported potentials are corrected for the iR-
drop. (B) Nyquist plot resulting from EIS experiments at selected overpotential and frequency ranging 
from 100 kHz to 100 mHz for each electrode at a rotation speed of 3000 rpm (C) Tafel slopes measured 
from LSV experiments (D) Tafel slopes measured from EIS experiments. 
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Figure 4.8 Equivalent circuits used for fitting the EIS data. (A) One CPE model used for Pt and GC 
electrode (B) two CPE model used for Mo2C electrode. 

 

Mo2C film stability 

Finally, the short-term stability of the catalyst layer against bubbles formation was examined 

by studying the evolution of the surface area (from CV) along successive 15 minutes controlled-

potential electrolysis at –0.2 V vs. SHE for 900 s. Figure 4.9 shows the resulting surface area 

values after five successive chronoamperometries. Without Nafion, the catalytic surface was 

observed to drop by a factor of 1.5 after the first controlled-current electrolysis and stabilized 

at surface area twice smaller than initially. While the electrode was covered with Nafion layer, 

no significant decrease of the surface area was observed along the experiments. The measured 

surface area varied within 15%, which we believe is a consequence of the bubbles trapped in 

the Nafion layer.  Table 4.1 compares the surface area and the catalytic performance for the Pt, 

GC and Mo2C film electrodes. 

Table 4.1 Summary of the catalytic parameters for Pt, GC and Mo2C film electrodes investigated in 1 
M H2SO4. 

 

 
Geometrical 

Surface Area /cm2 
Surface area 

(CV) /cm2 
ηonset 

/mV 
η 10mAꞏcm

-2 

/mV 

Tafel slope 
/mVꞏdec–1 

(LSV) 

Tafel slope 
/mVꞏdec–1 

(EIS) 

Pt 0.20 0.11 ≈ 0 12 35 38 

GC 0.20 0.12 ≈ 400 640 169 161 
Mo2C film 

(β-form) 
0.20 0.59 ≈ 150 310 93 87 
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Figure 4.9 Surface area values after successive chronoamperometries for 15 minutes at controlled-
potential electrolysis of –0.4 V vs. Ag|AgCl (sat. KCl) with and without Nafion. 

 

4.4.2.3 Kinetic study 

 
Steady-state RRD kinetic experiments were carried out on two different sets of vanadium 

electrolyte solutions in 2 M H2SO4: 150 mM V2+/V3+ (15%, 25%, 35%, 45%, 55%, 65%, and 

75%), 300 mM V2+/V3+ (15%, 25%, 35%, 45%, and 55%). We prepared and characterized the 

Mo2C film before every experiment to ensure the performance and the stability of the catalytic 

layer following an electrochemical benchmarking protocol.32 The collection efficiency was 

measured to about 8% compared to a maximum theoretical value of 24.9% (Appendix IV-2). 

The difference between the experimental and the theoretical collection efficiency was due to 

the presence of Nafion hindering an optimal flow from the disk to the ring (e.g. bubble fouling). 

For every solution, blank measurements were performed using a GC-Pt (Glassy Carbon-

Platinum) RRD device with the disc covered with Nafion but in the absence of Mo2C in order 

to subtract the background signal due to V2+ oxidation on the platinum ring. All the anodic LSV 

recorded on the ring are available in Figure 4.10. 
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Figure 4.10 Recorded LSV on the ring during RRD measurements for solution of (A) 150 mM V2+/V3+ 
solution and (B) 300 mM V2+/V3+ solution. 

 

The resulting rates of reaction were measured using (Eq. 4.18) for each electrolyte solution and 

are shown in Figure 4.11 as a function of both the concentration of V2+ and the state-of-charge 

of the electrolyte. An apparent kinetic constant, kapp, was calculated using the proposed kinetic 

law with the exponential factors previously found, 

0.57
2

rxn app

SOC
V

1– SOC
v k         

         (Eq. 4.21) 

and was found to be 4.56ꞏ10–7 Lꞏs–1 for 150 mM V3+/V2+ solutions and 1.48ꞏ10–6 Lꞏs–1 for the 

300 mM V3+/V2+ solutions. The experimental variations may result from changes in rheological 

properties between two sets of experiments that may affect the collection efficiency. Since it 

was not possible to evaluate CE in presence of V2+, the one measured in 2 M H2SO4 was 

considered for all the calculations.  

To compare the experimental data, we drew in the Figure 4.11 the mathematical representation 

of the kinetic rate law (Eq. 4.16). In this model estimation, we used the kinetic parameters found 

with the transient experiments (α= 0.57, γ=1) and an average value of the apparent kinetic rate 

constant was considered ( appk =9.69ꞏ10–7 Lꞏs–1) to normalize the experimental data and correct 

the uncertainty on the collection efficiency. Figure 4.11 illustrates the good agreement of the 

model predictions with the RRD experimental data and demonstrates the applicability of the 

rate law established in this chapter governing the kinetic of the redox-mediated hydrogen 

production (Eq. 4.1). 
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Figure 4.11 Overall rate of reaction as a function of the concentration of V2+ and the state-of-charge of 
the vanadium electrolyte. (Blue grid) Mathematical predictions of the proposed model 

0.57
7 2

rxn

SOC
v  9.69ꞏ10  V

1 SOC
         

 (Red stem) Experimental data for 150 mM V2+/V3+ electrolyte solutions (2 

M H2SO4) (Black stem) Experimental data for 300 mM V2+/V3+ electrolyte solutions (2 M H2SO4). 

 (Inset plot) Plot of the natural logarithm of vrxn as a function of the natural logarithm of 
0.57

2SOC
 V

1 SOC
       

. 

 

Furthermore, Figure 4.12 reveals that the concentration of H+ does not affect the overall rate of 

reaction at sulfuric concentration above 1M. This confirms that the oxidation of V2+ is the rate 

determining step of the mediated electron process in this range of protons concentration. 
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Figure 4.12 Overall rate of reaction measured during the chemical discharge of 300 mM V2+/V3+ (SOC= 
35%) in various concentrations of H2SO4 (1000 mM, 1500 mM, 2000 mM). 

 

4.4.3 Conversion study 

 
In order to confirm the proposed kinetic rate law and to extend the validity range of the model, 

a conversion study was performed by discharging 1.44 M V3+/V2+ (SOC = 85%) electrolyte 

solution in 2 M H2SO4 over 25 ± 1 mg Mo2C. The reaction was studied by monitoring the 

flowrate of H2 produced (flowmeter) and the state-of-charge of the electrolyte (UV-vis). The 

variation of the protons concentration along the reaction was not considered. The production of 

hydrogen was recorded during 35 minutes before the detection limit (5 mLꞏmin–1) was reached 

(Figure 4.13-A) and the electrolyte state-of-charge was measured to about 20% (Figure 4.13-

A). The UV-vis calibration curve is available in Appendix IV-2.  

 

Figure 4.13 (A) Recorded rate of reaction during the conversion study using the flowmeter (B) UV-vis 
spectra of the sample take throughout the reaction of the conversion study. 
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Figure 4.14-A shows the experimental rates of reaction as a function of the SOC and the 

concentration of V2+. The model-predicted rates of reaction were plotted using equation 

(Eq. 4.21).  Figure 4.14-B illustrates the evolution of V2+ concentration throughout the reaction. 

To plot the model-predicted evolution of V2+ concentration during the reaction, the following 

differential equation was solved: 

2 2 2

tot 2

0.57

V V V
rxn app

V V

1

2  

n n n
v

t V
k

n n

  



   
           

    (Eq. 4.22) 

The volume of the reactor was considered to remain constant during the reaction (V=50 mL). 

The apparent kinetic rate constant, kapp, was calculated to 2.23ꞏ10–5 Lꞏs–1 by fitting to the first 

recorded experimental data (at t=3 min). The net increase of the measured apparent kinetic rate 

constant (compared to the values measured for RRD experiments) is due to a change of the 

electrocatalytic surface. In absence of the Nafion layer, the surface diffusion of reactants 

increases resulting in an increase of the apparent kinetic rate constant. The good agreement 

between the kinetic model and the experimental data corroborates the rate law suggested in this 

chapter, in which the kinetics is governed by the rate of the oxidation of the adsorbed V2+ on 

Mo2C.  

 

Figure 4.14 (A) Plot of overall reaction rate as a function of 2SOC
V

1 SOC
       

 (B) Plot of the 

concentration of V2+ as a function of the reaction time. (Black line) Mathematical predictions from the 
established kinetic model (Red dot) Experimental data. 
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4.4.4 Model prediction for the production of hydrogen in a semi-batch 
reactor 

 
The kinetic model was used to predict the production of hydrogen and determine the optimal 

conditions to discharge 1 L of a commercial vanadium electrolyte (1.6 M V3+/V2+, 2 M H2SO4). 

The process simulations were conducted in an isothermal semi-batch heterogeneous reactor 

(1 L) for the chemical discharge of the electrolyte. The reactor includes an outlet for extracting 

hydrogen flow in order to keep the pressure constant (Figure 4.15-A). The load of 

electrocatalyst was fixed at 0.1% w/v and the reaction was conducted at 20°C and 1 bar. At the 

end of the discharge, the electrolyte was flowed through an electrolyser unit where the 

electrolyte was charged back at a constant current of 20 A (Figure 4.15-A). On the basis of the 

previous experiments, the kinetic parameters implemented in the simulation were α = 0.57, γ = 

1 and kapp = 8.91ꞏ10–4 Lꞏs–1 (for 1g of electrocatalyst). The process simulations were performed 

with Matlab™ (version R2018a). 

Figure 4.15-B predicts the time profile for the hydrogen generated in a semi-batch reactor for 

different initial SOCs comprised between 0.2 to 0.9. As expected, the production rate of 

hydrogen increases with the increase of SOC. Since the amount of V2+ fed to the reactor is 

larger at higher SOC, the total amount of hydrogen produced for a given conversion increases. 

The energy required to charge back the electrolyte is then proportional to the amount of V3+ 

that need to be reduced back, and thus to the time of electrolysis. Consequently, it becomes 

relevant to evaluate the optimal SOC to complete efficiently the reaction in terms of time and 

energy consumption. Figure 4.15-C compares the cycle time (discharge + charge) for various 

hydrogen demand ranging from 0.1 to 0.6 mol per cycle as a function of the initial SOC of the 

electrolyte. For a given hydrogen demand per cycle, the discharging time depends on the initial 

SOC of the electrolyte, but the charging time remains constant. The results of the simulation 

show that the cycle time decreases when the reaction is conducted at high SOCs for a given 

hydrogen demand. Each curve reveals a vertical asymptote corresponding to the minimum value 

of initial SOC required to enable the generation of the desired amount of hydrogen. 

Interestingly, a threshold value for the initial SOC can be extracted at the maximum curvature 

of the curve.  Below this value, the process becomes time-consuming and not optimal for an 

efficient production of hydrogen. 
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Figure 4.15 A. Schematic of the process used for the simulations including a heterogeneous semibatch 
reactor (1) to carry out the chemical discharge and an electochemical cell (20 A), (2) to electrolyse back 
the electrolyte. B. Predictions of the time profile for the produced hydrogen during the discharge of 
various electrolyte (1.6 M V3+/V2+, 2 M H2SO4) with SOC ranging from 0.2 to 0.9. C. Predictions of the 
cycle time (charge + discharge) as a function of the initial SOC of the electrolyte for various demand in 
hydrogen per cycle. 

 

4.5 Conclusion 
 

The reaction kinetics of the hydrogen evolution reaction through the chemical oxidation of V2+ 

on a commercial Mo2C (β-form, hcp structure)22,30 electrocatalyst was studied. Considering that 

the overall rate of reaction was determined by the rate of the oxidation of the adsorbed V2+ onto 

V3+ on the electrocatalyst, we established a kinetic rate law depending on the state-of-charge of 

the vanadium electrolyte, the concentration of V2+ and the amount of catalytic site. The 

corresponding reaction orders were determined by examining the dependence of the overall rate 

of reaction while varying one kinetic parameter and keeping the others in excess. A first order 

dependence was observed on the concentration of V2+ and on the catalyst load. Then, we 

determined an exponential factor of 0.57 on the ratio V2+/V3+, which is in accordance with the 

expected charge transfer coefficient of the redox couple V3+/V2+.   
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In order to validate the proposed kinetic model, measurements of the reaction rates at steady-

state conditions were carried out using an adapted RRD method. The approach consists in 

immersing a rotating Mo2C film deposited on a non-electrically connected glassy carbon disc - 

Pt ring electrode in the vanadium electrolyte in a dynamic mode. The resulting hydrogen 

produced is flowed radially and oxidized back on the platinum ring. The overall rate of reaction 

is related to the recorded signal and depends on the collection efficiency of the apparatus. The 

Mo2C film-Pt device was prepared by drop casting a catalyst ink on a commercial GC-Pt RRD 

and recovering the electrically isolated disc with a Nafion layer. The Mo2C film was fully 

characterized by studying the stability, the activity and the electrochemical active surface area 

of the catalytic layer by electrochemical measurements. The kinetic experiments were carried 

out for 150 mM and 300 mM V3+/V2+ electrolyte solutions in 2 M H2SO4 at SOC ranging from 

15 to 75%. The apparent kinetic rate constant was adjusted to 9.69ꞏ10–7 Lꞏs–1 to fit the 

experimental data. A good agreement was observed between the model-predicted and 

experimentally measured rates of reaction. 

To further validate the kinetic model, the chemical oxidation of a 1.44 M V2+/V3+ in 2 M H2SO4 

was completed in a stirred tank reactor. The reaction was followed by monitoring both the 

hydrogen flowrate and the SOC of the bulk electrolyte during the reaction. The strong 

agreement between the model and the experimental data suggests that the kinetic model 

proposed in this chapter is an efficient tool to predict the kinetic of the vanadium-assisted 

hydrogen evolution on Mo2C catalyst in high acidic conditions. Finally, process simulations 

were performed for an isothermal semi-batch reactor. The results of the simulations emphasize 

the optimal SOC to discharge efficiently the electrolyte for various demands in hydrogen. The 

ability to control the hydrogen production and to optimize the charging and discharging time is 

important for the reliability of the redox dual-flow battery to deal with the fluctuating nature of 

the electrical grid. 
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Appendix IV 

Appendix IV-1: Details of the kinetic experiments in transient conditions 

Table A4.1 Formulation of the electrolyte solutions for the study of the dependence of the overall rate 
of reaction with the concentration of V2+. 

 

Table A4.2 Formulation of the electrolyte solutions for the study of the dependence of the overall rate 
of reaction with state-of-charge. 

 

 

Table A4.3 Formulation of the electrolyte solutions for the study of the dependence of the overall rate 
of reaction with the amount of catalyst. 

 

 

[V2+] / M 
SOC / 

% 

1.5 M  V2+ 

(in 2M H2SO4) / 
mL 

1.5 M  V3+ 

(in 2M H2SO4) / 
mL 

2 M H2SO4 / 
mL 

Vtot / 
mL 

m(cat)/mg 

0.5 50 20.0 20.0 20 60 50 ± 1 
0.25 50 10.0 10.0 40 60 50 ± 1 

0.125 50 5.0 5.0 50 60 50 ± 1 
0.0625 50 2.5 2.5 55 60 50 ± 1 
0.025 50 1.0 1.0 58 60 50 ± 1 

[V2+] / M 
SOC / 

% 

1.5 M  V2+ 

(in 2M H2SO4) / 
mL 

1.5 M  V3+ 

(in 2M H2SO4) / 
mL 

2 M H2SO4 / 
mL 

Vtot / 
mL 

m(cat)/mg 

0.15 90 1 0.10 8.90 10 50 ± 1 
0.15 80 1 0.25 8.75 10 50 ± 1 
0.15 70 1 0.42 8.58 10 50 ± 1 
0.15 60 1 0.67 8.33 10 50 ± 1 
0.15 50 1 1.00 8.00 10 50 ± 1 
0.15 40 1 1.50 7.50 10 50 ± 1 
0.15 30 1 2.30 6.70 10 50 ± 1 
0.15 20 1 4.00 5.00 10 50 ± 1 
0.15 10 1 9.00 0.00 10 50 ± 1 

[V2+] / M 
SOC / 

% 

1.5 M  V2+ 

(in 2M H2SO4) / 
mL 

1.5 M  V3+ 

(in 2M H2SO4) / 
mL 

2 M H2SO4 / 
mL 

Vtot / 
mL 

m(cat)/mg 

0.375 50 5 5 10 20 25.0 ± 1 
0.375 50 5 5 10 20 12.5 ± 1 
0.375 50 5 5 10 20 6.0 ± 1 
0.375 50 5 5 10 20 3.0 ± 1 
0.375 50 5 5 10 20 1.5 ± 1 
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Figure A4.1 The recorded hydrogen flowrate profile throughout the chemical discharge for various V2+ 
concentration, state-of-charge (SOC) and catalyst load. 
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Appendix IV-2: Calibration curves  

 

Figure A4.2 Plot of the ring current as a function of the disk current with the slope indicating the 
collection efficiency of the Mo2C film-Pt RRD device. 

 

Figure A4.3 UV-vis spectra of 1.44 M V2+/V3+ solution in 2 M H2SO4 at SOC ranging from 20 to 100%. 
The background was normalized using the isosbestic point at 725 nm (Absorbance = 0.25). 
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Figure A4.4 Resulting calibration curve relating the state-of-charge of 1.44 M V2+/V3+ solution in 2 M 
H2SO4 with the absorbance at 600 nm. 

 

 



 

CHAPTER V 
 
Photonic flash synthesis of Mo2C electrocatalyst for the 
hydrogen evolution reaction 

The results presented in this chapter are adapted with permission from D. Reynard, B. Nagar, H. 

Girault, Photonic Flash Synthesis of Mo2C/Graphene Electrocatalyst for the Hydrogen Evolution 

Reaction, ACS Catalysis 2021, 11 (9), 5865-5872 DOI: 10.1021/acscatal.1c00770 © Copyright © 2021 

American Chemical Society. 

 

Abstract 

The present chapter aims to propose a fast and simple process for the fabrication of a Mo2C-

based electrocatalyst on carbon cloth substrate by photonic flash synthesis (PFS) from a 

MoO3/graphene precursor under ambient atmosphere. SEM, XRD, and XPS results reveals the 

successful thermal decomposition of molybdenum oxides into porous nanostructure of β-Mo2C 

after exposing the precursor material with a 575 V lamp flash for 4 successive pulses. As a 

result, the as-prepared Mo2C@575V-4p demonstrate a Tafel slope of 63 mVꞏdec–1 and a low 

overpotential of ~160 mV and ~230 mV to drive 10 mAꞏcm–2 and 50 mAꞏcm–2 in acidic media, 

respectively. Furthermore, high catalytic stability is observed, validating further the strategy for 

the design of the catalytic bed reactor of the redox dual-flow battery. 
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5.1 Introduction 
 

Transition metal carbides (TMCs) are known to have high thermal properties. The unique metal-

to-carbide bond (d-state density around the Fermi level) provides noble-metal-like catalytic 

properties drawing great interest for those low-cost materials, especially for catalyst 

applications.1,2 Among them, molybdenum carbide (Mo2C) exhibits excellent catalytic 

properties for various reactions including ammonia synthesis, hydrocarbon conversion and 

hydrogen evolution reaction (HER).1–5 

As most of the carbide compounds, Mo2C is not naturally present on Earth and must be 

synthesized. The choice of the preparation route can largely affect the electrocatalytic properties 

such as particle size, morphology, crystal structure and specific surface area.6,7 Traditionally, 

bulk Mo2C was prepared by carburization of the metal with a carbon source at high temperatures 

(>1000°C). This method is limited for catalyst preparation due to low purity and metal sintering 

minimizing the active surface area.3,8 Since 1980s, Boudart et al. developed the so-called 

temperature-programmed reduction (TPR) method in order to produce unsupported Mo2C 

electrocatalyst with a high-surface area (50-90 m2ꞏg–1).9 The method consists to react 

molybdenum oxide precursors (MoO3 or/and MoO2) with a gas carbon source (e.g. CH4, C2H6, 

C3H8, C4H10…) diluted in hydrogen atmosphere through a temperature-programmed process. 

Typically, the reaction occurs under 20% CH4/H2 (150 cm3/min) atmosphere with a temperature 

raising from 300°C and 700°C at a rate of 1°C/min, and keeps for 2h.10,11 However, TPR suffers 

from carbon-based deposition concerns inhibiting active sites, and the need for highly 

flammable gas atmosphere leads to safety concerns for industrial production.1,8 More recently, 

several carbo-thermal reduction processes using solid carbon-containing compound as carbon 

sources were reported, including active carbon,12,13 nano-structure14–20 or organics.21,22 Others 

processes were developed using liquid carbon source such as urea23,24 or carbon tetrabromide.25 

Besides conventional carbo-thermal reduction, new methods were reported using sono-

chemical synthesis,26 chemical-vapor deposition (CVD),27–30 microwave31,32 or plasma 

deposition.33 

To our knowledge, no synthetic protocol has been reported using photonic flash synthesis 

(PFS). PFS is based on the principle that (deep) colored materials/nanomaterials absorb light 

with specific wavelengths in the visible light spectrum causing increases in their temperature. 

In the process, an optimal (voltage, duration and frequency) pulse of white light is generated 

via a Xenon lamp causing a local rise of temperature to the exposed material (up to several 
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hundred of degrees Celsius) without affecting its surrounding. Since the pulse duration is 

generally in the few micro-milliseconds range, the cooling process is very fast, giving an 

advantage to be used over temperature sensitive substrates like polymer films such as PET. For 

this reason, photonic sintering is most commonly applied in printed electronics for curing of 

(nanomaterial-based) inks for flexible electronics.34 Photonic flashes have also been used for 

the synthesis of various nanoparticles over flexible electrodes,35–38 and even for reduction of 

oxygen groups from graphene to form conductive reduced graphene oxide in ambient 

atmosphere39,40 or for removal of binders from the carbon based inks.41 It is important to 

mention that PFS reactions include both oxidation as in the production of Prussian Blue42 and 

reduction reactions as in the production of metallic nanoparticles.35 

This chapter reports the photochemical synthesis of Mo2C nanoparticles electrocatalysts on a 

carbon material (carbon cloth with GDL) through thermal decomposition of MoO3/graphene 

precursor within few seconds under ambient atmosphere using photonic flashing technique. 

Carbon sources such as graphite, Vulcan carbon, activated carbon, carbon nanofiber, graphene 

etc. have been continuously used as the carbon source in the conventional carbothermal 

processes and as supports.43–46 Graphene is yet another sp2 hybridized carbon allotrope with 

exceptional conductivities and chemical and mechanical stabilities.47,48 Mildly edge oxidized 

graphene oxide sheets that are few micrometers in width were selected with the objective to 

have higher surface loading and facile carbide formation due to the presence of edge 

functionalities. The present chapter proposes a fast and safe two-step protocol to prepare 

efficiently Mo2C-based electrocatalyst towards HER (Figure 5.1).  

 

Figure 5.1 Schematic of the proposed synthetic pathway for the preparation of Mo2C-based 
electrocatalyst using photonic flash synthesis. 
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The as-prepared electrocatalyst was characterized by scanning electron microscopy (SEM), 

X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS) and electrochemical 

measurements. 

 

5.2 Experimental method 

5.2.1 Chemicals 
 

All reagents were commercially available and were used as supplied without further 

purification, Ammonium Molybdate tetrahydrate (NH4)6Mo7O24ꞏ4H2O (AHM), N-Methyl 

Pyrrolidine, Mildly edge-oxidized graphene nanosheets (EOGNs, 15–20 sheets, 4–10% edge-

oxidized, Sigma Aldrich) and Carbon Cloth with GDL (GoodFellow) and deionized water were 

used throughout the experiments. Sulfuric acid (H2SO4, 95–97%) was purchased from Merck 

and used without further purification. Molybdenum carbide (Mo2C, 99%, β-form, hcp structure) 

was purchased from Sigma Aldrich. 

5.2.2 Instrumentation 
 

All electrochemical measurements were performed with an Autolab potentiostat PGSTAT204 

(Metrohm). SEM images were performed with a Teneo SEM (FEI, USA) equipped with a 

Schottky field emission gun. Secondary electron detection was carried out with an Everhart–

Thornley detector and an in-lens detector. X-ray photoelectron spectroscopy (XPS) was 

conducted with a VersaProbe II from Physical Electronics. The X-ray diffraction patterns 

(XRD) were measured using Bruker D8 Discover diffractometer, which employs Cu-Kα source 

(λ= 1.54060 Å) and a VÅNTEC-1 detector. The measured 2Ѳ degree range was from 25 - 80. 

Phase analysis was based on the matching pattern with PDF4+ (2019) database records. The 

distance between sample and the detector was kept at 351.5 mm. 

5.2.3 Precursor ink formulation 
 

The precursor ink was prepared by adding 40 mg of graphene oxide (EOGN) and 160 mg of 

ammonium molybdate tetrahydrate (molybdenum oxide precursor) were added to N-Methyl 

Pyrrolidone (NMP) to reach a concentration of 30 mg/mL. The solution was then sonicated for 

15 min at 40% amplitude using Sonics Vibra Cell 505 sonicator with the “cup-horn” 

arrangement.  
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5.2.4 Photonic flash synthesis route 
 

For the PFS process, 50 µL of the precursor ink was drop-casted over a 4 mm diameter circular 

carbon substrate (with a gas diffusion layer) and thermally dried at 200°C for 10 min. The cloth 

was placed over a microscopy glass slide and exposed under the flash lamp for the PFS at a 

working distance of 2 mm from the radiation source. It is important to note that the glass slide 

was just used as a support and did not actively participate in the synthesis process. PulseForge 

1300 photonic curing system (Novacentrix, USA) containing a xenon flashlamp was used for 

the PFS process, 3 different lamp charging voltages of 300 V, 450 V and 575 V (limiting value 

of the flashlamp device) with 18 µs pulses spread over a period of 20,000 µs were tested that 

emitted a theoretical energy density of 3.6, 8.5 and 12.8 Jꞏcm–2 respectively.  

5.2.5 Electrochemical characterization 
 

All the electrochemical measurements were performed using a three-electrode electrochemical 

cell at room temperature equipped with a working electrode, an Ag|AgCl (sat. KCl) reference 

electrode and a carbon counter electrode. All the experiments were carried out in an aqueous 

acidic media (1 M aqueous H2SO4, pH=0) and the analyte was purged with Argon for 10 

minutes to remove dissolved oxygen. The carbon cloth containing the Mo2C-graphene was 

screwed to a carbon coated titanium current collector electrode (geometrical surface area = 0.2 

cm2). Please note, a magnetic stirrer was placed near the working electrode to dissipate the 

generated H2 bubbles during all the measurements. An activation process was performed to 

each catalytic sample by cathodic galvanostatic electrolysis during 20 minutes at –20 mA/cm–

2. This step was done to remove the presence of molybdenum oxides (MoO3 and MoO2) and 

enhance the wettability of the electrode surface. The electrocatalytic activity towards HER 

(Tafel slopes) was examined by polarization curve (LSV measurements) at a scan rate of 0.01 

Vꞏs–1 and electrochemical impedance spectroscopy (EIS) in the frequency range from 100 kHz 

to 1Hz with a single modulated AC potential of 10 mV at a constant overpotential of 250 mV 

towards HER. Electrochemical capacitance of each electrode was determined by carrying out 

cyclic voltammetry (CV) in a 0.1 V potential window centered on the open-circuit potential 

(OCP) (non-faradaic region) for various scan rates ranging from 0.05 Vꞏs–1 to 0.60 Vꞏs–1. The 

working electrode was held at each potential vertex for 15s before beginning each linear sweep 

polarization (LSV). The electrocatalytic stability of the Mo2C-based electrode under catalytic 

conditions was examined by controlled-current electrolysis. The catalyst was held at a constant 
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current density of 20 mAꞏcm–2 per geometric area for 10 h under continuous stirring. The 

standard deviation of the overpotential before and after the stability test were then compared. 

All experimental data were fitted with the software Matlab™ (version R2018a). 

5.3 Results and discussion 
 

The photonic flashing synthesis of Mo2C-based catalyst was carried out in a two-steps synthetic 

route: (a) drop-casting of 50 µL MoO3/Graphene precursor ink having a concentration of 30 

mg/mL total (24 mg/mL of MoO3 precursor) on a carbon substrate (b) photonic flashing 

synthesis (PFS). Figure 5.2 compares the typical morphology and structure of the as-prepared 

Mo2C-based catalyst throughout the synthesis process of a sample exposed to four pulses at a 

voltage of 575V (Mo2C@575V-4p).  

 

Figure 5.2 SEM images of carbon cloth-GDL substrate (A), carbon cloth-GDL substrate covered with 
MoO3/graphene ink (B-C), synthesized Mo2C/graphene electrocatalyst (D-F). 

Figure 5.2-A shows the highly-porous carbon network of the carbon cloth-GDL (GDL side) 

used as a substrate for the synthesis reaction. After drop-casting the ink MoO3/graphene ink, 

the substrate was shown to be covered with a homogenous layer of precursor material (Figure 

5.2-B and Figure 5.2-C). After PFS, spherical nanoparticles of about 10-50 nm were observed 

on the surface (Figure 5.2-D, Figure 5.2-E and Figure 5.2-F). The formation of the particles was 
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homogenously dispersed over the surface exposed to the lamp light. The crystalline phase 

composition of the synthetized material (Mo2C@575V-4p) was determined by X-ray diffraction 

(XRD). When the MoO3 precursors was light-flashed, the resulting product shows the 

characteristic diffraction peaks at 34.6°, 38.0°, 39.8°, 53.9°, 62°, 69.9° and 74.9° corresponding 

to the (100), (002), (101), (102), (110), (103), and (112) planes of hexagonal close-packed 

ABAB β-Mo2C structure respectively.46,49,50 This confirms the successful synthesis of 

crystalline β-Mo2C nanoparticles over graphene sheets from the decomposition of molybdenum 

oxide (MoO3) at high temperature using PFS. A prominent shoulder peak at 26.2° after PFS in 

Figure 5.3 is associated with the characteristic (002) plane of layered graphite, which in the 

present case corresponds to few layered mildly-edges oxidized graphene nanosheet (EOGN) 

representing an interlayer distance of ⁓0.35 nm. Mo2C crystallite size was also calculated using 

the Debye Scherrer equation using the peak broadening at 39.8° which was 20 nm, 

corroborating with the SEM observations. A comparative broader peak at 26° comes from the 

carbon of the cloth substrate (Appendix V-1).  

 

 

 

 

 

 

 

Figure 5.3 X-ray diffraction pattern of molybdenum precursor/EOGN before and after PFS. 

To probe the evolution of the surface electronic state and the composition throughout the 

catalyst preparation, X-ray photoelectron spectroscopy (XPS) was performed over both 

MoO3/Graphene precursor ink and Mo2C@575V-4p. The C1s spectrum (Figure 5.5-a) of 

MoO3/Graphene sample presents a main peak at a binding energy of 284.0 eV associated to the 

presence of graphene oxides (C=C, sp2). Smaller other peaks are observed at binding energy of 

284.5, 285.6, 287.8 and 291 eV corresponding to C-C(sp3), C-O, C=O and C-F, respectively. 

The signal of fluorine is believed to reflect the presence of a fluorinated polymer in the 



Chapter V: Photonic flash synthesis of Mo2C electrocatalyst for the hydrogen evolution reaction 

 

130 
 

composition of the gas diffusion layer of the carbon substrate. After flashing the 

MoO3/graphene ink (Figure 5.5-d), a clear peak attributed to Mo-C bonding is observed at 

binding energy of 283.3 eV for Mo2C@575V-4p, which confirms the successful thermal 

decomposition of MoO3 into Mo2C. The Mo 3d spectra (Figure 5.5-b, Figure 5.5-e and Figure 

5.5-h) were well-fitted into deconvolution analysis, and four oxidation states were determined 

for Mo species (+II, +IV, +V, +VI).51 The spectrum of MoO3/Graphene ink was dominated by 

a doublet with two sharp peaks located at 232.4 and 235.7 eV which came from Mo6+ species 

(MoO3). No peaks that corresponded to Mo2+ (Mo2C) were observed. After PFS process, 

Mo2C@575V-4p Mo 3d spectrum (Figure 5.5-e) displays a new dominant doublet at 228.2 and 

231.4 eV corresponding to Mo 3d5/2 and Mo 3d3/2 of Mo2C, along with MoO3 doublet 

weakening, confirming the formation of Mo2C from MoO3 thermal decomposition. 

Furthermore, a simple quantitative analysis of the relative atomic concentration of Mo (Mo 3d 

Mo2C) and C (C1s Carbides) confirmed the stoichiometric ratio of Mo2C (2:1). Detailed 

information about percentage concentration for each species are available in Appendix V-1.  

 

Figure 5.4 Cathodic polarization curves of Mo2C@575V-4p before and after activation at controlled-
current electrolysis at –20 mAꞏcm–2 in 1 M H2SO4 for 20 minutes. Inset: Amount of dissolved 
molybdenum measured by ICP-MS in the analyte before and after activation of Mo2C@575V-4p. 
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In order to remove the traces of oxides, an activation protocol was achieved on freshly-prepared 

Mo2C-based by carrying out a galvanostatic electrolysis for 20 min at 20 mAꞏcm–2, as depicted 

in Figure 5.4. Although negligible changes were observed on the intrinsic activities, we believe 

the removal of oxides is important to enhance the conductivity and the wettability of the 

catalytic material. The effect of the activation was further probed by XPS analysis of the 

catalytic surface before and after the activation. The analysis revealed a significant 

contamination of the surface with MoO3 before activation (Figure 5.5-e and Figure 5.5-f), which 

corresponds to unreacted precursors. Besides, another doublet appears at binding energy of 

229.2 and 232.4 eV that came from MoO2 that might be a side-product of the thermal reduction 

of MoO3 (Appendix V-2).28 Similarly, O1s spectrum displays a dominant peak at 530.3 eV that 

was assigned to Mo-O (Figure 5.5-f) on freshly-prepared Mo2C@575V-4p (before activation), 

while the shoulder at 531.7 eV related to the others oxygen bindings (OH groups,…). After 

carrying out the electrochemical activation process, the Mo-O signal (O1s) spectrum and the 

signal for Mo4+, Mo5+, and Mo6+ (Mo 3d) greatly diminished. In addition, the amount of 

dissolved molybdenum after activation was measured by ICP-MS to about 0.025 mg. Only few 

traces of molybdenum oxides were remaining on the catalytic surface, ascertaining the necessity 

for activation process to remove residual surface molybdenum oxides (Figure 5.5). The 

remaining oxides might be due to the unavoidable air oxidation on the surface as we operate in 

ambient atmosphere. The activity and the stability of the as-prepared Mo2C-based materials 

catalyst towards HER were investigated by electrochemical characterization. The voltage of the 

lamp flash and the number of pulsed were varied to determine optimal process conditions. The 

prepared samples and their corresponding PFS parameters are summarized in Table 5.1. 

Table 5.1 Photonic flashing synthesis conditions for the various prepared Mo2C samples. 

Sample Lamp distance /mm PFS Voltage /V Pulses number 

Mo2C@575V-1p 2 575 1 

Mo2C@575V-2p 2 575 2 

Mo2C@575V-3p 2 575 3 

Mo2C@575V-4p 2 575 4 

Mo2C@300V-3p 2 300 3 

Mo2C@450V-3p 2 450 3 
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Figure 5.5 XPS spectra: (a) C1s spectrum of MoO3/Graphene precursor ink (b) Mo 3d spectrum of 
MoO3/Graphene precursor ink (c) C1s spectrum of MoO3/Graphene precursor ink (d) C1s spectrum of 
Mo2C@575V-4p before activation (e) Mo 3d spectrum of Mo2C@575V-4p before activation (f) C1s 
spectrum of Mo2C@575V-4p before activation (g) C1s spectrum of Mo2C @575V-4p after activation 
(h) Mo 3d  spectrum of Mo2C @575V-4p after activation (i) C1s spectrum of Mo2C @575V-4p after 
activation. 

The catalytic activity of each sample was determined by LSV-based Tafel slopes analysis and 

electrochemical impedance spectroscopy in 1 M H2SO4. The ohmic drop was corrected to 

compensate the external resistance, which was measured by impedance spectroscopy. For 

comparison, the activity of the carbon substrate electrode, the MoO3/Graphene precursor ink 

and platinum electrode were studied. It is worth to note that all the current densities in Figure 

5.6 were calculated from the geometrical surface area to allow accurate comparison between 

every samples. In fact, it is difficult to isolate with precision the Mo2C active surface area in 

presence of carbon material with a very high surface area (gas diffusion layer and graphene). 

Figure 5.6-A and Figure 5.6-B show the resulting polarizations curves (Linear Sweep 

Voltammetry (LSV), scan rate of 0.01 Vꞏs–1). In agreement with previous reports,52,53 Pt and 

carbon electrode respectively exhibits polarization curve with onset overpotential close to ⁓ 0 

mV and ⁓ – 400 mV and a Tafel slope around 37 mVꞏ dec–1 and 185 mVꞏdec–1 (Figure 5.6 A 
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and Figure 5.6-D). After drop-casting the MoO3/graphene ink, the electrode presents an activity 

comparable to the carbon substrate. Among all Mo2C-based electrode prepared by PFS, the as-

prepared Mo2C@575V-4p achieves a very high activity towards HER with a small onset 

overpotential of about 140 mV. Furthermore, the overpotential required to drive a current 

density of 10 mAꞏcm–2 (η10) and 50 mAꞏ cm–2 (η50) were observed at ~160 mV and ~230 mV, 

respectively. The resulting Tafel slope was measured to be 63 mVꞏdec–1. As shown on Table 

5.2, the activity of the prepared catalyst competes with the best activities of reported β-Mo2C 

catalyst prepared from other approaches. To corroborate those results, electrochemical 

impedance spectroscopy (EIS) was performed. Figure 5.6-C displays the Nyquist impedance 

curves of the MoO3/Graphene and Mo2C@575V-4p (after activation) with an overpotential of 

250 mV scanning from 100 kHz to 1Hz. The experimental data were fitted using a two-time 

constant model including the external resistance (Rs) in series with a parallel constant phase 

element-resistance (CPE-R) representing the charge transfer resistance towards HER. The 

diameter of the semi-circle was shown to drastically decrease after the photonic flashing of the 

precursor with a resulting charge resistance transfer of about 50 Ωꞏcm–2. The HER 

performances of the prepared Mo2C samples correlate with the increase of the photonic flash 

voltage (Figure 5.6-A) and the number of successive pulses (Figure 5.6-B). As the voltage 

increased from ~300 to ~575 V, the η50 was decreased from ~410 to ~245 mV (3 successive 

pulses). Furthermore, η50 decreased up from ~270 mV to ~230 mV when increasing the pulses 

from 1 to 4 for a lamp voltage of 575 V. Further increasing the pulses number showed no 

significant improvement. The improvement in performance is believed to be associated to an 

increase of local temperature enhancing the yield of MoO3 decomposition, and thus the amount 

of Mo2C active sites per geometric area. 
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Figure 5.6 (A) Cathodic polarization curves at scan rate of 10 mVꞏs–1 in 1M H2SO4 of MoO3/Graphene 
precursor ink, Mo2C@300V-3p, Mo2C@450V-3p, Mo2C@575V-3p, carbon substrate (with GDL) and 
Pt electrode. (B) Cathodic polarization curves at scan rate of 10 mVꞏs–1 in 1M H2SO4 of MoO3/Graphene 
precursor ink, Mo2C@575V-1p, Mo2C@575V-2p, Mo2C@575V-3p, Mo2C@575V-4p, carbon 
substrate (with GDL) and Pt electrode. (C) Electrochemical impedance spectra of MoO3/Graphene 
precursor ink and Mo2C@575V-4p. Inset is the simplified Randles equivalent electrical circuit used to 
model the electrode set-up, where Rs is the internal resistance (from the working electrode to the 
reference electrode), Rct is the charge transfer resistance, and CPE denotes the constant phase element 
(related to the double-layer capacitance). (D) The resulting Tafel plot of carbon substrate, Mo2C@575V-
4p, and Pt electrode. 

In addition, we normalized the currents from the polarization curves by the electrochemically 

active surface area (ECSA) measured from the double-layer capacitance of the electrode surface 

(Figure 5.7). The ECSA was roughly estimated by dividing the obtained double-layer 

capacitance by the reported general specific capacitance of  Cs=0.035 mFꞏcm–2.54 As shown on 

Figure 5.9, we observed a gradual increase of the ECSA while varying the pulses from 1 to 4, 

which might be related to the increase of Mo2C nanoparticles density per geometric surface.   
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Figure 5.7 Polarization curves normalized by ECSA for carbon substrate, Mo2C@575V-1p, 
Mo2C@575V-2p, Mo2C@575V-3p, Mo2C@575V-4p. 

Furthermore, the short-term stability of the catalytic material which had the best catalytic 

performance towards HER (Mo2C @575V-4p) was investigated by controlled-current 

electrolysis. The sample was held at –20 mAꞏcm–2 in 1 M H2SO4 under agitation in order to 

reproduce the practical working conditions of the catalyst. After 10 hours of constant 

polarisation, moderate change was observed in the polarisation curves and the overpotential to 

drive –20 mAꞏcm–2 (Figure 5.8), confirming the significant stability of the Mo2C@575V-4p 

electrocatalyst prepared by photonic flashing synthesis. 

 

 

 

 

 

Figure 5.8 Cathodic polarization curves of Mo2C@575V-4P before and after 10 hours of controlled-
current electrolysis at –20 mAꞏcm–2 in 1 M H2SO4. Inset is the time-dependent potential of 
Mo2C@575V-4P under a static cathodic current of 20 mAꞏcm–2. 
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Table 5.2 Comparison of performances of various representative Mo2C-based catalysts for HER. 

 

 

Catalyst Method Media η10ꞏmAꞏcm
–2 Cdl 

/mFꞏcm–2 
Tafel 
slope 

Stability Ref. 

Bulk Mo2C 
Commercially 
available 

1 M 
H2SO4 

210  56 48h 4 

Mo2C-NP 
Annealing 
(4h at 800°C under 
flowing Ar) 

0.5 M 
H2SO4 

167 11.56 73 10h 55 

Mo2C-NT 
Annealing 
(16h at 750°C 
under flowing N2) 

0.5 M 
H2SO4 

172 - 62 8h 19 

Mo2C/ 
Graphene 

Annealing 
(2h at 900°C under 
flowing Ar) 

0.5 M 
H2SO4 

150 - 57 20h 56 

Mo2C-Nanowires 
Annealing (5h at 
725°C under 
flowing Ar) 

0.5 M 
H2SO4 

- 
(η60=200m

V) 
~9.5 53 25h 15 

Mo2C/ 
Graphene 

CVD on liquid Sn-
Cu-Mo alloy (880-
1050°C under 
flowing CH4/H2 
mixture, 7 Torr) 

0.5 M 
H2SO4 

275 0.22 66 - 29 

Mo2C/ 
Graphene 

CVD in Cu vapors 
(950°C under 
flowing CH4/H2 
mixture, 4 Torr) 

0.5 M 
H2SO4 

270  56 - 30 

Mo2C-NP/ 
Graphene 

Microwave 
irradiation 
(10s) 

0.5 M 
H2SO4 

200 13.7 88 10h 32 

Mo2C-NP/ 
CNT 

Microwave 
irradiation 
(10s) 

0.5 M 
H2SO4 

182 6.3 84 10h 32 

Mo2C-NP/ 
CF 

Microwave 
irradiation (10s) 

0.5 M 
H2SO4 

166 - 80 100h 32 

Mo2C-NP 
Graphene 

Photonic flash 
synthesis (few 
seconds) 

1 M 
H2SO4 

160 20 63 13h 
This 
work 
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Figure 5.9 (a-e) Cyclic voltammograms at scan-rate comprised between 0.1 to 0.6 Vꞏs–1 in the potential 
range: [OCP - 0.05 V, OCP + 0.05 V] for the different electrodes: (a) Carbon substrate (b) Mo2C@575-
1p (c) Mo2C@575-2p (d) Mo2C@575-3p (e) Mo2C@575-4p. (f) Plots of the non-faradaic current 
measured at the OCP in function of the scan-rate with the resulting measured specific capacitance for 
the carbon substrate, Mo2C@575-1p, Mo2C@575-2p, Mo2C@575-3p and Mo2C@575-4p. 
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5.4 Conclusion 
 

In this chapter, a simple and fast two-step process has been developed using PFS to synthesize 

Mo2C-based electrocatalysts with carbon cloth (including GDL) as carbon source and 

MoO3/Graphene ink as Mo precursor. The formation of a homogenous layer of β-Mo2C 

nanoparticles over the carbon substrate after four successive pulses at 575V was confirmed by 

SEM, XPS and XRD analysis. An activation process was noticed to remove the residual 

molybdenum oxides over the catalytic surface. The activity of the catalyst was shown to 

increase with the flash lamp voltage and the number of successive pulses during the PFS. We 

interpret those improvements by an enhancement of the yield of MoO3 thermal decomposition, 

resulting in a higher amount of Mo2C over the surface. Mo2C@575V-4p was demonstrated to 

exhibit surprisingly high activity towards HER in acidic conditions. In fact, the nanostructures 

of Mo2C achieved low overpotential of 160 mV to drive a current density of 10 mAꞏcm–2 (η10) 

and an excellent electrochemical stability over catalytic conditions.  

Regarding the vanadium-manganese redox dual-flow battery, the proposed synthetic route 

offers the opportunity to design rapidly and efficiently catalytic reactors to perform the redox-

mediated hydrogen evolution reaction. This chapter demonstrates the promising future of PFS 

for carbides electrocatalysts synthesis and open the way for many other material syntheses such 

electrocatalytic electrodes to carry redox-mediated oxygen evolution reaction.  

Furthermore, it is important to mention that the present process is well adapted to the industrial 

large-scale production of electrocatalytic carbon electrodes and membrane electrode assemblies 

(MEA). Indeed, the dropcasting of the precursor can be easily replaced by inkjet printing or 

other liquid deposition processes, and the photonic light synthesis can easily be adapted to a 

continuous reel-to-reel production process as commonly performed in printed electronic 

applications. All in all, the present chapter provides opportunities for the development of 

industrial applications in the growing field of electrocatalytic electrodes. 
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Appendix V 

Appendix V-1: Details of XRD measurements 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A5.1 X-ray diffraction patterns of blank carbon cloth substrate (C-Cloth), C-cloth coated with 
edge oxidized graphene nanosheets (EOGN) unflashed and flashed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A5.2 The wide spectrum of Mo2C@575V-4p. 
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Table A5.1 XPS relative atomic concentrations of Mo and C from molybdenum carbides for 
MoO3/Graphene precursor ink, Mo2C@575V-4p before activation and Mo2C@575V-4p after 
activation. 

Sample Identifier C1s 

Carbides 

CPSeV 

Mo3d Mo2C 

CPSeV 

C1s 

Carbides % 

Mo3d 

Mo2C % 

MoO3/Graphene ink 0.00 2.33ꞏ10–21 0.00 1.00ꞏ102 

Mo2C@575-4p before 

activation 

2.47ꞏ103 3.97ꞏ103 38.3 61.7 

Mo2C@575-4p after 

activation 

7.01ꞏ102 1.45ꞏ103 32.5 67.5 

 

Table A5.2 XPS percentage concentration of various species for MoO3/Graphene precursor ink, 
Mo2C@575V-4p before activation and Mo2C@575V-4p after activation. 

Sample 

Identifier 

C1s sp3 % C1s C-O % C1s C=O 

% 

C1s CFx 

% 

C1s 

Carbides 

% 

C1s sp2 

% 

MoO3/Graphene 

ink 

11.06 15.39 11.29 1.68 0.00 30.78 

Mo2C@575-4p 

before 

activation 

10.87 9.73 11.49 2.29 2.15 41.23 

Mo2C@575-4p 

after activation 

7.61 24.84 9.17 2.43 0.48 47.56 

Sample 

Identifier 

Mo3d 

unknown 

(grey) % 

Mo3d 

Mo(II) % 

Mo3d 

Mo(IV) % 

Mo3d 

Mo(V) % 

Mo3d 

Mo(VI) 

% 

 

MoO3/Graphene 

ink 

0.55 0.00 0.00 0.28 6.04  

Mo2C@575-4p 

before 

activation 

0.03 3.46 2.13 2.41 0.76  

Mo2C@575-4p 

after activation 

0.00 1.00 0.23 0.14 0.09  
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Sample 

Identifier 

O1s metal 

oxide % 

O1s other %     

MoO3/Graphene 

ink 

12.53 10.22     

Mo2C@575-4p 

before 

activation 

7.33 4.52     

Mo2C@575-4p 

after activation 

0.27 6.10     

 

Appendix V-II: Hypothetical synthetic pathway of thermal decomposition 

of MoO3 

This synthetic pathway was proposed by He et al.28  

 

3 2 2MoO (s) + C(s)  MoO (s) + CO /CO (s)  

3 2 2MoO (s)  MoO (s) + O (g)  

2 2 2MoO (s) + C(s)  MoO (s) + CO /CO (g)  

2Mo(s) + C(s)  Mo C(s)   

2 2MoO (s)  Mo(s) + O (g)  

2 2 2MoO (s) + Mo C(s)  Mo(s) + CO /CO (g)  
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CHAPTER VI 
 
Vanadium-manganese redox dual-flow battery for 
electricity storage and hydrogen production 

The results presented in this chapter are adapted with permission from D. Reynard and H. Girault, 

Combined hydrogen production and electricity storage using a vanadium-manganese redox dual-flow 

battery, Cell Reports Physical Science 2021, 2, 100556, DOI: 10.1016/j.xcrp.2021.100556. 2021 © The 

Authors. This is an open access article under the CC BY license. 

 

Abstract 

In this chapter, the practical feasibility of a vanadium-manganese redox dual-flow battery is 

demonstrated. The system respectively uses aqueous solutions of Mn3+/Mn2+ and V3+/V2+ as 

positive and negative electrolytes. The redox-mediated oxygen evolution reaction (OER) and 

the hydrogen evolution reaction (HER) are performed in RuO2-based and Mo2C-based catalytic 

reactor. As a result, the system demonstrates an average energy battery efficiency of 68% at a 

current density of 50 mAꞏcm–2 (cell voltage =1.92 V) and a relative battery energy density 45% 

higher than the conventional all-vanadium RFB. Both electrolytes are successfully discharged 

through redox-mediated HER and OER with a faradaic efficiency close to 100%. All in all, the 

energy consumption for hydrogen production is ca. 50 kWh/kg H2. 
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6.1 Introduction 
 

In the previous chapters, important achievements for the development of a vanadium-

manganese dual-flow battery were reported. First, the stabilization of Mn3+ with the addition of 

VO2
+ presented in chapter III is a significant outcome bringing the vanadium-manganese 

battery as a very promising candidate to apply the concept of redox dual-flow battery.  

Then, the kinetic study of the redox-mediated process detailed in chapter IV was essential to 

provide significant insights into the mechanisms of the catalytic production of hydrogen. The 

resulting rate law is an efficient tool in order to control the kinetic parameters for an optimal 

hydrogen rate of production, especially for grid applications that require flexibility and 

reactivity.  

Furthermore, the photonic flash synthetic pathway developed in chapter V offers the 

opportunity to prepare Mo2C electrocatalytic materials in a fast and efficient way. This enables 

tailor-made design for the catalytic reactor of the redox dual-flow system presented in this 

thesis. 

In this chapter, the feasibility of a vanadium-manganese redox dual-flow battery was assessed. 

An experimental system was built using an aqueous solution of 1 M V2+/V3+ in 3 M H2SO4 as 

the negative electrolyte and an aqueous solution of 1 M Mn3+/Mn2+-VO2
+ (1:1) in 3 M H2SO4 

as the positive electrolyte. 

Upon battery operations, the electrolytes can be charged and discharged electrochemically 

according to the following redox reactions:   

Charge3 2 0
SHEDischarge

(negative side)          V V         ( 0.26V)e E                  (Eq. 6.1) 

Discharge3 2 0
SHECharge

(positive side)          Mn Mn         ( 1.51V)e E         (Eq. 6.2) 

In the external catalytic reactors, the positive electrolyte and the negative electrolyte can 

alternatively be discharged through redox-mediated HER and OER, over respectively Mo2C-

based and RuO2-based redox electrocatalysts: 

2Mo C cat.2 3
2(negative side)          2V 2H  2V + H                (Eq. 6.3) 

2RuO  cat.3 2
2 2(positive side)          4Mn 2H O  4Mn + 4H + O                     (Eq. 6.4) 



Chapter VI: Vanadium-manganese redox flow battery for electricity storage and hydrogen production 

 

149 
 

During the redox-mediated HER, the electrons are supplied by the oxidation of V2+ and drawn 

by the reduction of protons.12 Similarly, during the redox-mediated OER, the electrons are 

supplied by the oxidation of water and drawn by the reduction of Mn3+.  

Figure 1A illustrates the overall process with the vanadium/manganese RFB in the middle and 

the two gas evolving reactors on the outside, and Figure 1B schematically describes the 

thermodynamic parameters. The performances of the vanadium-manganese redox flow battery 

were evaluated and compared to a conventional vanadium-vanadium system. Catalytic reactors 

were designed to carry out the chemical discharge of the electrolytes towards redox-mediated 

water splitting. 

 

 

 

Figure 6.1 (A) Schematic of the reported vanadium-manganese dual-flow battery (B) Energy diagram 
of the redox-catalytic HER and OER using V3+/V2+ and Mn3+/Mn2+ as redox mediators, respectively. 
Molybdenum carbide and ruthenium oxide are respectively employed as HER and OER catalysts. 
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6.2 Experimental section 

6.2.1 Electrolytes preparation 
 

A commercial vanadium electrolyte composed of an aqueous solution of 1.6 M V(III)/ 1.6M 

V(IV) (ca. 50:50), 2 M sulfuric acid (H2SO4), and 50 mM H3PO4 was purchased from Reactana 

and used without further purification. Manganese sulfate monohydrate (MnSO4⋅H2O, >99 %) 

and sulfuric acid (H2SO4, 95-97%) were purchased from Sigma Aldrich and used without 

further purification. The commercial electrolyte was electrolysed in a single-flow cell with 

carbon felt electrodes to prepare solution of 1.5 M V2+ and 1.5 M VO2
+ in 2 M H2SO4. These 

solutions were used for the preparation of the positive (1 M VO2
+-Mn2+(1:1) in 3 M H2SO4) 

and the negative electrolyte (1 M V3+ in 3 M H2SO4). The electrolyte density was measured 

around 1.3 kgꞏL–1. 

 

6.2.2 Catalysts preparation 

6.2.2.1 Molybdenum carbide 
 

Ammonium Molybdate tetrahydrate ((NH4)6Mo7O24ꞏ4H2O), N-Methyl Pyrrolidine (NMP), 

mildly edge-oxidized graphene nanosheets (EOGNs, 15–20 sheets, 4–10% edge-oxidized, 

Sigma Aldrich), carbon cloth with GDL (GoodFellow), sulfuric acid (H2SO4, 95–97%, Merck) 

and deionized water were used as supplied without further purification. The Mo2C 

electrocatalyst was prepared according to the method described in chapter V.24 Briefly, we 

prepared a precursor ink of 30 mgꞏmL–1 of ammonium molybdate tetrahydrate and graphene 

oxide in 1:4 ratio by dissolving in NMP. After sonication of the solution for 15 minutes, the 

precursor ink was drop-casted over a carbon substrate (0.1 mLꞏcm–2) and thermally dried at 

200°C for 10 min.  The sample was exposed to 4 pulses at 575 V using a PulseForge 1300 

photonic curing system (Novacentrix, USA) containing a xenon flashlamp. Each pulse 

consisted of 18 long µs pulses spread over a period of 20,000 µs that emitted a theoretical 

energy density of 12.8 Jꞏcm–2. 

6.2.2.2 Ruthenium oxide 

 
Ruthenium chloride hydrate (RuCl3ꞏxH2O), zinc chloride (ZnCl2, 98.5%) and hydrochloric acid 

(HCl, 36% wt.) were used without further purification. An ultrafine defective RuO2 

electrocatalyst was prepared on carbon substrate according to the protocol reported by Chen et 
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al.25 Briefly, a precursor ink was prepared by dissolving 1.2 g of ruthenium chloride hydrate, 

0.4 g of zinc chloride and 0.5 mL hydrochloric acid (HCl) in 10 mL of deionized water under 

stirring. The carbon substrate (carbon cloth with GDL or carbon felt) was dipped into the ink 

for 5 s and dried under 60°C. Then, the samples were annealed at 350°C for 3 hours at a ramping 

rate of 10°Cꞏmin–1 in air. The samples were finally washed in 1 M H2SO4 for 18 hours, dried 

and partially dehydrated in atmosphere at 150°C. 

6.2.3 Instrumentation 
 

ICP-MS analyses were performed on a PerkinElmer Nexion 300D using an external calibration 

method. UV/vis measurements were performed with a flame spectrometer from Ocean Optics. 

Electrochemical characterizations and battery testing were performed with a Biologic 

potentiostat SP-300 and the electrolysis for the preparation of the electrolytes was performed 

with a Biologic HCP-1005 (100 A booster). Scanning electron microscopy images were 

obtained with a Teneo SEM (FEI, USA) equipped with a Schottky field emission gun. 

Secondary electron detection was carried out with an Everhart–Thornley detector and an in-

lens detector. Gas chromatography was performed using a Trace 1300 gas chromatograph from 

Thermo Fischer Scientific, equipped with a thermal conductivity detector (TCD) and a 5 Å 

molecular sieves (80/100 mesh) column. Argon was used as carrier gas.   

6.2.4 Physical and electrochemical characterization 

6.2.4.1 Mediators 
 

The cyclic voltammograms were conducted in a three-electrode system at 50 mVꞏs–1 using a 

Biologic potentiostat SP-300. A carbon working electrode, an Ag/AgCl (filled with sat. KCl) 

electrode and a carbon felt electrode were used as the working, reference and counter electrodes, 

respectively. The CVs were performed in a solution of 0.1 M V2+/V3+ (1:1) with 3 M H2SO4 for 

the negative electrolyte and 0.1 M Mn2+/Mn3+ (1:1) + 0.1 M VO2
+ with 3 M H2SO4 for the 

posolyte. The potential window of the negative and the positive electrolytes were comprised 

between –0.6 V to 0.2 V and between 1.3 V to 1.8 V vs. SHE, respectively.  

6.2.4.2 Electrocatalysts 

 
All the electrochemical measurements were carried out in aqueous acidic media with 3 M 

H2SO4 in a three-electrode electrochemical system equipped with the working electrode, a 

carbon felt counter electrode and a Ag|AgCl (sat. KCl) reference electrode. The electrocatalyst 
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supported on carbon cloth was screwed on a carbon coated titanium current collector electrode 

(geometrical surface area = 0.2 cm2). A magnetic stirrer was placed near the working electrode 

to dissipate the generated bubbles during the measurements. The electrocatalyst activities were 

electrochemically evaluated by linear sweep voltammetry (LSV) in 3 M H2SO4 at a scan rate of 

10 mVꞏs–1. For comparison, the activity of the carbon substrate electrode was studied. The 

electrochemically active surface area (ECSA) was estimated from the double-layer capacitance 

measurements of the catalytic surface, which was measured from the scan-rate dependence of 

static cyclic voltammetry (CV). The CV’s were performed in a 0.1 V potential window centered 

on the open-circuit potential (OCP) (non-faradaic region) at scan rate ranging from 0.1 to 0.5 

Vꞏs–1. The electrocatalytic stability was evaluated by controlled-current electrolysis under 

catalytic conditions (–20 mAꞏcm–2 per geometric area during 13 h for Mo2C and 15 mAꞏcm–2 

per geometric area during 8 h for RuO2) under continuous stirring. Additional structural 

information for the as-prepared Mo2C and RuO2 catalyst has been published elsewhere.24,25 

6.2.5 Dual-circuit RFB set-up 
 

All the battery tests were performed in a flow cell made of two half-cell compartments consisted 

of a graphite current collector and a carbon felt electrode (10 cm2). The carbon felt electrodes 

were pretreated at 400 °C in atmosphere for 48 h. The positive and the negative compartment 

were separated using an anion exchange membrane (FAP-450) purchased from Fumatech. The 

flow cell was sealed using silicon gaskets and polycarbonate plates (with an included flow path) 

were used to hold all the cell components together and prevent from electrolyte leakages. The 

positive and negative electrolytes were circulated from the electrolyte container (100 mL glass 

Schott Bottle) to the electrochemical cell using a peristaltic pump (Ismatec) with piping made 

of flexible LDPE tube. The catalytic hydrogen production reactor consisted of a tubular glass 

reactor (Büchiglassuster) that was separated from the single-cell unit using PVDF valves. The 

reactor was connected to a Red-y hydrogen flow meter (5-600 mlꞏmin–1, Vögtlin), a pressure 

sensor (0-25 bar, Gems) and a hydrogen purging system with PVDF (Semadeni) and stainless-

steel tubing and valves (Swagelock). The system included pressure relief valves of 10 bar to 

maintain the pressure in the safety range. On the other side, the catalytic oxygen production 

was performed in a 100 mL Schott Bottle connected with PVDF tubing to an oxygen flow meter 

(10-600 mlꞏmin–1, Vögtlin). A detailed scheme of the experimental set-up is shown in Figure 

6.2. 
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Figure 6.2 Experimental set-up of the dual-circuit redox flow battery and schematic of the flow-cell 
architecture including polycarbonate plates (thickness = 1 cm, weight ≈ 140 g), silicon gasket, current 
collectors (thickness = 1 cm, weight ≈ 80 g), porous carbon felts electrode (thickness = 0.4 cm,  area=10 
cm2) and anion exchange membrane (FAP-450, thickness = 50 µm). 
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6.2.6 Single-cell and catalytic water splitting experiments 
 

All the battery experiments were performed in the flow-cell described in the previous section. 

The vanadium-manganese redox flow battery was cycled at 50 mAꞏcm–2 at about 20°C for 50 

cycles between 25 and 75% SOC with the reference electrode placed on the positive side. To 

ensure that the capacity of the battery was always limited by the positive half-cell, the volume 

of negolyte electrolyte was larger than the posolyte. Each experiment started with 1 M V3+ in 

3M H2SO4 (40 mL) on the negative side and 1 M Mn2+, 1 M VO2
+ in 3 M H2SO4 on the positive 

side (20 mL). The SOC of the battery was controlled by the positive half-cell potential. Note 

that the volumetric energy density was calculated considering the same volume of positive and 

negative electrolyte. For comparison, similar experiments were performed with an all-

vanadium redox flow battery using a solution of 1 M V3+/V2+ on the negative side (40 mL) and 

1 M VO2
+/VO2+ on the positive side (15 mL).  For the characterization of the redox flow cell, 

coulombic, voltage and energy efficiencies were calculated according to the following equation: 
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Redox-mediated hydrogen evolution was performed in a reactor containing a sheet of 40 cm2 

of Mo2C/graphene supported on carbon cloth (precursor load: 96 mg). The hydrogen reactor 

was previously purged with hydrogen. The redox-mediated HER reaction was monitored at 

atmospheric pressure using 100 mL of 1 M V3+/V2+ at a SOC of 90% with gas flow 

measurement. Besides, the reaction was also performed under pressure in an autoclave using 

30 mL of 1 M V3+/V2+ at a SOC of 90% with a headspace of 50 mL. The redox-mediated OER 

was performed in a reactor containing 10 cm2 of RuO2 catalyst supported on carbon felt (ca. 

12.5 mgꞏcm–2). The discharge was studied using a 0.1 M and a 1 M Mn3+/Mn2+ at a SOC of 
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75% in 3 M H2SO4. The quantity of produced O2 gas was determined by water displacement 

with a burette filled with water and connected to the reactor.   

 

6.3 Results and discussion 

6.3.1 Mediators and electrocatalysts 
 

The essential prerequisite for the redox dual-flow battery is to select suitable redox-mediators. 

The choice of redox couples must fulfill various criteria to guarantee the performance of the 

redox flow battery such as reversibility, solubility and stability. Besides, a wise choice must be 

done regarding the standard potential of the selected mediators. In fact, it is critical that the 

mediators can address optimally the two different modes of discharge. The redox-mediators 

must have a standard potential within the water stability range under the battery operation 

conditions (carbon electrodes) in order to avoid oxygen and hydrogen evolution reaction within 

the electrochemical cell. However, the potential must be sufficient to promote HER and OER 

during the chemical discharge in the external catalytic bed over the selected redox 

electrocatalyst. Thus, the critical point of the system is to select redox mediators with a standard 

potential above the kinetic overpotential towards HER and OER of the selected redox 

electrocatalyst and below the kinetic overpotential towards HER and OER of the carbon 

electrodes (blue zone in Figure 6.3). It is important to point out that if the gas evolving reactions 

occur on the redox electrocatalyst, the electron transfer reactions of the redox mediators may 

also occur on the carbon substrate, as its Fermi level is in equilibrium with those of the redox 

electrocatalysts. As depicted on Figure 6.3-A and Figure 6.3-B, the V3+/V2+ redox couple has a 

standard potential of –0.26 V vs. SHE and the Mn3+/Mn2+ redox couple has a standard potential 

of 1.51 V vs. SHE in acidic solutions (3 M H2SO4). To carry out redox electrocatalytic hydrogen 

evolution (Eq. 6.3) and oxygen production (Eq. 6.4), molybdenum carbide (Mo2C) and 

ruthenium oxide (RuO2) were synthesized and used as heterogenous electrocatalysts in the 

system. Both electrocatalysts were prepared on a carbon substrate to minimize catalyst particle 

dispersion and to improve the conductivity of the material. 

For the hydrogen evolution reaction, we prepared Mo2C/graphene on a carbon substrate (a 

carbon cloth as used for gas diffusion layer (GDL) in a fuel cell) by photonic flash synthesis.24 

For the oxygen evolution reaction, an ultrafine defective RuO2 was prepared on a carbon 

substrate (carbon cloth as above or carbon felt) by annealing as described by Chen et al.25 The 
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method consists in doping the RuO2 with divalent Zn in order to create oxygen vacancies and 

reduce the crystallinity of RuO2, improving the intrinsic activity of the catalyst. In the 

meantime, the Zn species are removed by acid treatment (EDX spectra available in Appendix 

VI-1), which downsizes further the RuO2 nanocrystals, enhancing the electrochemical active 

surface area (ECSA) of the prepared redox catalyst. The detailed morphological of the as-

prepared Mo2C and RuO2 electrocatalysts are available in Figure 6.4 and Figure 6.5. 

 

Figure 6.3 Electrochemical characterizations between the catalysts and the mediators of the redox dual-
flow battery (A) Cyclic voltammogram of 100mM V3+/V2+ in 3 M H2SO4 solution at a scan rate of 50 
mVꞏs–1. (B)  Cyclic voltammogram of 100 mM Mn3+/Mn2+ + 100 mM VO2

+ in a 3 M H2SO4 solution at 
a scan rate of 50 mVꞏs–1. (C) Cathodic polarization curve at a scan rate of 10 mVꞏs–1 in 3 M H2SO4 of 
the carbon cloth without (CC) and with the molybdenum carbide catalyst (Mo2C-CC). (D) Anodic 
polarization curve at a scan rate of 10 mVꞏs–1 in 3 M H2SO4 of the prepared of the carbon cloth without 
(CC) and with the ruthenium oxide catalyst (RuO2-CC). 
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Figure 6.4 SEM images of (A) carbon cloth-GDL substrate covered with MoO3/Graphene ink and (B-
D) synthesized Mo2C-Graphene catalyst by photonic flash synthesis. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.5 SEM images of (A) carbon cloth substrate (B) RuO2 prepared by annealing without Zn 
doping (C-D) RuO2 prepared by annealing with Zn doping. 

 



Chapter VI: Vanadium-manganese redox flow battery for electricity storage and hydrogen production 

 

158 
 

The as-prepared electrocatalysts were first tested electrochemically in 3 M H2SO4 electrolyte 

free of redox-mediators and were compared to a bare carbon electrode. To compare the kinetic 

of both HER and OER reactions on the carbon electrode and the selected electrocatalysts, linear 

sweep voltammetry was performed on each material. For HER, the carbon electrode exhibits 

an onset overpotential close to 370 mV, while the as-prepared Mo2C catalyst exhibits a much 

lower value around 140 mV (–0.14 V vs. SHE). Consequently, the electron mediator (V2+) can 

spontaneously transfer the electrons to the protons in order to generate hydrogen (Eq. 6.3) in 

the external catalytic reactor, without being subject to catalytic redox-mediated HER in the 

redox flow cell. Similarly, while the posolyte is in presence of the as-prepared RuO2 

electrocatalyst, the kinetic overpotential towards OER drops exhibiting a kinetic onset 

overpotential of around 220 mV (1.45 vs. SHE), and the electron acceptor (Mn3+) spontaneously 

accepts the electrons from the water to achieve the oxygen evolution reaction (Eq. 6.4). Again, 

the redox-mediator potential remains low enough to prevent from redox-mediated OER on the 

bare carbon electrode within the flow cell. The detailed electrochemical characterization of the 

as-prepared electrocatalysts is shown in Figure 6.6, including polarization curves (Figure 6.6-

A and Figure 6.6-B), specific capacitance measurement (Figure 6.6-C and Figure 6.6-D) and 

stability test (Figure 6.6-E and Figure 6.6-F). 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter VI: Vanadium-manganese redox flow battery for electricity storage and hydrogen production 

 

159 
 

 

Figure 6.6 Electrochemical characterization of the prepared Mo2C and RuO2 electrocatalysts: (A) 
Polarization curves of MoO3/Graphene ink supported on carbon cloth (with GDL), Mo2C/Graphene 
supported on carbon cloth (with GDL), carbon substrate (with GDL) and platinum electrodes. (B) 
Polarization curves of RuO2 supported on carbon cloth (CC-RuO2), Zn-doped RuO2 supported on carbon 
cloth (UfD-RuO2), carbon paste and carbon cloth electrodes. (C) Plots of the non-faradaic current 
measured at the OCP in function of the scan-rate with the resulting measured specific capacitance for 
the Mo2C/Graphene supported on carbon cloth (with GDL) and the carbon substrate (with GDL). (D) 
Plots of the non-faradaic current measured at the OCP in function of the scan-rate with the resulting 
measured specific capacitance for the carbon cloth, the RuO2 supported on carbon cloth, and the ultrafine 
defective RuO2 (Zn-doped) supported on carbon cloth. (E) Time-dependent potential of the prepared 
Mo2C/Graphene catalyst under static cathodic current density of 20 mAꞏcm–2. (F) Time-dependent 
potential of the prepared RuO2 (Zn-doped) catalyst under static anodic current density of 15 mAꞏcm–2 
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6.3.2 Vanadium-Manganese redox flow battery for energy storage 
 

The use of Mn3+/Mn2+ (E0= 1.51 V vs. SHE) has been considered to replace the conventional 

VO2
+/ VO2+ positive redox couple of the all-vanadium redox flow battery in order to increase 

the open-circuit voltage of the cell. Although advantageous in terms of energy density in 

sulfuric acid media, Mn3+ is unstable and is subject to disproportionation reaction: 

 3 2
2 22Mn 2H O Mn MnO 4H                      (Eq. 6.8) 

The formation of MnO2 particles altered severely the lifetime and the performance of the battery 

because of electrode and redox electrocatalyst passivation, mass transport resistance, and 

irreversible capacity decays.26 To mitigate this issue, several studies reported the use of TiO2+ 

as stabilizing agent or/and the increase of acidic concentration up to 6 M.27–31 More recently, 

the addition of VO2
+ was observed as an efficient substitute to titanium additives to diminish 

the formation of MnO2 and to improve the cyclability of manganese electrolyte for the use in 

redox flow battery.32–34  

The performances of a vanadium (V3+/V2+) - manganese (Mn3+/Mn2+) redox flow battery 

(V/Mn(-V)) in 3 M H2SO4 was evaluated with a concentration of vanadium and manganese 

fixed at 1 M. To mitigate Mn3+ disproportionation and preventing from battery decay, vanadium 

(VO2
+) was also added on the positive side at a concentration of 1 M (Mn-V, 1:1), based on the 

results reported in our previous work.34 For comparison, the performance of a vanadium 

(V3+/V2+) - vanadium (VO2
+/ VO2+) redox flow battery (V-V) in 3 M H2SO4 was investigated 

using 1 M of vanadium ions on both sides. First, discharge polarizations curves were performed 

at 75% battery state-of-charge at a fixed flow rate of ca. 50 mlꞏmin–1. The open-circuit potentials 

of the V/Mn(-V) and V/V cells were measured at around 1.8 and 1.4 V, respectively. The 

resulting polarization curves and power curves of the cells at current densities ranging from 0 

to 200 mAꞏcm–2 are compared on Figure 6.8-A. Given the higher standard potential of the 

Mn3+/Mn2+ (1.51 V vs. SHE) redox couple as compared to VO2
+/ VO2+ (1.00 V vs. SHE), the 

V/Mn(-V) cell exhibits higher cell voltage and power density, with a maximum of ca. 230 

mWꞏcm–2 (at 200 mAꞏcm–2). No limiting current density due to mass-transport limitation was 

observed below 200 mAꞏcm–2. The iR corrected power and polarization curves are shown in 

Appendix VI-2. 
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The V/Mn(-V) was cycled between 25 and 75% SOC at a current density of 50 mAꞏcm–2. The 

resulting charge-discharge potential curves of the V/Mn(-V) flow cell are shown on Figure 6.7. 

As comparison, similar experiments were performed with the V/V flow cell (Appendix VI-3) 

 

Figure 6.7 Voltage profile of the 1 M V/Mn(-V) flow cell operating between 25 and 75% SOC at a 
current density of 50 mAꞏcm–2. 

Figure 6.8-B shows the stable performances of V/Mn(-V) over 50 cycles. The average 

coulombic (CE), voltage (VE) and energy efficiency (EE) were respectively calculated to 94.3, 

71.4 and 67.4 %. A slight decay of the voltage efficiency was observed and was correlated to 

the slow air oxidation of V2+ increasing the negolyte potential. As a comparison (Appendix VI-

3), the V/V cell demonstrates close performances with an average coulombic, voltage and 

energy efficiencies respectively at 99.1, 71.0 and 70.3%, which is consistent with reported 

values regarding V-V flow cells using anion exchange membranes.35 The major difference 

between the two cells consists of a lower coulombic efficiency for the V/Mn(-V) cell, which is 

primarily attributed to the potential formation of MnO2 (Eq. 6.8) affecting the amount of active 

Mn3+. Additionally, a slight crossflow of manganese ions through the membrane was 

determined by ICP-MS in the V/Mn(-V) cell after 50 cycles (Figure S18). Nevertheless, as 

depicted on Figure 6.8-C, no significant capacity and energy density decay was observed for 

the V/Mn(-V) cell during the 50 cycles, which contrasts with the large capacity fade reported 

for conventional V/Mn cell26,33 and confirms the stabilizing role of VO2
+ ions on the posolyte. 



Chapter VI: Vanadium-manganese redox flow battery for electricity storage and hydrogen production 

 

162 
 

The average energy density was measured to 10.4 WhꞏL–1, which corresponds to an increase of 

about 45% compared with that of the V/V cell (Figure 6.9), owing to the higher standard 

potential of Mn3+/Mn2+ redox couple (1.51 V vs. SHE). It is worth to note that here vanadium 

ions behave only as stabilizing agent within the posolyte and do not contribute to the charge 

capacity of the RFB. However, the total concentration of actives ions could be increased by 

using vanadium ions as redox active species on the posolyte, as demonstrated by Park et al.33 

Figure 6.8-D shows the performances of the V/Mn(-V) cell at various current densities (30, 50, 

70 and 90 mAꞏcm–2). As expected, the voltage efficiency raises along with the current density 

decrease with a maximum value of 77.5% at 30 mAꞏcm–2. Similar trend was observed for the 

V-V system (Appendix VI-3). All the detailed charge-discharge potential curves are included 

in Appendix VI-4. Table 6.1 summarizes the main performance parameters for the V/Mn(-V) 

and the V/V cell.  

 

Figure 6.8 (A) Polarization curves and power curves of the V/V and V/Mn(-V) flow cells at current 
density ranging from 0 to 200 mAꞏcm–2 (B) Coulombic, voltage and energy efficiencies (CE, VE, EE) 
for the V/Mn(-V) flow cell cycled between 25 and 75% SOC at 50 mAꞏcm–2. (C) Discharge energy 
density and discharge capacity of the V/Mn(-V) flow cell at 50 mAꞏcm–2. (D) Coulombic, voltage and 
energy efficiencies (CE, VE, EE) for the V/Mn(-V) flow cell cycled between 25 and 75% SOC at various 
current densities ranging from 30 to 90 mAꞏcm–2. 
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Figure 6.9 (A) Comparison of the discharge energy density of the 1 M V/V and the 1 M V/Mn(-V) flow 
cells operating between 25 and 75% SOC at 50 mAꞏcm–2.  

 

Table 6.1 (A) Summary of the main performances for the V/V and the V/Mn-(V) redox flow batteries. 

 

 

Furthermore, additional cycles were performed with the V/Mn(-V) flow cell from 0 to 100% 

SOC in order to evaluate the stability of the electrolyte above 75% SOC (Charge-discharge 

potential curves are available in Appendix VI-4). As expected, the performances decrease since 

the rate of disproportionation of Mn3+ increases under these conditions. The resulting average 

coulombic efficiency declines to an average value of 71%, yielding to an average energy 

efficiency of 46% (Figure 6.10-A). As a result, the average charge capacity of the cell was 

measured to be 387 mAh, which is 38% below the theoretical value.  Interestingly, the discharge 

and charge capacity of the battery is stable through the cycles (Figure 6.10-B). This may be due 

to the fact that the produced MnO2 was reversibly reduced into Mn2+ during the discharge 

process preventing the system from irreversible capacity decay. Similar effects were already 

observed by Park et al. who highlighted the positive effect of vanadium ions on the growth of 

MnO2 particles.33 

RFB Conc 
/ M. 

SOC 
% 

Energy 
density / 
WhꞏL–1 

Current 
density / 
mAꞏcm–2 

Coulombic 
Efficiency 

(CE) 

Voltage 
Efficiency 

(VE) 

Energy 
Efficiency 

(EE) 

V/Mn(-V) 1 25-75 10.4 50 94.3 71.4 67.3 

V/V 1 25-75 7.2 50 99.1 71.0 70.3 
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Figure 6.10 Coulombic, voltage and energy efficiencies (CE, VE, EE) for the 1 M V/V flow cell cycled 
between 0 and 100% SOC at 50 mAꞏcm–2. Charging and discharging capacity for the 1 M V/Mn(-V) 
flow cell operating between 0 and 100% SOC at a current density of 50 mAꞏcm–2. 

 

6.3.3 Redox-mediated water splitting 
 

On the basis of the above, a V-Mn redox flow cell was assembled with two external catalytic 

bed reactors in order to carry out the chemical discharge of the posolyte and the negolyte 

towards redox-mediated water splitting (Figure 6.2). In the present system, the negolyte can be 

circulated through a Mo2C/Graphene (supported on carbon cloth) catalytic bed reactor, where 

V2+ donates electrons to reduce the protons into hydrogen ((Eq. 6.3), Figure 6.11-E). In previous 

studies, the global parameters of the reaction have been already investigated. Initially, Amstutz 

et al. achieved the redox-mediated HER at a production yield of 96 ± 4% using a commercial 

catalyst.11 In chapter III, we conducted a detailed kinetic study of the reaction.12 At low pH, the 

oxidation of V2+ was ascertained as the rate-determining step of the mediated electron process 

and the investigations revealed that the kinetic of the reaction depends on the concentration of 

V2+, the state-of-charge of the electrolyte and the catalytic material and the amount of available 

catalytic sites according to the following rate law: 

 

0.57
2

rxn

SOC
[V ][ ]

1 SOCrxnv k     
                          (Eq. 6.9) 

Where 𝑣୰୶୬ is the overall reaction rate, 𝑘୰୶୬ is the kinetic rate constant, SOC is the state-of-

charge of the vanadium electrolyte, ሾVଶାሿ is the concentration in V2+ ions in solution and ሾ∗ሿ  is 

the concentration of all catalytic active sites.   
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On the basis of these previous studies using a commercial catalyst, we investigated the redox-

mediated HER (Eq. 6.3) in a catalytic reactor designed with the as-prepared Mo2C/Graphene 

(supported on a carbon cloth). An aqueous solution of 100 ml of 1 M V3+/V2+ (90% SOC) in 3 

M H2SO4 was discharged through the catalytic reactor integrating 40 cm2 of the as-prepared 

catalyst (batch configuration) at ambient conditions and under stirring. As shown on Figure 

6.11-A, the rate of reaction was monitored by determining the amount of H2 produced in the 

reactor using a calibrated flowmeter. For comparison, the model-predicted evolution of H2 

produced was plotted from the rate law expressed in (Eq. 6.9). Even though the generation of 

H2 was recorded during 40 minutes before reaching the detection limit of the flowmeter 

(5mLꞏmin–1, Appendix VI-5), the good agreement between the calculated H2 prediction and the 

experimental data is clear and demonstrates the applicability of the rate law on the system 

presented in this work. To overcome the challenges to determine the concentration of catalytic 

active sites, we measured an apparent kinetic rate constant ( [ ]app rxnk k   ) by fitting the data 

to the first experimental data. The resulting value was measured to 6.85ꞏ10–6 Lꞏs–1. By 

normalizing to the geometrical surface area of the catalytic cloth used, we can determine a 

specific apparent kinetic rate constant of 1.71ꞏ10–7 Lꞏs–1ꞏcm-2 (per square centimeter of catalytic 

cloth). Note that this value depends on the surface concentration of Mo2C catalyst on the carbon 

cloth, which is considered uniform for every catalyst samples prepared in this work. 

After performing the reaction at ambient conditions, we explore the generation of hydrogen 

under pressure, by discharging 30 mL of 1M V3+/V2+ (90% SOC) in 3M H2SO4 over 40 cm2 of 

catalytic cloth in an autoclave (headspace=50 mL). As depicted on Figure 6.11-C and Figure 

6.11-D, the pressure inside the autoclave reaches a maximum value at 7 bars, generating a total 

of 280 mL of hydrogen after 200 minutes. In this particular case, the deviation between the 

experimental data and the model prediction reveals a significant effect of the pressure increase 

on the kinetic of the reaction. In spite of the deviation, the total amount of hydrogen produced 

was in accordance with the calculated value considering a full conversion of V2+ (100% 

Faradaic efficiency). Finally, the generated H2 gas at the outlet of the reactor was further 

analyzed by gas chromatography (GC). As revealed on Figure 6.11-B, oxygen content was 

determined below 0.01%, which confirms the high purity of the gas generated in the present 

system. For comparison, typical content in oxygen without treatment in alkaline electrolysis is 

ca. 0.2-0.6%.36 
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Figure 6.11 (A) Evolution of the amount of hydrogen produced as a function of time during the catalytic 
discharge of 100 mL of 1 M V3+/V2+ (90% SOC) in 3 M H2SO4 at ambient pressure (Red line) 
Experimental data (Black line) Model predictions from the kinetic rate law (B) Evolution of the amount 
of hydrogen produced as a function of time during the discharge of 30 mL of 1 M V3+/V2+ (90% SOC) 
in 3 M H2SO4 under pressure (Red line) Experimental data (Black line) Model predictions from the 
kinetic rate law (C) Gas chromatograph of the gas sample collected at the outlet of the catalytic reactor 
(D) Evolution of the pressure in the autoclave as a function of time during the discharge of 30 mL of 1 
M V3+/V2+ (90% SOC) in 3 M H2SO4 under pressure. (E) Image of the vanadium-mediated hydrogen 
production over Mo2C redox electrocatalyst. 

 

Similarly, the posolyte can be circulated through a RuO2 supported on a carbon felt catalytic 

bed reactor, where Mn3+ accepts electrons to oxidize the water into oxygen ((Eq. 6.4), Figure 

6.12-D). The redox-mediated OER was also investigated by monitoring the amount of oxygen 

produced and the state-of-charge of the electrolyte (UV-vis details in Appendix VI-6). First, an 

aqueous solution of 40 ml of 0.1 M Mn3+/Mn2+ + VO2
+ (75% SOC) in 3 M H2SO4 was 

discharged through the catalytic reactor integrating 10 cm2 (catalyst load=12.5 mgꞏcm2) of the 

as-prepared catalyst (batch configuration) at ambient pressure and under stirring. As expected, 

the reaction rate slows down with the decrease of the state-of-charge of the solution as the 

driving force of redox-mediated process is set by the difference of the Fermi levels between the 

two redox couples (Figure 6.1-B). The outlet gas was analyzed by GC to confirm the generation 

of oxygen (Figure 6.12-C). After 150 minutes of reaction, the state-of-charge reached a value 

of about 20% and 13 mL of oxygen was collected. As observed on Figure 6.12-A, the recorded 

O2 generated is in accordance with the theoretical values (blue cross) calculated from the SOC 
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measurements assuming 100% of conversion efficiency. This reveals that no significant side 

reaction occurs in the catalytic reactor. Additionally, an aqueous solution of 40 mL of 1 M 

Mn3+/Mn2+ + VO2
+ (75% SOC) in 3 M H2SO4 was discharged under the same conditions than 

described above. Figure 6.12-B shows the recorded oxygen produced during the reaction. 

Surprisingly, O2 seems to be generated at a rate close to the discharge of 0.1 M Mn3+/Mn2+ + 

VO2
+, with around 15 mL of O2 produced after 150 minutes. The results of this study suggest 

that the rate of the redox-mediated OER (Eq. 6.4) is governed by the oxidation of water and 

that the intrinsic concentration of Mn3+ in the bulk does not influence the kinetics.  

 

Figure 6.12 (A) Evolution of the electrolyte SOC and the amount of oxygen produced as a function of 
time during the catalytic discharge of 40 mL of 0.1 M Mn3+/Mn2+ (75% SOC) + 0.1 M VO2

+ in 3 M 
H2SO4 at ambient pressure blue marks: theoretical calculated O2 quantity from the experimentally 
measured SOC assuming 100% Faradaic efficiency (B) Evolution of the amount of oxygen produced as 
a function of time during the catalytic discharge of 40 mL of 0.1 M Mn3+/Mn2+ (75% SOC) + 0.1 M 
VO2

+ in 3 M H2SO4 at ambient pressure. (C) Gas chromatograph of the gas sample collected at the outlet of 
the catalytic reactor before the reaction (black line) and after the reaction (red line). (D) Image of the manganese-
mediated oxygen production over RuO2 redox electrocatalyst. 
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Once the electrolytes are charged, the decoupled HER and OER are spontaneous processes and 

require only mechanical energy inputs to transfer the electrolytes into the catalytic reactors. 

Hence, the energy efficiency of the redox-mediated water splitting will essentially rely on the 

energy injected during the charge of the posolyte and negolyte within the redox flow battery. 

From this statement and assuming a conversion yield close to 100%, we can roughly estimate 

the energy efficiency for the water splitting as follows: 

 2 2 2

0 0
O /H O H /H

cell 

x 100
E E

E



     (Eq. 6.10) 

On the basis of the battery cycling experiments, the system was charged from 25 to 75% SOC 

by applying an average cell voltage of 1.86, 1.92, 1.96 and 2 V at current density of 30, 50, 70, 

90 mAꞏcm–2, respectively. From (Eq. 6.10), the resulting energy efficiency of the redox-

mediated water splitting presented here is calculated to 66.1, 64.1, 62.8 and 61.42 % at current 

density of 30, 50, 70, 90 mAꞏcm–2 at ambient temperature, respectively. The resulting energy 

required to produced 1 kg of H2 is calculated to be 49.4-53.2 kWhꞏkg–1. Note that those 

efficiencies do not take into consideration the energy consumption from the pumps and all the 

other auxiliary components. By analogy, a conventional alkaline electrolysis operating at a 

current density of 200-400 mAꞏcm–2 and a cell voltage of 1.8-2.4 V (cell temperature = 60-

80°C) achieve voltage efficiencies of 51-68% with that are in the vicinity of the efficiencies of 

the reported system.37  
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6.4 Conclusion 
 

To summarize, we have successfully developed the concept of dual-circuit redox flow battery 

using an acidic vanadium-manganese redox flow system. In this approach, electrical energy is 

employed to charge the positive (oxidation of Mn2+ into Mn3+) and the negative electrolytes 

(reduction of V3+ into V2+) in an electrochemical flow cell holding bare carbon electrodes. Once 

the battery is charged, the electrolytes can either be electrochemically discharged by reverse 

reactions to liberate the stored electrical energy or be chemically discharged in a secondary 

energy platform (external reactors) through redox-mediated HER and OER. During the latter 

discharge mode, the posolyte (Mn3+) acts as an electron acceptor to oxidize water into O2 on 

RuO2-based catalyst and the negative electrolyte (V2+) acts as an electron donor to reduce the 

proton into H2 on Mo2C-based catalyst. The redox-mediated HER and OER occurs 

spontaneously while transferred in the respective catalytic reactors. 

With the addition of VO2
+ ions as stabilizing agent of the manganese electrolyte, a 1 M V/Mn(-

V) redox flow battery presented great stability over 50 cycles with an average energy efficiency 

of 68% at a current density of 50 mAꞏcm–2 between 25 and 75% SOC. Besides the comparable 

reversibility of the V/Mn(-V) with the conventional V-V RFB, the reported system takes 

advantage of the higher potential of Mn3+/Mn2+ resulting in an energy density increase of 45%. 

Additionally, the redox-mediated electrolysis enables to store energy beyond the energy 

capacity of the reported redox flow battery (10 WhꞏL–1) according to the higher volumetric 

energy density of gaseous hydrogen carrier (870-1300 WhꞏL–1 at storing pressure ranging from 

350-750 bar, lower heating value (LHV)).38 Moreover, in case of electrolyte overcharging, the 

formed MnO2 could be reversibly reduced into Mn2+ during the discharge step preventing the 

system from irreversible decay. Furthermore, the redox-mediated HER and OER in 3 M H2SO4 

were conducted with production yield close to 100%.  

The performance analysis demonstrated that a V-Mn redox dual-flow battery provides a hybrid 

and competitive alternative for energy storage solution for both distributed energy storage and 

on-demand hydrogen generation, especially when the electricity is produced from intermittent 

sources such as solar and wind. 
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Appendix VI 

Appendix VI-1: Energy-dispersive X-ray (EDX) spectroscopy 

 

Figure A6.1 EDX spectrum of the prepared ultrafine defective RuO2 before etching and after etching 
in acid to remove the zinc salts. 
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Appendix VI-2: Polarisation and power curves  

 

 

 

 

 

 

 

 

 

 

 

Figure A6.2 Discharging polarization curve for the 1 M V/V flow cell under 75% SOC with and without 
iR correction. 

 

 

 

 

 

 

 

 

 

 

 

Figure A6.3 Discharging polarization curve for the 1 M V/Mn(-V) flow cell under 75% SOC with and 
without iR correction. 
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Figure A6.4 Power curves for the 1 M V/V flow cell under 75% SOC with and without iR correction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A6.5 Power curves for the 1 M V/Mn(-V) flow cell under 75% SOC with and without iR 
correction. 
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Appendix VI-3: Performance of V-V flow cell 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A6.6 Coulombic, voltage and energy efficiencies (CE, VE, EE) for the 1 M V/V flow cell cycled 
between 25 and 75% SOC at 50 mAꞏcm–2. 

 

 

 

 

 

 

 

 

 

 

 

Figure A6.7 Coulombic, voltage and energy efficiencies (CE, VE, EE) for the 1 M V/V flow cell cycled 
between 25 and 75% SOC at various current densities ranging from 30 to 90 mAꞏcm–2. 
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Appendix VI-4: Charge-discharge potential curves  

 

Figure A6.8 Voltage profile of the 1 M V/V flow cell operating between 25 and 75% SOC at a current 
density of 50 mAꞏcm–2. 

 

  

 

 
 

Figure A6.9 Voltage profile of the (A) 1 M V/V and (B) 1 M V/Mn(-V) flow cell operating between 25 
and 75% SOC at a current density of 30 mAꞏcm–2. 
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Figure A6.10 Voltage profile of the (A) 1 M V/V and (B) 1 M V/Mn(-V) flow cell operating between 
25 and 75% SOC at a current density of 70 mAꞏcm–2. 

 

 

 

 

Figure A6.11 Voltage profile of the (A) 1 M V/V and (B) 1 M V/Mn(-V) flow cell operating between 
25 and 75% SOC at a current density of 90 mAꞏcm–2. 
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Figure A6.12 Voltage profile of the 1 M V/Mn(-V) flow cell operating between 0 and 100% SOC at a 
current density of 50 mAꞏcm–2. 

 

Appendix VI-5: Redox-mediated hydrogen evolution reaction  

 

 

 

 

 

 

 

 

 

 

 

 

Figure A6.13 Recorded flowrate of hydrogen produced during the chemical discharge of 100 mL of 1 
M V3+/V2+ (90% SOC) in 3 M H2SO4 at ambient pressure. 
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Figure A6.14 UV-vis spectra of 1 M Mn3+/Mn2+ + 1 M VO2
+ solution in 3 M H2SO4 at SOC ranging 

from 0 to 75% and the resulting calibration curve relating the state-of-charge of the solution and the 
absorbance at 500 nm. 

 

Appendix VI-6: Redox-mediated oxygen evolution reaction 

 

 
Figure A6.15 UV-vis spectra of the sample take throughout the chemical discharge of 40 mL of 0.1 M 
Mn3+/Mn2+ (75% SOC) + 0.1 M VO2

+ in 3 M H2SO4 at ambient pressure. 
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CHAPTER VII 
 
Conclusion and perspectives 

Energy storage is key for the energy transition process towards a carbon-free future. With the 

ability to convert electricity to chemical energy and vice versa, battery storage and hydrogen 

storage stand out as two important technologies for grid-scale energy storage applications such 

as the implementation of renewables power sources and electric vehicle infrastructure. 

Among battery technologies, redox flow batteries (RFB) have drawn considerable attention in 

the past years. They have the advantage to operate in safer conditions and to decouple power 

and capacity, offering high flexibility for large-scale energy storage. However, RFB’s suffer 

from low energy densities and a lack of reliability on the actual life-time and cost, limiting their 

market penetration. In the framework of the demonstrator Electromobilis located in Martigny, 

premature degradations were observed on a commercial all-vanadium RFBs, mainly due to 

uncontrolled electrolyte imbalance and battery overcharging. As discussed in chapter II, 

advanced carbon corrosion on the positive half-cell led to stack leakage, copper-contamination 

of the electrolyte and system failure. The presence of copper in electrolyte caused a negative 

feedback loop by increasing the hydrogen gassing on the negative side, and thus the electrolyte 

imbalance. To address those issues, a purification strategy was developed on-site and was 

successfully employed to regenerate 6 m3 of vanadium electrolyte. The reported issues revealed 

the important improvements that are required in terms of operation management in order to 

preserve the battery from premature failure.  

The concept of redox dual-flow battery was proposed as a novel approach to store energy at 

grid-scale. The system consists of a redox flow battery that can couple electrochemical and 

chemical energy storage by including a secondary energy platform, in which electrical energy 

can be converted into hydrogen via decoupled water splitting. The dual-flow system offers 

numerous advantages including an enhanced flexibility with two discharged mode (hydrogen 

or electricity generation), a storage capacity beyond the conventional RFB, a water electrolysis 

method able to decouple HER and OER in time, and a facilitated electrolyte balance 

management between the positive and the negative side. 
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In that respect, the main goal of the thesis was to develop a novel and eco-friendly redox dual-

flow battery using a vanadium-manganese flow battery. The first challenge was to improve the 

stability of the manganese electrolyte in order to prevent the disproportionation of Mn3+ onto 

Mn2+ and MnO2 and guarantee good performance of the system. In chapter III, the influence of 

TiO2+ or/and VO2
+ on Mn3+ stability in acidic conditions was thoroughly studied. As a result, 

VO2
+ was found to be an efficient substitute to TiO2+ for stabilizing Mn3+ with a net decrease 

of the rate of disproportionation, which was of high interest for the development of the 

vanadium-manganese redox dual-flow battery.   

 

In chapter IV, the reaction kinetics of the vanadium-mediated hydrogen evolution reaction on 

Mo2C electrocatalyst was studied. On the basis of a suggested reaction mechanism, a kinetic 

rate law was established as a function of the state-of-charge of the vanadium electrolyte, the 

concentration of V2+ and the amount of catalytic site. The proposed kinetic model was validated 

experimentally. Complementary, process simulations of an isothermal semi-batch reactor were 

performed in order to predict the optimal conditions for efficient discharge for various demands 

in hydrogen. 

 

In chapter V, a simple and fast two-step process by photonic flash synthesis to prepare Mo2C-

based electrocatalysts was developed. The prepared catalyst demonstrated high activity towards 

HER in acidic conditions and an excellent electrochemical stability over catalytic conditions. 

The method was further used to design the Mo2C catalytic reactor of the redox dual-flow 

battery. 

The final chapter of the thesis (chapter IV) was devoted to the design, the assembly and the 

proof-of-concept of the vanadium-manganese redox dual-flow prototype at laboratory scale. 

The system employed an aqueous vanadium solution (1 M V3+/V2+ in 3 M H2SO4) as negative 

electrolyte and an aqueous manganese solution stabilized with VO2+ (1 M Mn3+/Mn2+-VO2
+ 

(1:1) in 3 M H2SO4) as positive electrolyte. The performance of the V/Mn(-V) flow cell to 

store electricity and to generate renewable hydrogen was evaluated. As a result, the battery 

mode presented great stability over 50 cycles with an average energy efficiency of 68% at a 

current density of 50 mAꞏcm–2 between 25 and 75% SOC, with an energy density 45% higher 

to the conventional VRFB. Furthermore, the redox-mediated HER and OER in 3 M H2SO4 

were spontaneously conducted with production yield close to 100%. The resulting energy 

required to produced 1 kg of H2 was calculated to be ca. 50 kWhꞏkg–1, which is in the range 
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of conventional electrolysis.  

 

From a scientific point of view, several aspects would be relevant to investigate further. First, 

although the manganese-mediated OER was demonstrated on RuO2, it remains the major 

drawback of the presented system in terms of kinetics and cost. Therefore, further development 

of cheaper and more active redox electrocatalysts for OER is desired. Besides, the synthetic 

pathway developed in chapter V could be applied for the preparation of electrocatalytic 

electrodes to carry redox-mediated oxygen evolution reactions. Moreover, kinetic parameters 

of the redox mediated OER remains unknown, supporting further studies towards the 

development of a kinetic model. Note that the determination of the thermodynamic parameters 

such as temperature or pressure effect on the redox-mediated HER and OER was not covered 

in this thesis and is an essential investigation in order to design and optimize the reactions.  In 

addition, further investigations are required to optimize the formulation of the electrolyte (acid 

concentration, solubility limit, manganese-vanadium ratio…). Finally, the use of vanadium ions 

as redox active species in the posolyte consists of a further improvement in order to enhance 

the energy capacity of the battery. 

In the regard of a scale-up, the system must face several technical challenges that are not 

encountered at laboratory scale. First, the positive electrolyte was observed to be sensitive to 

rise of temperature by increasing the disproportionation rate. Thus, it would be necessary to 

perform system heat testing in order to manage optimally the operating temperature at larger 

scale. Then, the energy capacity, the efficiency and the lifetime of the system must be evaluated 

on longer period of time considering the issues that can rise from a scale-up (e.g. electrolyte 

crossover, electrolyte precipitation, electrolyte imbalance, catalytic stability and activity, 

catalyst migration in the electrochemical cell…) 

All in all, this thesis demonstrated that the vanadium-manganese dual-flow system provides a 

promising alternative for energy storage solution for both distributed energy storage and on-

demand hydrogen generation, especially when power is generated by renewable resources. In 

addition to the energy performance of the system, the decoupled feature of the redox-mediated 

water splitting offers several advantages for the on-demand production of renewable hydrogen 

in terms of purity, efficiency and kinetics. As a future perspective, the presented redox dual-

flow battery can be exploited for the development of future service station for both fast charging 

of electric vehicles and hydrogen refilling of fuel cell vehicles (Figure 7.1). 
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Figure 7.1 Schematic of a service station for hydrogen fuel cell and battery electric vehicle 
infrastructure using a redox dual-flow battery system. 
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